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Abstract 
Quality and reliability is one of the most important issues in power 

generation and distribution. With the recent advances in computer and 

network technology, the Operational Information Systems (OIS) have been 

installed in almost all power plants and substations. The data stored in 

databases covers long periods of time, which presents a challenge as how 

to extract the useful, task-oriented knowledge from the data to improve 

power system reliability and power quality. The thesis presents the 

research work in development of mathematical models for power systems 
by analysing the data available from on-site measurement using 

evolutionary computation techniques. The project contributes to aspects in 

power generation and distribution: coal mill modelling and electrical load 

area modelling. 

Coal-fired power stations are now obliged to vary their outputs in response 

to changing electricity demand and are required to operate more flexibly 

with more varied coal specifications. The operations of a mill need to be 

controlled to respond effectively to changes in plant load and coal quality. 
Combustion optimization relies heavily on optimization of the mill output. 
Frequently start-ups and shut-downs of mills bring the impact on power 

plant to achieve both low NO, and C02 emissions. Operational safety and 

efficient combustion require better understanding to the milling process. 
The work described in the thesis has three new contributions: 1) 

Development of an improved normal grinding coal mill process model 

which provide more accurate prediction of mill states than the previous 

version; 2) Development of a new multi-segment coal mill model which 

covers the whole milling process from start-ups to shut-downs; 3) 

Development of a prototype software programme to implement the multi- 

segment mill model on-line. The software has been passed to RWEnPower 
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Plc. for further test. 

Stable operation of a power system depends on the ability to continuously 

match the electrical output of generation units to the electrical load. So it is 

important to have a reliable mechanism to predict the power load on time. 

Model based approach is one of the options. With the sponsorship from the 

National Grid Transco Plc, a study of modelling electricity area load has 

been carried out through this project. A methodology using evolutionary 

computation techniques based on system measurements to construct power 

system area load models and achieve distribution network reduction is 

proposed in the thesis. Three aggregate load area model (ALAM) 

approaches entitled Voltage-Two-Step, Current-Two-Step and Direct-One- 

Step have been studied in the thesis. Simulations studies are carried out for 

these three approaches, and it found that the Direct-One-Step offers the 

best performance among the three ALAM approaches. Verification studies 

are performed through the project and some rules for constructing a good 
ALAM are obtained. 
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Chapter I 

Introduction 

1.1 Overview 

Power generation industry has always been a dynamic industrial sector and 

there have been many major changes occurring over its history, such as, 

the introduction of automatic control, the movement to large efficient 

generating units and introduction of computers into the control process and 

the control room (Rees 1998). Over last 50 years, remarkable changes in 

information technology have been envisaged. With the advances in modem 
distributed control systems, the Operational Information Systems (OIS) 

have been installed in almost all power plants (Rees et al. 2002). The data 

of measured signals can be stored in databases which cover long periods of 

time. The availability of such a large volume of data presents a challenge 

as how to extract the useful, task-oriented knowledge from the data. 

Therefore, the research project is proposed to develop mathematical 

models of power systems by analysing the data available from on-line 

measurement using evolutionary computation techniques. The project 

particularly focuses on coal mill modelling in power generation and 

electrical load area modelling in power distribution. 

1.2 Coal Mill Modelling 

Coal-fired power stations are now obliged to vary their outputs in response 
to the changes in electricity demands (load following operation) and are 

required to operate more flexibly with more varied coal specifications. All 

plants must be capable of operating at partial load, frequently changing 
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Chapter 1 Introduction 

load and even starting up and shutting down daily (Rees et aL 2002). Coal 

mill controls need to respond effectively to the changes in plant load and 

coal quality as the coal mills are the hearts of the pulverised coal 

preparation system in coal-fired power stations (Zhang et aL 2002). The 

response of coal delivery to the bumers is one of the major factors 

affecting the performance of the power plant during large load changes 
(Peet et aL 1994). However, the coal mill has received much less attention 
from modelling and control specialists (Rees et aL 2003). At the present, 

many practical mill-control problems, like the accurate measurement of 

mill PF (pulverized fuel) flow, fuel CV (calorific value), the detection of 

mill choking and coal caking on the grinding table, and the determination 

of the degree of mill roller wear, are difficult to measure and therefore to 

control effectively (Fan et aL 1997; Rees et aL 2003). Operational safety 

and efficient combustion require better understanding to the milling 

process. 

A wide range search of literature shows that there are very few reports 
about coal mill modelling and controls using evolutionary techniques. A 

mathematical model of coal milling process has been investigated by L. 
Blach (Blach et al. 1978), which built up a linearised coal mill model based 

on the process physical and thermo-dynamical relations. Numerical studies 
of coal mill models using frequency response testing have been carried out 
by Neal et al in 1980 (Neal et al. 1980). Similar research has been reported 
by K. E. Bollinger in 1983 & 1986 (Bollinger et al. 1983,1986), where the 

coal mill model was developed to be represented by a set of transfer 
functions. Detailed studies about the crashing and grinding process was 

reported in 1981 (Prasher 1981). Simplified mass breakage phenomena in 

coal mills was studied in 1984, where linearised dynamic analysis has been 

carried out (Corti et al. 1984). An approximated linear time varying mill 

model was reported by G-Q. Fan, et al in 1994,1997 & 2003, where a 
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Chapter 1 Introduction 

more simplified grinding model based on the size mass balance model is 

developed (Fan et aL 1994,1997; Rees et aL 2003). A polynomial matrix 

model was recently report by Hamiane, et al in 2000, where system 
identification method was adopted (Hamiane 2000). However almost all 

the reported work describes the milling process by approximated linear 

mathematical models, which cannot reflect the nonlinear features of coal 

mill processes in general. The milling process may look like a simple 

mechanical process but it is complex in nature as the process involves 

complicated interactions between coal quality and mill conditions, which 
leads to immense difficulties for obtaining physics based nonlinear models 

of milling processes. 

With the sponsorship from RWEnPower Plc., modelling studies of the coal 

mill systems have been on-going at the University of Liverpool since 1999. 

A number of papers were published to report the achievements from 

Liverpool (Zhang 1999a, 1999b; Zhang et al. 2002). After the work 

conducted by Zhang, a modified version has been studied later by Wan and 
Thomarkos in 1999 and 2000 (Wan 1999; Thomakos 2000). As a research 

student, I started working on the project from 2002 which can be partly 

considered as a continuation of the previous work. 

1.3 Electricity Area Load Modelling 

Recently, several collapses of power systems happened around the world 
(for example, 14th Aug. 2003, Unite State and Canada; 28 th Aug. 2003, 

London, UK; 28th Sept. 2003, Italy; 12th July 2004, Greece; 14 th Mar. 2005, 

Australia; 25th May 2005, Moscow) so it is urged to strengthen the 

robustness of power system operations. To obtain the accurate power 

system models will help to predict the potential power system failures and 
to reduce power system operational uncertainty (Horowitz et al. 2003). 

Reasonably accurate models for generators, lines and transformers are 
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Chapter I Introduction 

available nowadays, whereas load models are usually simplified (Anon 

1993; Price et aL 1995; Srinivasan et aL 1995). Stable operation of a power 

system depends on the ability to continuously match the electrical output of 

generating units to the electrical load demand on the system (Lee et al. 
1985; Horowitz et al. 2003). It has been shown in a number of reports that 

power system load characters can have a significant impact on the power 

system stability analysis (Kundur et al. 1994; Machowski et al. 1998; 

Horowitz et al. 2003). Unfortunately deriving an accurate model of 

electricity load is a difficult task, due to several factors, such as, a large 

number of diverse load components; ownerships and locations of load 

devices in customer facilities that are not directly accessible to the electric 

utility; changing load composition with time of hours, days and weeks, 

seasons and weather; lack of precise information on the composition of 
load; uncertainties regarding the characteristics of many load components; 
difficulties in on-line measurement for wider range of voltage and 
frequency variations (Anon 1993; Wen et al. 2003a). Most of the existing 
load modelling methods can only deal with "bus load", where "load" refers 
to the representation of the aggregate effect of many individual end-user 
devices connected to the bus (Price et al. 1995). In modem power systems, 

almost all distribution systems and load areas (load centres) are supplied by 

more than one power source to improve the security and reliability of the 

whole system (Wang et al. 1997). As a number of source buses are 
distributed and connected to the load area rather than single unified bus, 

the bus load model is reluctant to represent the load area. 

With the sponsorship from the National Grid Company Plc, study of 
modelling electricity area load has been carried out at the University of 
Liverpool. A methodology using evolutionary computation techniques 
based on system measurements to construct power system area load 

models and achieve distribution network reduction is proposed. The area 
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load model was tested both in a 5-bus (Wen et aL 2003a), where three load 

buses were aggregated into one fictitious load, and also in the IEEE 30-bus 

power system (Wu et aL 2003; Wen et al. 2003b), where eleven load buses 

were aggregated into one fictitious load. Good results have been obtained, 
but more studies need to be carried out, for example, the verification 

studies about the area load model, which is to show whether area load 

model works in the same degree of accuracy for different combinations of 
the load buses in a power system. 

1.4 Project Objective 

The main objective of the project is to develop mathematical models for 

power systems by analysing the data available from on-line measurement 

using evolutionary computation techniques. Two particular aspects are 

concerned in the project: coal mill modelling in power generation and the 

electrical area load modelling in power distribution. 

The coal mill mathematical dynamic model is required to reflect the 
dynamics of mill temperatures, differential pressure, mass flow rate of 
pulverised coal and air flow, which includes the start-up and shut-down 
process. The coal mill model developed in the project will help engineers 
to have a better understanding to mill processes, to achieve a more efficient 
control and operations of milling plants. 

In the second part of the project, further study on power system area load 

models will be carried out and the methodology will approximate the 

relationships between the power consumptions (active power, reactive 

power) and the bus voltages (magnitudes and frequency). Verification 

studies are proposed to see whether different combinations of the load area 
buses can achieve the same degree of accuracy in the area load modelling. 
The power system area load model developed in the project will be a very 

5 



Chapter I Introduction 

practical technique with a great potential for exploitation in power system 
load modelling. 

1.5 Thesis Outline 

The thesis is organised into nine chapters and the first chapter is to give the 
background and motivation of the research project. The rest of chapters are 
briefly described as follows. 

Chapter 2 gives a background introduction to the coal mills and 

evolutionary computation techniques. Brief discussions about the working 

principle and also mechanical structure of coal mils are given in the 
beginning of the chapter. In the second part of the chapter, introduction to 
Genetic Algorithms are presented. Simulation studies of the RSPGA (Real- 

Value Single-Population Genetic Algorithm) based on two well known 

benchmark functions (Rosenbrock function and the Rastrigin function) are 

carried out to illustrate the optimization performance of the RSPGA . 

Chapter 3 presents the coal mill modelling process. By analysing the coal 
flow process, mill product pressure, power consumption, and the 

thermodynamic process, the coal mill model for normal grinding milling 

process is developed, which composes of eight equations and sixteen 

unknown parameters. The RSPGA is adopted for model coefficient 
identification. Simulation studies based on five sets of on-site collected 
data are carried out, where validation results show that the coal mill model 

offers a more accurate result compared to the model developed previously 
in 2002. 

Chapter 4 proposes a multi-segment coal mill model which covers the 

whole coal milling process including start-up and shut-down process. 
According to the operation sequence, the whole process is partitioned into 

six segments, where six sets of model equations are developed to represent 
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the coal mill in the respective states. Simulations and validation studies of 

the coal mill model are carried out using on-site collected data. 

Chapter 5 presents a prototype of software that developed for the coal mill 

model on-line implementation. The software is divided into two parts, 

which are namely Program I- Data Supplying and Program II - Model On- 

line Implementation. The shared memory technique is employed in the 

programming development. 

Chapter 6 gives a background introduction to the power system load 

modelling and the power flow calculations. In the first part of the chapter, 

the six commonly used load models are reviewed. A novel Aggregate Load 

Area Model (ALAM) is introduced afterward, which models the aggregate 
load effects to a load area rather than a load bus. In the second part of the 

chapter, the power flow calculations are reviewed, where Newton-Raphson 

method are discussed. Simulation studies based on an IEEE-14 bus power 

system and IEEE-57 bus power system are carried out to demonstrate the 

method's performance . 

Chapter 7 dedicates to an introduction of three different approaches for 

the ALAM. The first one is the Voltage-Two-Step approach, which was 
first proposed in 2003. The second and third ones are the Current-Two- 

Step approach and the Direct-One-Step approach, which are a newly 
development through this research project. Simulation studies have been 

carried out to compare the performances of the three different approaches. 

Chapter 8 This chapter presents the verification studies of the ALAM. 

Three IEEE standard power systems are applied for the studies, which are 
IEEE-39 power system, IEEE-57 power system and the IEEE-118 power 

system. In each power system, two load areas are selected for the ALAM, 

and simulation results are compared. Rules for constructing accurate 
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ALAM are summarized accordingly. 

Finally, the main contributions of the thesis and work summary are given 
in Chapter 9. Also, some suggested future research directions are proposed 
in the chapter. One particular research in Tube-Ball mill modelling is on- 
going within the research group. 

1.6 Publications arising from the research work 
Journal Papers: 

J Wei, J Wang, and QH Wu, Development of a Multi-Segment 
Coal Mill Model Using an Evolutionary Computation Technique, 
accepted by IEEE transaction on Energy Conversion, 2006. 

J Wei, J Wang, QH Wu, J Chen, and N Jia, Multi-Segment 
Pulverised Coal Mill Model and On-Line Implementation for 
Condition Monitoring, accepted by International Journal of 
Modelling, Identification and Control, Vol. 1, No. 3, pp. 206 -214, 2006. 

3. J Wei, J Wang, Q. H. Wu, and N Lu, Power System Aggregate 
Load Area Modelling by Particle Swarm Optimization, 
International Journal of Automation and Computing, Vol. II, 
pp. 171-178,2005. 

J Wei, J Wang, N Jia, and QH Wu, Coal Mill On-Line Modelling, 
Chinese Journal ofShan Dong DaXue Xue Bao, Vol. 35, pp. 75-87, 
2005. 

Conference papers: 

J Wei, J Wang, QH Wu, and N Lu, Power system aggregate load 
area modelling by particle swarm optimization, Proc. of the 11 th 
Chinese Automation & Computing Society Conference in the UK, 
Sheffield, England, pp55-pp60,2005. (Nominate to the best paper 
award, and invite to publish in the International Journal of 
Automation and Computing. ) 

J Wei, J Wang, L Yang and QH Wu, Power System Aggregate 
Load Area Modelling, Proc. of 2005 IEEEIPES Transmission and 
Distribution Conference and Exhibition: Asia and Pacific, Dalian 
World Expo Plaza, Dalian, China, FOS 11, No. 1-6, August 14-18, 
2005 
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3. J Wei, J Wang, and QH Wu, Coal mill modelling using 
evolutionary computation techniques and its on-line 
implementation, IEE Control Conference, Ref. 80, Bath UK, 
2004. 

4. J Wei, J Wang, and QH Wu, Study of Fitness Function in 
Identifying Unknown Parameters of Dynamic Processes using 
Genetic Algorithms, Proc. of Postgraduate Research 
Conferencein Electronics, Photonics, Communications and 
Networks, and Computing Science, p123 - p124, Hertfordshire 
UK, 2004. 

J Wei, J Wang, QH Wu, G Oluwande and M Boardman, Further 
study on coal mill modelling by machine learning based on onsite 
measurements, International Conference on System Engineering, 
Vol H, p73 6- p74 1, Coventry UK, 2003. 
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PART 1: COAL MILL 

, 
MODELLING 

Chapter 2 

Introduction to Coal Mills and 
Evolutionary Computation 
Techniques 

2.1 Introduction 

Almost 40% of the world's electricity is produced by coal-fired power 

plants (Fernando 2006). In the UK, there are currently 19 coal-fired power 

stations, with generation capacities of between about 100 megawatt and 
3800 megawatt. The power stations are distributed around the UK at the 

locations shown in Figure 2-1. Of the various systems available, by far the 

most widely used is pulverized coal (or pulverized fuel, PF) combustion, 

used in power station boilers to raise steam to drive steam turbines (DTI 

2001). As coal mills are the heart of the pulverized coal preparation system 
in coal-fired stations, research into coal mill processes is of great 

significance to operation safety and efficiency. The mill-related factors that 

influence plant combustion performance include coal properties (mainly 

calorific value (CV), grindability, abrasiveness, moisture content), mill 
design type (low-speed mill, medium-speed mill, high-speed mill), 

pulverized coal distribution system (presence of bifurcations and 

trifurcations) and control strategy, etc. Different design configurations, 
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wear between overhauls, and instrumentation systems design will all 

results in diversity of mill characteristics. Operational safety and efficient 

combustion require better understanding to the milling process. This 

project is to develop a mathematical coal mill model for mill operation 

safety and combustion efficiency using evolutionary computation 

techniques. 

Four well-know paradigms currently exist in Evolutionary Computation 

Techniques: Genetic Algorithms, Evolutionary Programming, Evolution 

Strategies, and Genetic Programming (Eberhart et aL 1998). The most 

widely used evolutionary computation technique is Genetic Algorithms 

(GAs). GAs are a class of stochastic search algorithms that start with a 

population of randomly generated candidates and evolve towards better 

solutions by applying genetic operators (reproduction, crossover, mutation, 

etc. ). GAs have been successfully applied in many areas. For example, in 

aerospace applications, Krishnakumar and Glodberg (Krishnakumar et aL 
1992) and Brainletter and Cusin (Bramlette et al. 1989) have demonstrated 

how genetic optimization methods can be used to derive superior controller 

structures in less time (in terms of evaluations) than that of traditional 

methods such as LQR and Powell's gain set design. In mineral process 

application, Karr etc used genetic algorithms in designing air injected 

hydrocyclone and tuning the fuzzy logic controller in the mineral process 

system (Karr 1993; Karr et al. 1996). In power transmission applications, 
Rashtchi etc have employed genetic algorithm to identify the transformer 
R-L-C-M Mode for studying transient phenomena in a transformer and 
detecting mechanical faults (Rashtchi et al. 2006). Loads of researches 
have been proved that GA is a robust optimization method for the 

parameter identification problems (Alonge et al. 2001; Chumsamutr et al. 
2003; Nyarko et al. 2004; Wang et al. 2004; Shi et al. 2005). 
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Figure 2-1 Coal-fired power stations in UK (QAA 2006) 

At the beginning of this chapter, detailed descriptions to power plant coal 

mills are given. The second part of this chapter dedicates to the necessary 

knowledge of GAs. Simulation examples of using those algorithms are 

given to illustrate their optimisation capacity and performance. 

2.2 Description of Coal Mills 

2.2.1 Coal-Fired Power Generation Process 

Coal, oil and nuclear power stations produce electricity in a sirnilar process 

- fuel is used to generate lieat to raise pressurised steam to turn a turbine to 

generate an electric current. Coal power station uses coal as fuel which 

may have a rather simple process. The coal-fired power generation proccss 

used by RWEnPower Pic. is illustrated In FiLýUre 2-2 and a brief 

introduction to the process is given as t'ollows. 
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Coal is transported to the station through a suitable transport system. The 

coal then travels by conveyor Foiýl to the junction tower where it is 

screened before being conveyed up to the boiler house and distributed from 

shuttle conveyors into the coal bunkers. Coal that is not immediately 

required for combustion is stocked out using the bucket wheel machine. 
The whole process can be described as follows: 

1) The coal feeder controls the flow of coal into the pulverising mill 9 

where it is ground into a fine powder. Currently RWE Innogy Plc. is 

using the vertical spindle E-type coal mill for the coal pulverizing 

purpose. Eight mills are mounted side by side for each boiler. 

2) The pulverised coal is then entrained in a stream of hot air from the 

primary air fan and carried to the burners on the boiler front wall 

where it bums like a gas jet to produce the heat for steam raising. 

3) The products of burning pulverised coal in the furnace are ash and dust. 

The ash falls to the bottom of the boiler and is periodically sluiced 
away to the ash pits for sale. The dust is carried in the flue gases to the 

precipitators E where it is extracted by high voltage electrodes. The 

cleansed flue gases then pass via the induced fans to the main chimney. 

4) The heat released by buming the pulverized coal is absorbed by the 

miles of tubing which form the boiler walls. Inside the tubes extremely 

pure water is converted by heat into steam at high pressure. The steam 

is then passed via control valves in the turbine R where it is 

discharged through nozzles into the turbine blades. The energy of the 

steam makes the turbine shaft rotate. 

5) Coupled to the turbine shaft is the rotor M of the generator -a large 
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cylindrical electro-magnet. When the turbine rotates, the electrical rotor 

rotates with it. Electricity is produced in the stator copper conductor 
bars by the rotation of the magnetic fields created by the rotor electro- 

magnets. 

6) The electricity produced, usually at 22.5kV is supplied to the generator 

transformer R which increases the voltage to 400kV a voltage 

suitable for transmission on the overhead power lines of the grid 
system. 

7) Meanwhile, the steam which has exhausted its useful energy in rotating 

the turbine is turned back into water in the condenser Z to be used 

again in the boiler. The heat which the water extracts from the steam in 

the condenser is removed by passing the water through the cooling 

towers [0ý8 which act as chimneys to create a draught of cold air. 
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2.2.2 Introduction to Low Speed Mills 

Coal mill t1inctions to grind the large raw coal Feed to supply dry and finely 

pulverised coal to the furnace for fast energy release. The operation of' coal 

mill influences the conibLIStion of lurnace and the efficiency of "hole power 

plant's operation (El-Wakil 1995-, Zhang et al. 2002). The mills that are 

currently used in power stations Ior pulverizing large tonnages of' coal 

generally can be classified into three classes: low speed mills, medium speed 

mills and high speed mills. 

Figure 2-3) Low speed mill currently used in EDIF Energy 
Pic (EDF Pic 198 1) 

The low speed mills are commonly known as tube ball mills. They operate at 

approximately 17 to 20 r. p. rn and mostly under SUCtiOn, although more mills 

have been recently developed to operate under pressure. In the past, there have 

been two main objections to this type ofmills (CEGB 196-3). In tile first place, 

the power input required per ton of coal milled is approximately 50% greater 
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than for the commonly used medium speed mill. And secondly, the reliability 

of the mill has been in doubt principally because of bearing and gearbox 
failures. In recent year, however, improvements in design have almost 

eliminated failures of this kind and manufacturers' claims that the latest mills 

can operate from one annual overhaul to another with only the periodic 

addition of ball charge are gradually being realised. 

Figure 2-3 shows the tube ball mill that is currently used in EDF Energy Pic 

(Cottam power station). The mill is basically a motor driven tumbling barrel 

charged with steel balls. The horizontal barrel, carried on a hollow trunnion at 

each end, is rotated by a girth ring attached to the discharge end trunnion. Coal 
is discharged from a feed box into the inlet end trunnion and fed into the mill 
by a scroll in the trunnion. The tumbling action of the balls crushes the coal to 

power which is extracted from the mill through the discharge end trunnion by 

air flow. 

2.2.3 Introduction to Medium Speed Mills 

The medium speed mills are the most widely used in power generation 
industry nowadays, which are also known as vertical spindle mills. The ball- 

and-race and the roll-and-race mills are the type in common use. They operate 

on the principles of crushing and attrition, where the grinding action takes 

place between two surfaces, one rolling on top of the other. The rolling 
elements may be balls or ring-shaped rolls that roll between two races in the 

I manner of a ball bearing. 

Figure 2-4 shows the medium speed vertical spindle E-type mill that is 

equipped in the RWE Innogy Plc (DidcotA power station). The main structure 

of the mill is fabricated from mild steel in three circular sections: 1). A base 

17 



Chapter 2 Introduction to Coal Mills und Evolutionary Compilation Techniques 

which supports the entire unit and encloses the mill drive gear box; 2). A 

centre housing that contains the rotary grinding elements; 3) All Lipper section 

comprising an Outlet turret and classifier housing assembly, which also 

accommodates the hydro-PrIeUrnatic units of' the ball mill loading gear. The 

grinding elements comprise 10 hollow cast steel balls which run between 
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Figure 2-4 E-type, medium speed mill (RWE Innogy PIc 2000) 
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grooved 'Elverite' grinding rings. The lower grinding ring is keyed to a 

revolving yoke, which is bolted to the flanged output coupling of the gearbox. 
The upper grinding ring is keyed to a circular spider which carries four arms 

engaged and located by guides in the mill centre housing. The spider and 

upper ring are free to move vertically, but are fixed against rotation by the arm 

and guide arrangement. The grinding rings and balls are loaded by means of 

eight hydro-pneumatic units which apply thrust to the upper grinding ring 

spider. 

While operating, raw coal supplied by the feeder enters the mill at the top 

through the chute in the centre of the classifier housing and falls onto the 

grinding elements, the coal is then ground between the grinding ball and the 

grind rings. Primary air feeds to the mill through two inlet ducts, one on either 

side of the centre housing. The air passes into the annular space between the 
lower grinding ring and the throat plate, flowing upwards through slots 

machined in the plate. Ground coal particles are then picked up by the primary 

air-stream and carried upwards towards the classifier and further to the burners. 

The vanes impart a swirl action to the coal/air mixture, and the larger particles 
fall out and return to the grinding zone. The coal/air mixture then passes into 

the classifier, where oversize particles are separated out and fall down to the 

return skirt until their weight is sufficient to deflect the flaps, when they fall 

back into the grinding zone. 

2.2.4 Introduction to High Speed Mills 

The high-speed mills use hammer beaters that revolve in a chamber equipped 
with high-wear-resistant liners. In earlier days of the pulverised fuel firing, a 
number of high speed mills were developed, such as the Beater mill, the Impax 

mill and the Attrition mill. However, due to the rapid wear of hammer tips and 
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the heavy maintenance required, the high-speed mills are not widely used 1`61, 

pulverized coal systerns (CEGB 1963)). Figure 2-5 shows a high-speed 

Attrition mill which is survived in sorne power stations as an auxiliary I'or 

lighting up and light load carrying. The mill was designed to he compact. The 

mill, classifier and the exhauster are all on the sarne driving shaft. 

Figure 2-5 The high-speed mill (CEGB 1963) 

2.3 Evolutionary Computation Techniques 

2.3.1 Introduction 

Genetic Algorithms (GAs) and Particle Swarm Optimization algorithm are 

introduced in this section. The evolutionary processes of the two algorithms 

are reviewed. Simulation studies of the two algorithms based on sorne bench 
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mark functions are carried out and compared at the end of the section. The 

best performance algorithm will be adopted for the project. The purpose of 

comparison is not to conclude which algorithm is better. The goal is to provide 

insights into how GAs and PSO work, and choose one for the research project 
for the task of coefficients identification. 

2.3.2 Genetic Algorithms (GAs) 

Genetic Algorithm (GA) is a model of machine learning which derives its 

behaviour from a metaphor of the processes of evolution in nature. It operates 

on a population of potential solutions applying the principle of survival of the 
fittest to produce (hopefully) better and better approximations to the solution. 
At each generation, a new set of approximations is created by the process of 

selecting individuals according to their level of fitness in the problem domain 

and breeding them together using operators borrowed from natural genetics. 
This process leads to the evolution of populations of individuals that are better 

suited to their environment than the individuals that they were created from, 

just as in natural adaptation. 

There are many 'ways' to implement a genetic algorithm. Regardless of the 

specific implementation, a GA is usually at least composed of three 

fundamental operators: Selection (Reproduction), Recombination (Crossover) 

and Mutation (Davis 1987). A traditional genetic algorithm (GA) is 

summarized in Figure 2-6. Major components of the algorithms are explained 
below: 

GA operates on a number of potential solutions, called a population. At the 

beginning of the computation, a number of individuals (the population) are 

randomly initialised. The number of potential solutions should be large 
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enough that there is a reasonable amount of genetic diversity in the 

POPLIlation. And also it should be small enough for each generation to be 

cornpUted in a 'reasonable' period of time Using tile computer resources 

available. Typically, a population is composed of between 20 and 100 

individuals (Chipperfield c/ al. 199413). 

Generate Evaluate fitness Are optimization ýe , 
W Cr . 

st 
initial function iteria met? indiviýuals 

population 

Start Generale 
new 

population 

Selection 

Recombination 

Mutation I 

Results 

Figure 2-6 The struCtUre of a traditional genetic aloorithm 

2) The fitness function is then evaluated for these individuals, which 

measures how well suited, or how close, the trial solution is to the desired 

result. In the case of a minimization problern, the most fitted Individuals 

will have the lowest numerical value of the associated fitness Function. 

3) The first/initial generation is prodUced. It' the optimization criteria are not 

met, the creation of a new generation starts. 

4) Individuals are selected according to their fitness for the prodLICtion of 

offspring. Selection determines which individuals are choscn for 

recombination (crossover) and how many offspring each selected 

individual prodUces. There are IlUmber of ways to select a new population, 
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e. g. roulette wheel selection (RWS), stochastic universal sampling (SUS). 

Comparing between RWS and SUS, SUS ensures a selection of offspring 

which is closer to what is deserved than RWS (Baker 1987). 

5) After selection, individuals are recombined (crossover) to produce 

offspring. Like its counterpart in nature, recombination produces new 
individuals that have some parts of both parents' genetic material. 

6) All offspring is mutated with a certain probability, which ensures the 

probability of searching a particular subspace of the problem space is 

never zero. It is intended to prevent premature convergence and loss of 

genetic diversity, and also inhibit the possibility of converging to a local 

optimum, rather than the global optimum. 

7) The fitness value of the offspring is computed again. And then the 

offspring are inserted into the population replacing the parents according to 

their fitness value to produce a new generation. 

This cycle is performed until the optimization criteria are reached. 

In the current market, there are large amount well developed GA toolboxes 

existed for application purposes. Three major GA toolboxes are the Genetic 

Algorithms Toolbox V1.2 (Chipperfield et al 1994A), the Genetic Algorithms 

Optimization Toolbox VI. 1 (Houck et aL 1995), and the Genetic Algorithm 

Direct Search Toolbox VI. 02 (MathWorks Inc. 2004). Brief comments and 

comparisons of the three toolboxes are shown in Table 2-1. Genetic Algorithm 

Toolbox VI. 2 is adopted in the project for the identification and optimisation 

of coal mill models. 
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Table 2-1 Genetic algorithm toolboxes 

Toolbox Name Comments 
Genetic Good documentation, fitness function pursuits 
Algorithms minimum, a bit difficult in programming, but fast 
Toolbox V1.2 convergence, excellent and powerful. 

_ Genetic Algorithm Without very good documentation, fitness function 
Optimization pursuits maximum, easy programming, but not as 
Toolbox V 1.1 powerful and well implement as prior. 

Official toolbox in Matlab R14 SpI from 
Genetic Algorithm Mathworks Inc, fitness function pursuits minimum, 
Direct Search provides Graphic User Interface (GUI), easy 
Toolbox VI. 02 programming, but feel like prototype, not well 

implement, e. g. no boundary restrictions to the 
variables to be identified, not as powerful as the 
first toolbox mentioned above. 

Further to the traditional GA introduced above, GAs can be divided into two 

types - Binary and Real-value GAs while implementing, where the GA works 

with different representations of variables. And also, corresponding to the 

number of the subpopulations in each generation, the GA can be further 

divided into the Single-Population GA (SPGA) and the Multi-Population GA 

(MPGA). Detailed theoretical studies and simulation comparisons can be 

found in the author's MSc thesis (Wei 2002), which found that Real-value 

SPGA (RSPGA) offers a fast convergence, good performance and high 

efficient computation. For such algorithm, there are totally eleven properties to 
be chosen or set up and different settings will cause slightly different 

performances. Based on the typical setting in common use (Chipperfield et al. 
1994A), the property settings of the RSPGA are given in Table 2-2. 
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Table 2-2 The property settings for real-value RSPGA 

Name of the GA properties Value of the GA properties 
Number of generations 100 
Number of individuals per 
subpopulations 

20 

Generation gap 0.9 
Fitness Assignment Rank-base fitness assignment 
Selection Stochastic universal sampling 
Recombination Discrete recombination 
Crossover rate 0.7 
Mutation Real-value mutation 
Mutation rate 0.0625 
Reinsertion Fitness-base reinsertion 

(global reinsertion) 
Reinsertion rate 1.0 

2.3.3 Simulation Studies of the RSPGA 

In order to test and demonstrate the RSPGA introduced above, simulation 

studies have been carried out. Two benchmark functions that are commonly 

used in evaluating evolutionary computation algorithms are employed for the 

simulation studies. The two benchmark functions are: 

1. Rosenbrock function 

Rosenbrock function is a classic optimization problem, also known as 
Banana function. The global optimum is inside a long, narrow, parabolic 

shaped flat valley (see Figure 2-7). To find the valley is trivial, however 

convergence to the global optimum is difficult and hence this problem has 

been repeatedly used in assessing the performance of optimisation 

algorithms. The function equation is shown in (2-1): 

(100 (Xj+j 
_ X12 + (Xi 
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where n is the dimension of the problem, and x, - x, are the coefficients 

to be identified. The global minimum 0 is at the point that v, - x,, are all 

equal to 1. In order to dernos the optimization ability ofthe RSPGA, a tell 

dimensional Roseribrock function is adopted for the simulation studies. 
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Figure 2-7 2-dinnensional Rosenbrock function 

The RSPGA optimization performance to the Rosenbrock function Is shown ill 

Figure 2-8. It can be seen that the optimization performance converges after 

200 generations, and found the exact global optimal values of x, - x, . 
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RSPGA performance (Rosenbrock function) 
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Figure 2-8 RSPGA performance (Rosenbrock function) 

2. Rastrigin function 

Rastrigin's function is a typical example of non-linear multimodal function 

that embedded many local minima (see Figure 2-9). It was first proposed 
by Rastrigin as a 2-dimensional function and has been generalized by 

MUhlenbein et al in 1991 (Muehlenbein et aL 1991). This function is a 
fairly difficult problem due to its large search space and its large number 

of local minima. The function equation is shown as follows: 

(2-2) f(X) = 10*n+2: x, ' -10*cos(21r* x, ) 

where n is the dimension of the problem, and x, - x,, are the coefficients 

to be identified. The global minimum 0 is at the point that x, - x,, are all 

equal to 0. Similar to the Rosenbrock function, a ten dimensional 

Rastrigin's function is adopted for the simulation studies. 
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Figure 2-9 2-dimensional Rastrigin's function 

The RSPGA optimization pertbri-nance to the Rastrigin's function are shown 

in Figures 2-10. From the results, it can be seen that the RSPGA converges 

after 500 iterations, and obtain the exact global optimal valUes of x, - x,, . 
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FigUre 2- 10 RSPGA performancc (Rastrigrin Function) 

28 



Chapter 2 Introduction to Coal Mills and Evolutionary Computation Techniques 

2.4 Summary and Discussion 

In the chapter, coal milling systems and evolutionary computation techniques 
have been introduced. Coal mills that are commonly used in the power 

generation industry nowadays are introduced in the first part of this chapter, 

where low speed mills, medium speed mills and high speed mills are reviewed. 
With sponsorship from the RWEnPower Plc., the E-type medium speed mill 
from RWEnPower Plc. will be focused on in this project for mill modelling 

and its on-line implementation. 

In the second part of this chapter, brief introductions to the GAs are given. 
Simulation studies were conducted to illustrate the optimization performance 
of the RSPGA. Two benchmark functions commonly used to evaluate the 

optimization performance of evolutionary computational technique are 
investigated for the studies. Simulation results showed that the RSPGA offer a 

good convergence rate and accurate final solutions. 
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Chapter 3 

Coal Mill Model for Normal Grinding 
Process 

3.1 Introduction 

The function of coal mills in power generation is to grind the large raw coal in 

order to supply dry and finely pulverised coal to the furnace for fast energy 

release. As mentioned earlier, a coal mill system has been received less 

attention from modelling and control specialists in power plants due to its high 

nonlinear multivariable features subject to uncertainties (Fan et aL 1994; Rees 

et aL 2003). At present, it is difficult to measure some variables related to 

many practical mill problems for improvement of its performance, for example, 
1) there is lack of accurate measurement of mill PF flow thereby to control the 

air fuel ratio to maintain the efficiency of unit energy release and absorption 

and reducing environment emissions; 2) there is no accurate information for 

raw coal load in mill to prevent mill choking and coal caking during the 

grinding. Engineers in power plants will extremely welcome the ways for 

obtaining the information of those immeasurable variables. 

A coal mill model for mill non-nal grinding process is developed and presented 
in this chapter. It provides a possible solution or an effective tool to obtain the 
information of those variables by a model based estimation method. It can 

predict the following immeasurable variables to a reasonably level of precision: 
the PF flow output, the amount of raw coal in mill, and all the states of the mill 
for better monitoring and controls in a power plant. The modelling procedure 
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used in tile project is illustrated in Figure 3-1, which consists of' tile 1'()11()wiilg 

steps: 

{1; k H' 
kGray Box) rt 

Model improvement 

Figure 3-1 Demonstration of the coal mill modelling 
procedure 

ýT ran spare nt. ) 

I) To derive the basic mill model dynamic eqUations through arialysing the 

milling process, applying physics and engineering principles, and 
integrating the knowledge of experienced engineers-, 

2) To Identify unknown parameters using evolutionary computation and 

systern sirmllation techniques based on tile on-site measurement data, 

where the range of the parameters are guided by the engineers' knowledge. 

3) To analyse the simulation results and interpret the parameters identitied 

through the discussions between the researchers and experienced 

engineers; 

4) To improve the mill model equations and go back to Step 2 if any 

modification is required, or to conduct further simulation to validate the 

model and go back to Step 3. 

The modelling work started from the initial version of the mill model 

developed at the University of Liverpool (Zhang 1999a, 1999b; Zhang el u/. 
2002). The early version of the mill model is then modified and improved by 

considering the thermal inertia term in the model. Over 10 sets of mill process 
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data has been collected for mill modelling and validation. The simulation 

results using the on-site measurement data are presented in the chapter, which 
has shown that the model predicated results agreed with the real-time 

measurement data very well and are acceptable by the plant engineers. 

3.2 Development of the Coal Mill Model by Analysing the 

Normal Grinding Process 

A mill model is derived by analysing the milling process by considering the 
heat, load, and energy balance and applying the relevant engineering and 

physics principles. The procedure is described in this section in details. 

3.2.1 Identification of Input and Output Variables of the Process 

As introduced in the previous chapter, the E-type middle speed coal mill 

which equipped in RWEnPower Plc. (Didcot power station) is chosen as a 

prototype for model development in the project. A control system is employed 
by the RWEnPower Plc. as shown in Figure 3-2 in order to regulate the 

amount of pulverized fuel fed into the burners to meet the load requirements 

and to maintain optimum operation status of the mill. The system has three 

controllers, which are: 

Control I regulates the coal feeder speed to maintain a predetermined 

relationship between the primary air differential pressure and the pressure 
drop across the mill. If too much or too little coal is delivered by the 
feeder, the mill will tend to increase or decrease the feeder's speed to fill it 

up with more or less coal. The resulting increase or decrease in the 

pressure drop across the mill will be corrected by the mill differential 

control (Control 2). 
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2) Control 2 is used to control the primary air I'an. The demand of' Fuel is 

Lised to generate a desired-valLie signal flor the primary air controller, 

which compares tile demand with a signal derived from the differential 

pressure across a restriction in the primary air duct and the adjustments of 

the fail dellvcry accordingly. 

Row Coal 
Load Signal 

PID 
Controller 1 

Load 
Distribution 

Feeder 

COALIFEEDER Speed F Air/Fuel 
Preset Ratio F 

w 

mill Outlet M" Diff. Tempýerature 
PresJ 

COAL MILL 

------------ -- 

P. A. I 
Diff i 

Prossý 

T", 

Fp ID 

CO NI Rp )I ol LER 
p 

PID Temp. 
Controller 3 

J'* 

's E tPoint 

Figure 
-33-2 

Coal mill control systern 

To Other 

Primary Air 

3) Control 3 is the ternperatUre controller, which mixes cool tempering air 

with heated air to obtain tile correct terriperatUI-e. By controlling tile air 

flow and the outlet temperature of the coal mill, It Influences the burner's 

combustion efficiency, fly-ash quality etc. 

For the purpose of mill modelling, the major measurable variables of the coal 

mill control systern shown above are organized into system JIIPLIts and outputs. 

The input variables of this model are coal flow ilito tile mill IV, , primary air 

I, which are used in pressure AP,, , and primary air inlet temperature TI 

practice as the control InpLIt to improve the coal mill perforrnance*, IIIC OLItpLIt 
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variables are mill pressure AP.,,,, outlet temperature T,,,,, and mill power 

consumed P, which are used as an indication to the control targets of mill 

operation. Some intermediated variables are introduced for modelling and 

those variables are not measurable from the power plants due to lack of 

suitable sensors or impossible for placement of sensors. Those variables are 

the mass flow rate of pulverized coal output from mill WPf , the mass of coal in 

mill M, the mass of pulverised coal in mill Mpf , and the mill product 

pressureAp. pd. 
Full list of the variables of the coal mill system are listed in 

Table 3-1. 

In order to simplify the milling process, the following assumptions are made: 

- As we intend to construct the model on routine measurement data, the 

pulverizing mechanism in the mill is simplified by the assumption that no 

representation of classification is included. 

Grinding and pneumatic transport are considered as two separated stages, 

and this assumption is adopted in several research works (Corti et aL 1984; 
Zhang et aL 2002). 

- To simplify the analysis, the size of coal in the mill is grouped into 

pulverised and un-pulverised two sets only. 

3.2.2 Mass Flow Analysis 

As introduced in Chapter 2, the raw coal is fed into the coal mill for grinding 
by feeders. In Didcot Power Station, two different size feeders are in use, 

where the feeder speed F, is measured in real time. Through experiment study 

in the power plant, the raw coal flow into the coal mill W, is calculated by 

Equation (3-1). 

e 
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Kf,,. F; c 

where the value of Kf, is non-nally a constant for a certain period of mill 

operation but varies with respect to the size of different feeders. The values for 

Kf, provided by the engineers at the power plant are 0.16 kg/mm and 0.24 

kg/mm respectively for the smaller feeder and the larger feeders that were 

equipped in the Dideot Power Station. 

Table 3-1 List of coal mill model variables 
Coal mill variables 

Input variables Intermediate variables Output variables 
Coal flow into the -Mass of coal in mill M, -Mill pressure 
mill W, 

- Mass of pulverised coal Ap. di 
Primary air pressure in mill Mpf -Mill outlet 
into the mill A, ý,. 

- Mill product pressure temperature T,,., 
Primary air Apmpd -Mill power 
temperature inlet the 

- Mass flow rate of consumed P 

mill Ti,, 
pulverized coal out of 
Mill Wpf 

The Primary Air (PA) fan is an important part of the coal mill system. It offers 

varied air flow in varied pressure from an electrically-driven fan. Right before 

the inlet duct into the coal mill, the primary air pressure APP,, (t) is measured 

on-site. From the fluid mechanism, the air wave inlet into the coal mil by the 
PA fan can be calculated by the following equation (Lu et al. 2002): 

p(t) (3-2) 

/3 where p(t) denotes the primary air density (kg, M) and K is a constant. 

Combining with the ideal gas law, p(t) at the temperature T,,, (t) can be 
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represented by 273 
- 
28.8 

. The hot air flow into the coal mill delivered 
273+T,,, (t) 22.4 

by the Primary Air (PA) fan therefore can be calculated by Equation (3-3), 

where the PA flow rate is related to the PA differential pressure and the 

density of air at the mill inlet temperature T, 

273 28R 10 - App" 
273+T,,, (t) 22.4 

(3-3) 

As the assumptions made at the beginning of this chapter, the coal in mill is 

classified as pulverised and un-pulverised two categories only, and also the 

grinding and the transport are considered as two separate status, the dynamic 

process of coal mass flow during the mill operation can, therefore, be 

schematically illustrated by Figure 3-3. The raw coal is fed into the mill by a 
feeder for grinding at a mass flow rate of W,. Due to the gravity, the raw coal 

M, normally stays in the bottom of the coal mill, and then is ground through a 

grinding mechanism of the mill. When the raw coal is pulverized to the 

pulverised coal Mpf, it floats in the air due to high pressure circulating hot 

primary air injected. The pulverized coal will be blow out the mill from the 

outlet port to the furnace at a flow rate of WPf . From the mass balance point of 

view, the total mass of the pulverised coal output from the mill at a flow rate 
WPf should be equal to the total mass of the raw coal mill flowing into the mill 

at a flow rate W, eventually. 
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ý/,: Mass otToal in Mill (4g) 

V, /: Mass of'pulverized coal in mill (k, 0 

11 
1: 

Mass I'low rate ofcoal into mill (Aps) 

11' '] %1ýý fl, )%% rite of pukcfwd out of 111111 

Figure Dynamic process ol'coal How 

Based on the principle of mass balance, Equations (3-4) - (3-6) are derived. 

K I, AP, M 
1,1 

(1) (1-4) 

= IV, (1) K Is M,. (3-5) 

= K,, M, WO (1) (3-6) 

Equation (3-4) represents that the flow rate of PF (Pulverized fuel) out of mill 

TV, / (i) by the primary air flow is proportional to the mass of pulverized coal 

in mill and the differential pressure produced by tile primary all- Can 

Aý (1). Equation (3-5) represents that the changes of mass of coal in tile mill 

, 
*JI) is proportional to the difference between the coal flow into mill W, (1) 

, 
jl) 

. 
Equation (3-6) describes and a fraction of the coal pulverized K 15 MI 

that the changes of mass of pulverized fuel in mill All, / (1) is Proportional to 

the difference between the fraction of pulverized coal K, Al, (t) and tile 

Pulverized coal flow out from the mill [Vl, 
l (1) - 

3.2.3 Mill Product Pressure 

While the coal mill operates at the grinding statLIS, the grinding mechanism 

rotates at a high speed (around 130 rpm). DUe to the influence of' 
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aerodynamics, the mill product pressure AP,.,, Is generated. The dynamic 

characteristics of the pressures is like a first order linear system and also the 

pulverised coal in mill and the raw coal fed into the mill contribute to the 

variation of the pressures (Zhang et aL 2002). This relationship can be 

described by Equation (3-7). 

A3 impd (t)= K, IMpf (t) + K12Mc (t)-K13 Apmpd (t) (3-7) 

where K,,, K, 2 and K, 3 are unknown coefficients to be identified. 

As introduced earlier in the chapter, the primary air with a pressure AFý. is 

injected from the bottom of the coal mill for circulating the pulverised coal in 

order to be transported to the outlet of the mill. By combining the mill product 

pressure Appdwith the inlet primary air pressure AFý., we can derive the mill 

pressure. The pressure is proportional to the primary air pressure APý and the 

mill product pressure Appd , which can be represented by the following 

equation: 

AP. ill(t) = KqAP. (3-8) pa 
(t) + Apmpd(t) 

where Kq is an unknown coefficient to be identified. 

3.2.4 Power Consumption Analysis 

The power consumed by the coal mill is normally considered as an indicator to 
the amount of load (raw coal and pulverized coal) of the coal mill, which is 

measured by the mill current for rotating and grinding. It consists of three 

ten-ns, which are: a) mill current required to rotate in the pulverised air; b) mill 

current to pulverise coal; and c) mill current to run empty mill (using the term 

of K, ). Equation (3-9) describes the relationship. 
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P(t) =K 6Mp/ (t) + KA. (t) + K8 (3-9) 

where K6 and K 7are the unknown coefficients to be identified and the empty 

rn III current K, needs to be ldentl f led as wel 1. 

3.2.5 'rhermodynamic Process 

Distinguishing from the mineral pulverisers, tile coal mills in Power plants are 
involved with thermodynamics. The hot primary air is blown into the mill 

from the bottom location of the coal mill to heat and dry the raw coal tor easier 

grinding and efficient combustion of P11" ill tile furnace. It' the coal mill 

thermodynamic process is treated as happening in an Isolated environment as 

shown in Figure 3-4, the heat input into the coal mill and the heat output frorn 

the coal mill complies with the heat balance rule. The heat into tile coal mill 

Q... Includes the heat frorn raw coal , tile heat frorn hot primary air 0...... 

and the heat generated by the power C011SLIMeS in grinding and rotating 01,. Z-- - 
The heat out from the coal mill includes: the heat outlet in tile pulverised 

coal 0,,,. and the heat ernitted from the mill body to the environment (),, . 

M// 

FigUre 34 Coal mill licat balance illustration 

The heat into the coal mill Q,,, can be obtained through FIquation (3-10), 
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where the heat of primary air into the mill Q,,,, is calculated by the 

terms K, T,, W,,,,. + K2W,, i,.; the heat generated by the coal grinding process Qp 

is represented by the term K 4P; and the heat of raw coal bringing into the mill 

Q, oal is described by the term K3W 

Q, = Qj, + Qp + a., 
(3-10) 

=IKT w I In 
(t) +K2 Fair (t) +Kl4p(t) +K3 

c 
(t) 

The heat output from the coal mill Q,,., can be obtained by Equation (3-11), 

where the heat lost from the pulverised coal QpF is described by 

K4T,,., (I). [W,,,, (t)+W, (t)]+K,. [W.,, (t)+W, (t)], and the heat emitted from 

the mill body to the environment Q, is ignored at the moment as it has little 

effects onto the heart balance comparing with the other terms. 

Q, 
zd = QPY. + Qe 

=K4TOul (t) , [W,, i,, (t) + W, + Ks - [W,, i, (t) + W, 

From the knowledge of thermodynamics, the difference between the input and 

output heat will cause changes in mill temperature. The rate of the temperature 

change is proportional to the unbalanced heat and also shows the 

characteristics of thermal inertias, which can be modelled by the following 

equation: 

J+, u, or- KT,, + Q,,, - Q,. t (3-12) 

Substituting Q,,, and Q,,,,, into Equation (3-12), we have 

w tlut = EKITin (t) +K2 lWair (t) +Kl4p(t) -K3 C(O- 

[K4Toul (t) + Ks ]- [Wair (t) + Wc (t)] + KTu, 
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where the notation of K, has a negative sign to indicate that the input coal W, 

absorbs the heat from the mill instead of radiating heat. 

3.2.6 Mathematical Model of the Milling Process 

Based on the mass balance, heat balance and some other engineering 

experience introduced in previous sections, the coal mill model for the 

complete milling process is derived as Equations (3-14) - (3-22). 

W. Ir 10 - AP, 273 
- 
28.8 (3-14) 

273+Ti,, (t) 22.4 

W, (t) = Kf,. F(t), (3-15) 

W =K Pf 
(1) 

16APpa(t)Mpf 
(t) (3-16) 

M, (t) = W, (t) - K15MQ) (3-17) 

Mpf (t) = K15M, (t) - Wpf (t) (3-18) 

P(t) = K6MPf (t) + K7M,, (t) + K8 (3-19) 

AP. 
ill(t) = KgAPpa(t) + Apmpd (t) (3-20) 

Afimpd (t) 
= K, IMpf (t) +K 12 

Mc (t) 
- KI 3 

Apmpd (t) (3-21) 

T "ý 
WITin (t) +K2]Wair(t) +Kl4p(t) -K3 c(t) ., ul 

[K4T,,, (t)+K, ]-[W 
(3-22) 

,, ir 
(t) + W, (t)] + K, Tul 

There are sixteen unknown parameters shown in the above equations which 

are required to be identified using on-site measurement data and intelligent 

algorithms. This model improved the early version of the mill model proposed 
by Zhang ((Zhang et aL 2002). 
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3.3 Model Parameter Identification 

In this section, the parameter identification procedure will be described and the 

simulation results will be presented. The data used for identification is 

provided by RWEnPower Plc. which covers mill processes working under 
different operational conditions and at different time periods. The RSPGA that 

discussed in previous chapter is applied for the coal mill model coefficients 
identification. 

3.3.1 Description of On-Site Measurement Data 

On-site measurement data in the thesis refers to the data obtained while the 

mill is in use and works at normal working conditions. That is, no any sets of 
data are obtained at a designed op, eration manner. Five sets of on-site 

measurement data from five different mills listed in Table 3-2 which are used 
in this section. 

Table 3-2 Five on-site measurement data sets 

Data Sets Descriptions 

Data I Mill A IT Nov 2002 12: 49: 10-13: 34: 10 

Data 2 Mill B IT Nov 2002 15: 20: 18 - 15: 44: 23 

Data 3 Mill C 13th Nov 2002 15: 50: 22 - 16: 54: 57 

Data 4 Mill G 13 ' Nov 2002 11: 08: 04 - 15: 43: 49 

Data 5 Mill F 13' Nov 2002 10: 16: 40 - 14: 56: 21 

All these five data sets were collected at the normal grinding processes of the 

coal mills at Didcot Power Station (RWEnPower Plc. ), which do not include 
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the data for start-up and shut-down. Data set I is used for identification of 

model parameters and Data sets 2-5 are adopted for the verifications of the 
identified parameters. 

3.3.2 Identification of Model Coefficients Using RSPGA 

As an optimisation method, GA has the advantage that it is able to reach an 

optimal solution without requiring explicit knowledge about the problem area. 
It has been verified that GA is a robust optimization method for the parameter 
identification problems (Karr 1993; Wang et aL 2004; Rashtchi et aL 2006). 

The only existing criterion to evaluate the quality of an individual is the fitness 

value associated with this individual (Mitchell 1996). Hence, the fitness 

function should provide the required information for GA to make decision. 

Fitness functions with different mathematical structures are used in GAs which 
is subject to the minimal requirement that the function can map the population 
into a partially ordered set. As stated, the fitness function is independent to the 

GA but greatly dependent on the problem itself. Traditionally, the statistical 

expectation of Mean Squared Errors (MSE) is widely used to construct fitness 

functions, which is reasonably effective for static optimisation cases. However, 

this fitness function may not give a convergent solution while used in the cases 

of the dynamic processes. Further investigation is, therefore, motivated to 

improve the convergence of the algorithm. After a number of different fitness 

functions were studied, it was found that one particular fitness function gives 

the algorithm a good convergence and leads to more accurate solutions, which 
is the sum of absolute values of errors between the measured and simulated 
data (Wei et aL 2004a). 
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Then the fitness function is defined as follows: 
1N 

fitness=-2: t Wýxle, (t)1 + W2xle2 (t)1 + W3 
xle, (t)1 1 (3-26) 

N, 
-o 

where the symbols used in the above fitness functions are explained below: 

Ot'j(t)jnP(t)'nAP 
(t) 07T Normalized simulated outputs of 

mill the mill model at time t. 
OUI(t) , 

nP(t) nAP nT Normalized measured outputs of mill 
(t) 

the mill model at time t. 
TOUI(t) I P(O Apmal Q) Measured outputs of the mill 

model at time t. 
Simulated outputs of the mill at T. 1 (t) I NO AP. 

'II 
Q) 

mill model at time t. 
TqpRT ToPR P ToPR AP 

out, mill 
Top ranges of the variables. 

WI 
$ 
W21 W3 Weighting coeff icients. 

N Number of measured data points. 

Following the identification procedure shown in Figure 3-5, Data set I in 

Table 3-2 is employed as measured inputs and outputs, and the real-value 
SPGA described in Table 3-4 is adopted for the coefficient identification of the 

coal mill model. The sixteen unknown parameters are identified and listed in 

Table 3-5. 
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ON-SH'i" , 
Measured I) ATA 

Outputs Simulated . ..... 
FITNESS M, 1 1) tI "s , 

'OAL M 111 

FUNCTION MODI I 

Yes coefficiclllý 
Genetic Algorithni--RSP(.; A I 

('selectioll, Crossover, Mutation etc. 
Stop 

Figure 3-5 The coal mill model coet'llicients identification 
procedure 

Table 33-3 Identified systern parameters 

System parameter using the modified mill model 
K 0.000294 K, = 0.0308212 
K, 0.002060 K4 = 0.001677 

Ks -0.043197 K, = 0.016553 
K7 0.0 17409 K8 = 27.128681 
K, 2.6 19964 KI, = 0.004065 
K12 0.000680 KI 3= 0.058879 
K 14 0.0 1474969 K, 5= 0.007422 

KI, = 0.006284 K, = -0.023677 
System parameter using th 

(Zhang et a/. 
e original mill model 
2002) 

K, 0.000613 K4 = 0.035083 
K3 0.036576 K4 = 0.001305 
K6 0.054367 K7 = 0.005450 
K,, _ 27.758520 K, = 7.410860 
KI = 0.00 1948 K 0.000430 
K, = 0.075413 K14 = 0.001669 
K 15 = 0.0 10552 KI, = 0.005452 
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3.3.3 Simulation Results 

The five on-site measurement data sets introduced at the beginning of this 

section are adopted for conducting simulation studies. Data set I has been used 
for identification of the parameters, and Data set 2- Data set 5 are used for 

verification of the parameters identified. The simulation results are then 

compared to the results obtained from the previous model published in 2002 

(Zhang et aL 2002). Comparing with the previous model, major changes are 

only taken in the temperature equations. In the simulation results, significant 

improvements are happened in approaching the model simulated T,,,,, to its 

measured values. For the other two model output variables (P, AP 
... , 

), only 

slightly improvement are gained accordingly. Figure 3-6 - Figure 3-12 show 

the validation results of the model T,., from using Data 2- Data 5. 
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Figure 3-6 The measured and simulated results using Data 2 
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Figure 3-8 The measured and simulated results using Data 4 
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Figure 3-9 Partly enlarged figure of the measured and 
simulated results using Data 4 

Zoom2: See 
enlarged 
Figure 3-11. 
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Figure 3-10 The measured and simulated results using Data set 5 
Mill F, 7 th Mar 2003 10: 16: 40 - 14: 56: 21 
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Figure 3-11 Partly enlarged figure 2 of the measured and 
simulated results using Data 5 
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Figure 3-12 Partly enlarged figure 3 of the measured and 
simulated results using Data 5 

From Figures 3-6 - 3-12, it can be seen that the responses of the simulated 
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outputs of the coal mill model can follow tile measured Output 11101-C ClOSCly 

g el 41 than the results using the previously derived coal mill model (Zhaq 

2002). The average errors between the simulated Outputs and nicasurc(l 

outputs are summarized in Figure 3-13) and 'Fable 3-7 in which E, 
w Is 

calculated by I 
-I 

IT., 
(i) 

- 
f., mj 

N, 

'Fable 3-4 Average errors between the simulated output (TU) and tile measured 
Output 

Data sets Average error 
( E.,,,,,, ) with the 

previous model 

Average error 
E.,,,,,, ) with the 

modified model 

Percentage of 
errors reduced 

Data 2 3.07 'C 1.49 "C 51.79% 
Data 3 0.29 'C 0.23 'C 20.69% 
Data 4 0.66 'C 0.53 'C 19.70% 
Data 5 _ 0.85 'C 0.69 'C 18.82% 

t: 
LU 2 

0 
15 

05i 

0 
Data 1 

085 
069 

a previous model 

w Modifle 

Figure ')- I ') Comparison of the average errors between the 
simulated OUtpUt (1. ),, t) and the measured output 

The results shown above indicated that the model is improved in accuracy and 

can represent the real systern better for both dynamic behaviour and the 

performance covering a long-term period of time. 
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3.4 Summary and Discussions 

In this chapter, the coal mill mathematical model for the non-nal grinding 

processes is developed by applying the physics and engineering principles and 
by integrating the knowledge of the experienced plant engineers. The RSPGA 

is adopted to identify the unknown coefficients of the model. Five on-site 

collected data sets are provided by RWEnPower Plc. and were used for the 

simulation studies. Simulation results revealed that the current model provides 

more agreeable system outputs comparing with that obtained using the 

previous version of coal mill model. This model covers only the normal 

grinding process, and does not cover the mill start-up and shut-down stages. 
Further investigations will be carried out in next chapter to develop a mill 

model covering the whole milling process. 

51 



Chapter 4 

Multi-Segment Coal Mill Model 

4.1 Overview of a Complete Milling Process 

In power plants, there is a standard procedure for a complete milling process 
from mill start-up to shut-down to satisfy the quality and safety assurance 

regulations. Different functions in a mill system will start up and shut down in 

a sequence rather than simultaneously. For example, the grinding motor starts 

about 1-2 minutes before the coal feeder inputs any coal into the mill to 

prevent chokes; the grinding motor is shut-down in delays after the coal feeder 

is shut-down completely and the primary air (PA fan) is kept on blowing until 

the coal mill system is cool enough to prevent fire accidents. Brief description 

of the complete milling process as a sequence of events from start-up to shut- 
down is given in this section. 

1) Start-up Sequence 

During the start-up sequence, all the components of the mill system (e. g. 
the primary fan, the lube oil pump, the feeder, and the grinding motor etc) 

are started in a pre-defined sequence, as shown in Figure 4-1. The 

tempering air is firstly switched on together with the procedure for 

checking the lube oil pump pressure and mill temperature, which warms 

up the coal mill before it starts. The coal mill grinding motor is then started 
to pre-grind the raw coal remained in the mill body from the previous 

session, which takes around 1-2 minutes. Finally the coal mill feeder is 

52 



Chapier 4 Mulli-Seginew Coal Mill Model 

started and the coal mill system goes into the normal grinding situation 

(Detail operational code of start-Lip seqLICIICC can be found in Appendix I. ). 

-Step 2 Step 5 
)e PA 11,111 60 Sec Step 4.11 Sec he, kI '11w Step 1. Woit (ý "p Deyiqý 

- 
)It 

I/ 
Dain ýi and P., \ I)II'f 

Idle S t3ritll'uhC 011 De I IV essu: eaad 

rempe'alue 

01 PIC 

Device 
I 

Step 6. - 
No Wait S1, e 8 

z rt 131] ce Step 7.11Minute Set See Air 5 Minutes Step 9. 
iC St ir Start Feeder I. uI 

Damper Start Nfill 
Iý 

ýte Active 

___Flag_ 

1 Minute 
N1 Star 

n 'I, 
ýte I 'S 

L 
rste, 

ýc o, 

F, 

Figure 4-1 Coal mill start-up sequence 

2) Shut-down Sequence 

During the shUt-down sequence, all the components of the mill systern (e. g. 

the feeder, the grinding motor and the primary fan etc) are shut down in 

turn. Figure 4-2 shows the shut-down sequence. In the sequence, the 

tempering air is firstly set to be fully cool, and the coal feeder speed is 

reduced to be minimum at the beginning or the shut-down procedure, 

which takes about 5-6 minutes. Afterward, the feeder is tripped oil'. and 

then a grinding delay is held for I-2 minutes, which grinds the raw coal 

remained in the mill. Finally the mill grinding motor is switched off', and 

the PA fan shuts down in sequence. 'rhe PA fan is kept on blowing to cool 
down the mill body for around two Minutes (Detail operational code of' 

start-up sequence please refer to Appendix 1. ). 
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Step 12 [-Step 14. Step 15 
Set Tempering 30 S 61 S 30 se No Wait Set Feeder Set PA Diff Step 16 
Air to fully cold 

lcý 
Speedto Set Point to Delay 
Minimum 4 mbar 

1 
181 Sec DeVice 

Trip Mill Grin 

No Wait Step 18. 
ý 

9evice Step 17, Step 20. Ste 19 60 Sec 
LSndpDetý'4 

Hold Point ý'4 Trip Feeder i 
te 

Stepý2il,, S ep 22 
---- 

Device Sýep 23 --1 
Device Step 24 

Set PA Fan r, Mill Shutdown Device e PA F, 
--Sa 'I c an L Da mpef to Mill Sequence Iron Warming emperature] -=* 

R, 
lndýý 

tM 

Rtg 

lator 

to 15% Posilton Complete (10 C) L 

Figure 4-2 Coal mill shut-down sequence 

For different operating stages of coal mill operation, the coal mill Involves 
different physics variations which cannot be represented by a single 

mathematical model. A multi-segment rnathernatic mill model is developed in 

this chapter, which is cornposed of six different segments. A brict'description 

of the six-segment of mill operation Is Illustrated in Figure 4-3, which covers 

the whole milling process. The segments are numbered from Segment 0 to 

Segment 5. As an example, the coal mill idle SItUation is modelled by the 

segment 0 in the multi-segrnent model, where all the components ofthe coal 

mill (e. g. feeder, grinding motor) are completely off. 

All these segments are connected by a number of operation triggers. All tile 

triggers of the model segments are determined by the mill operation 

procedUres which is specified by the operating procedUre of power plants, 

details are shown in the following sections. 
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SE G' 11 F(. ') I IT 

Coal mill coitl mill al mIll oal mill waiming coal mill pre- 

e p, mi 11 and feeder gmiding, mill IvA 11ýA grinZg delay, 
i mill is still ýii e still off, but PA is running, but IULIIIII. Rl 

fan and Tin are on feeder Is off running, but 

FIgUre 4-3 Coal mill six-segment model 

4.2 Multi-Segment Coal Mill Mathematical Model 

Coal mill 
cooling down, 
mill ani feeder 

are still off, but 
PA fan ts on 

This section describes all the segment models for a complete milling process. 

Although the description starts from Segment 1, it can start From any segment 

actually as the six segments form a cycle. 

4.2.1 Coal Mill Model - Segment I 

The coal mill model for Segment I represents the 'warm-up' process in tile 

mill start-up procedure. During this period, the mill temperature is set to tile 

point ofthe wari-ning-LIP value, the PA Fan Damper is opened to the warming- 

Lip position, PA different pressure is set to a point to be higher than 4 illbar, 

and the mill lube oil purnp starts running. The switch trigger for initiating this 

segment is set to be the moment that the Primary Air Damper and tile 

Temperature Damper are just open, which could be represented modularly by 

the beginning of the Step 3 as shown in Figure 4-1. Tile coal mill model 1`61, 

Segment I is described by Equation (4-1.1 Equation (4-1.9). 

W"" 10 - AP 273 
x 

L8,8 
""(1) 273 +T" (1) 22.4 

SEG V 
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W- (t) = Kf, 
ý. 
F, (t) (4-1.2) 

c 
Wpf (t) =KI-16APpa(t)mpf(t) (4-1.3) 

MC(t)=MC(ti-0) (44.4) 

ýIpf (t) = -Wpf (t) (4-1.5) 

P(t) =0 (4-1.6) 

AP. ju(t) = K, 9AP (4-1.7) pa(t) 
+ Apmpd(t) 

Apmpd (t) =Kl I IMp (4-1.8) f 
(t)+KI_12Mc(t)-KI-13APmpd (t) 

Told Wý IKI_ITIn W +KI_2 lWair (t) 
- IKI_4TouI W +K1_51 * War(t) +KI_17T(Xd (4-1.9) 

where: 
M, (tl-o): The initial value of mass of coal in mill at the beginning of 

segment I (kg) 

Kl_,: Model coefficients to be identified respect to model 
segment I 

The other notations are same as explained in Chapter 3. 

Comparing with the grinding process mill model shown in Section 3.2, there 

are several significant modifications made, which are: i). The raw coal in mill 

M, is set to be constant value M, (tl_o) through this segment (see Equation 

(4-1.4)) since no grinding happens during this segment; ii). The changing rate 

of the pulverized coal in mill Mpf is reducing in a rate of being proportional to 

the mass flow rate of pulverized coal out from mill WPf (see Equation (4-1.5)) 

since there is not any Mpf to be generated by grinding during this segment; 

iii). The coal mill current P is set to be zero since the coal mill motor is still off 
during this segment, where there is no power consumed to operate the mill 

motor; iv). The mill temperate is represented by Equation (4-1.9), which is 

similar to Equation (3-21) shown in Chapter 3. 
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4.2.2 Coal Mill Model - Segment 11 

The coal mill model for Segment 11 represents the 'pre-grinding' process in the 

mill start-up procedure. During this period, the coal mill grinding motor is 

started to pre-grind the coal left in the mill, while the coal feeder is still off. 
The switch trigger of Segment 11 is set to be the moment that the mill grinding 

motor is commanded to start which could be represented by the modular - 
beginning of Step 7 as shown in Figure 4-1. Segment 11 coal mill model can be 

described by Equation (441.1) - Equation (4-11.9) 

10 - Apm (t) - 
273 

x 
28.8 

273 + Ti,, (t) 22.4 

W (t) = Kf,;. F, (4-11.2) c 
pa 

(t)Mpf (t) (4-11.3) Wpf (t) = KII 16AP 

M, (t)=-Kll_, sM, (t) (4-11.4) 

Mpf KII-15M, Wjf (4-11.5) 

p(t) = KII 6mp)f (t) + KI, M (4-11.6) 
-7 c(t)+Kll -8 

AP. ill (t) = KI, 9AP _ P. 
(t) + A. P,, 

Pd(t) 
(441.7) 

Apmpd(t)=Kll 
IIM Pf (1) + KII-12Mc(t)-KII_13APmpd(t) (4-11.8) 

Tout W IKII_ITJn W +KU 2]Wai,. 
(t)-IKH 

4Tout W+ KII 51'W air 
W+ 

(4-11.9) 
Kff 14P(t) +KII 17T out 

where: 
KI, 

_j: 
Model coefficients to be identified respect to model 
segment II 

The other notations have the same meanings as described in Chapter 3. 

Comparing with the normal grinding mill model described in Section 3.2, 

there are some modifications in this segment, which are i). The raw coal in 

mill M, is self-reducing due to the pre-grinding of the coal mill, which is 

represented by Equation (4-11.4); ii). The mill temperate is represented by 

57 



Chapter 4 Multi-Segment Coal Mill Model 

Equation (4-11.9), which is derived based on the heat balance principle of the 

coal mill system as described in Chapter 3. 

4.2.3 Coal Mill Model - Segment III 

The coal mill model for Segment III represents the steady state or normal 

grinding milling stage. During this period, the primary air fan, coal mill 

grinding motor and the coal feeder etc. have come into the steady state milling 

stage. The switch trigger for model Segment III is set to be the moment that 

the mill start-up sequence is completed, which could be represented by the 

modular at the beginning of Step II as shown in Figure 4-1. Segment III coal 

mill model is described by Equation (4-111.1) - Equation (4-111.9). 

W. j, (t) = 10 - APP,, (t) - 
273 

x 
28.8 

273 + Tj,, (t) 22.4 

.', 
(t) (4-111.2) W, (t) = Kf Y 

WPf K111 16 
AP 

pf 
(t) (4-111.3) pa(t)m 

KIII-I 5M, (t) 

M pf (t) = KII, 
_ 

15 
M, (t) - Wpf (t) (4411.5) 

P(t) = KII, 6MP 
(4-111.6) 

f(t)+K 111 7 
Mc (t) +Klll 8 

AP 11 (t) = KII, 9AP (4111.7) pa 
(t) + Apmpd (t) 

ApmPd(t) =Klll-l IMpf 
(t) +KIII- IA 

(t) -K]11_13APmpd(t) (4-111.8) 

Told(t)ý-[Kffl ]Tm(t)+KLU 2]War(t)-Klff 
A 

-1K *W )+ 
c(t) Iff ad 

W+K dr(t (4 
_ýZ 

We (01 +KB7_14p(t) +KM_17Tad 

where: 
Kljl_,: Model coefficients to be identified respect to model 

segment III 

The other notations have the same meanings as described in Chapter I 
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The equations are same as the normal grinding mill model shown in Section 

3.2, which represents the same stage of the coal mill grinding process - coal 

milling steady state or normal grinding stage. 

4.2.4 Coal Mill Model - Segment IV 

The coal mill model for Segment IV represents the 'grind ing-delay' process in 

the mill shut-down procedure. During this period, the coal feeder is switched 

off but the grinding motor is still kept on grinding the remaining coal in the 

mill. The switch trigger for Segment IV is set to be the moment that the coal 
feeder is completely switched off, which could be represented by the modular 

at the beginning of Step 19 as shown in Figure 4.1. b. Segment IV coal mill 

model is described by Equation (4-IV. 1) - Equation (4-IV. 9). 

W.,, (t) = 10 - APP,, (t) - 
273 

x 
28.8 (4-IV. 1) 

273 + Tj,, (t) 22.4 

W, (t) = Kf, Y, (t) (4-IV. 2) 
Wpf W =K1V_16APpa(t)Mpf W (4-IV. 3) 

M, (t) = -Klv_15M, (t) (4-IV. 4) 

Mpf (t) = Kjv 
- ISM, (t) - Wpf (t) (4-IV. 5) 

P(t) = 
KIV 

6Mp c(t)+K 
(4-IV. 6) f (t) + KIV 

- 
7m IV-8 

AP ill (t) = Kjv 9 AP (4-IV. 7) 
P,, 

(t) + Apmpd (t) 

AP,, Ijt)=Klv I IM (4-IV-8) 
_ Pf(t)+KIV_IA(t)-KIV_13&Dmpd(t) 

Tou, (t): --[Kjv 1Tn(t)+K1V 2]Wair(t)-[K T air 
W+ 

IV 
-4 

oul(t) +KIV_S]'w (4-IV. 9) 
Kly_ 14 

P(t) +KIV_17Tout 

where: 
Kjv_j: Model coefficients to be identified respect to model 

segment IV. 

The other notations have the same meanings as described in Chapter I 
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Comparing with the normal grinding mill model described in Section 3.2, 

there are several significant changes for this segment, which are: i). The raw 

coal in mill M., is self-reducing due to the grinding-delay of the coal mill, 

which is modelled by Equation (4-IV. 4); ii). The mill temperature is 

represented by Equation (4-IV. 9), which is similarly modelled by the heat 

balance model of the coal mill system same as Equation (3-21) described in 

Chapter 3. 

4.2.5 Coal Mill Model - Segment V 

The coal mill model for Segment V represents the 'cool-down' procedure in 

the mill start-up period. During this period, the mill temperature is set to the 

point of the cooling-down value, PA fan induction regulator is closed to 15%, 

opening and the PA fan damper is set to the mill warming position. The switch 
trigger for this segment is set to be the moment that the mill temperature 

reaches the point of the mill cool-down value, which is illustrated in the 

modular at the beginning of Step 21 in Figure 4-2. Segment V mill model is 

described by Equation (4-V. 1) - Equation (4-V. 10). 

W. jr (t) = 10 - APP,, (t) 273 
x 

28.8 (4-V. 1) 
273 + Tj,, (t) 22.4 

W, (t) = Kf,. F, (t) (4-V. 2) 

WPf (t) = Kv 
- 

16APpa(t)Mpf 
W (4-V. 3) 

Aý 
cDelay 

(t) =-Kv_ 15 
M 

cDelay 
(t (4-V. 4) 

M, (t) = M, (t 
5 

-0) 
- 

WcDelay 05 

_0) 
- 

McDglay (01 (4-V. 5) 

Aýpf (t) Kv 
- 

15 
McDelay W- Wpf W (4-V. 6) 

P(t) =0 (44.7) 
AP-111(t) KV 

9AP (4-V. 8) pa 
W +Apmpd (t) 

A'mpd(t) 
=Kv_,, Mpf (t)+ Kv_12MC(t)-Kv_13APmpd (t) (4-V. 9) 
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(t) = IKV_ITn W +KV_2 Fair W- IKV-4Toul W+K V-51 (4-V. 10) 
Wair W+ KV_17Tout 

where 
M, (ts 0): 

The initial value of mass of coal in mill at the beginning of 
segment V. 

M, 
Delay: A term to indicate the grinding delay caused by the inertias of 

the grinding components 
Kv_,: Model coefficients to be identified respect to model segment 

V 
The other notations have the same meanings as described in Chapter 3. 

Comparing with the normal grinding process coal mill model derived in 
Section 3.2, some modifications have been made in the model for Segment V, 

which are: i). At the beginning of the cool down process, the raw coal in mill 
M, is self-reducing for a short period of time due to the grinding-delay caused 

by the grinding inertias. Afterward it stays at a constant value through the 

segment as the grinding process stops completely. Over the segment V, the 

raw coal in mill, M, is calculated by Equations (4-V. 4) - (4-V. 5), in which 

indicates the grinding delays caused by the inertias of the grinding 

components; ii). The changing rate of pulverized coal in mill, Mpf, is reducing 

which is proportional to the mass flow rate of pulverized coal out from the mill, 
Wpf, and it is proportional to the pulverized coal generated by the grinding 

delays due to the inertias of the grinding motor MD,,,,, 
Y, which is modelled by 

Equation (4-V. 6); iii). The coal mill current P is set to be zero since the coal 

mill motor is switched off during this segment; iv). The mill temperature is 

modelled by Equation (4-V. 10), which is derived based on the heat balance 

principle. 
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4.2.6 Coal Mill Model - Segment 0 

The coal mill model for Segment 0 represents the 'idle' stage of the milling 

process. During this period, the mill grinding motor, the coal feeder, the tube 

oil pump etc. are switched off. This segment model represents the natural cool 
down process of the coal mill system. The switch trigger for this segment is set 
to be the moment that the coal mill shut-down sequence completed, which is 

illustrated in Figure 4-1 (Step 1). This segment coal mill model is described by 

Equation (4-0.1) - Equation (4-0.8). 

W. " W= 10 - APP" 273 
x 

28.8 (4-0.1) 
273 + Tj,, (t) 22.4 

W, (t) = Kf,. F (4-0.2) 

WPf 0 (4-0.3) 

MI (t) = M, (to 0) (4-0.4) 

Mpf (t) = Mpf (to-O) (4-0.5) 

P(t) =0 (4-0.6) 

AP. jjj(t) = Ko_qAIýQ) + KO-19AIýjjj(t) (4-0.7) 

TW -K TO'4(t)ýIKO_]Tin(t)+KO_2]WtWr(t)-[K'0-4 09d 
W 

+K'0-51* dr(t) 0-18(T. It- (4-0.8) 
T, ) + 

KO 17 

-T M, (t)+M3r(t) 

where 
M, (to 0): 

The initial value of mass of coal in mill at the beginning of 
segment 0 (kg) 

Mpf (to-0): The initial value of pulverized mass of coal in mill at the 
beginning of segment 0 (kg) 

T, Temperature of the environment (*C) 
Ko_j: Model coefficients to be identified respect to model 

segment 0 
The other notations have the same meanings as described in Chapter 3. 

In this segment, all the components of the coal mill system are off and there is 
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no grinding and blowing happening, so M,, Mpf etc. will stay at a constant 

level through this segment. Furthermore, the coal mill temperature and the 

pressure are gradually dropping as indicated in Equations (4-0.7) and (4-0-8). 

Comparing with the standard coal milling model shown in Chapter 3, this 

segment model is different in the following aspects: i). In Segment 0, all the 

components of the coal mill system is idle, so M,, Mpf, and P are kept at a 

constant level or stay at zero, which are described by Equations (4-0.3) - (4- 

0.6); ii). PA fan damper and coal mill valves are closed solidly during the idle 

stage, so coal mill pressure is naturally dropping, which is indicated in 

Equation (4-0.7). iii). Equation (4-0.8) represents the naturally self-cooling 

process of the coal mill system through this segment. It is developed 

corresponding to the heat balance of the coal mill system as well, where the 

term Ko_, (T.., -T, ) represents the heat loss to the environment from the mill 

system via the mill body and valves etc. 

4.2.7 Summary of the Multi-Segment Model 

According to different working status of a coal mill, the coal mill model is 

developed to have six different segments. Segment model I and Segment 

model II represent the start-'up process of coal mill; Segment III represents the 

steady state of the milling process; Segment IV and Segment V represent the 

shut-down process of the coal mill; Segment 0 represents the idle stage of the 

coal mill. All these model segments are connected by series switch triggers, 

and then it fon-ns the continued coal milling process including the idle 

situation (see Figure 4-4). 
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STEADY STATE 

scispyient III 

Segment 11 Segment 1\1 

: Segment I Segment 

Segment 0 

IDLE 

Figure 4-4 Structure of the coal mill multi-segments model 

4.3 Model Parameter Identification and Model Validation 

4.3.1 Overview of the Data Sets 

It is noticed that there are six sets of unknown model parameters for the multi- 

segment coal mill model so the next task is to find the values Of those 

unknown parameters. Then tile results will be compared with the single 

segment model that derived by Zhang in 2002 (Zhang el al. 2002). 'File 

validation of the new IflUlti-segment model will be conducted as well. This 

section describes systern parameter identification, SiMUlation Studies and 

model validation. 

For the PLII-pose of simulation StUdies to the multi-segment coal mill model, 
data covering a long period of time fi-orn start-Lip, grinding process to shut 
down process is required, where the operational sequence IILIIIIhcI. as triggers is 

partICLIlarly logged tor initiating different segments during the simulation. 
Three data sets with such 1eatLINS were provided by RWEnPower Plc. A brief' 
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description for those data sets is given below. 

Data Set A: It was collected from Mill C (Didcot Power station) on 6th May 

2003 and the dynamic process is presented in the sequence of steady-state 

grinding --+ shut-down --+ idle --+ start-up -+ steady-state grinding. 

Data Set B: It was collected from Mill G (Didcot Power station) on 24h April 

2003 and the dynamic process is presented in the sequence of steady-state 

grinding --i- shut-down --+ idle ---1- start-up --). steady-state. 

Data Set C: It was collected from Mill C (Didcot Power station) on 240' April 
2003 and the dynamic process is presented in the sequence of steady-state --* 
shut-down -* Idle 

Comparing the three data sets, only Data Set A and Data Set B include the 

whole milling process, and Data Set A composes an average long period for 

grinding process and idle process. So Data Set A is adopted for the coal mill 

multi-segment model coefficients identifications, and then Data Set B and 
Data Set C are used for the validation studies of the multi-segment coal mill 

model. 

4.3.2 Identification of Unknown Model Parameters 

Following the identification scheme introduced in last Chapter, coefficients of 
the multi-segment coal mill model are identified using Data Set A. The model 

parameters identified are summarized in Table 4-1 and Table 4-2. The results 

obtained have been compared with the previous single grinding model 
introduced by Zhang in 2002 (Zhang et aL 2002), especially, in the start-up, 

normal grinding operation, shut-down, and idle periods. 
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Table 4-1 Identified parameters for the model segments 1,11 and III 

K,,, (Segment 1) K,,,, (Segment 11) K,,,,, (Segment 111) 

1 0.000725 0.000806 0.000619 
2 0.040103 0.030854 0.089614 
3 N\A N\A 0.003837 
4 0.000572 0.000569 0.001553 
5 -0.016754 -0.013897 -0.086348 
6 N\A 0.006582 0.017125 
7 N\A 0.00503 0.002937 
8 N\A 29.464080 30.173294 
9 5.604890 6.322785 5.549015 
11 0.000124 0.000088 0.001701 
12 0.000022 0.000361 0.000565 
13 0.079430 0.020107 0.086773 
14 N\A 0.090364 0.032505 
15 N\A 0.000682 0.005133 
16 0.000107 0.001448 0.002618 
17 -0.013297 -0.056697 -0.057244 
18 N\A N\A N\A 
19 N\A N\A N\A 

Figures 4-5,4-6, and 4-7 show the simulation results using the single grinding 

model. The red solid line represents the measured outputs logged on-site from 

the power station, and the blue dotted line represents the simulated outputs 

from the model. Obviously it can be seen that the simulated data using the 

single segment normal grinding model cannot represent the start-up process 

(see Figure 4-5) and shut-down process (see Figure 4-6), and the idle process 
(see Figure 4-7) well as a large gap between the measured and simulated data 

appeared. 
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Table 4-2 Identified parameters for the model segments IV, V and 0 

K,,,, (Segment IV) K,,, (Segment V) Ko,, (Segment 0) 
0.001071 0.000937 0.001532 

2 0.038145 0.037150 0.053152 
3 N\A N\A N\A 
4 0.001102 0.001090 0.002390 
5 -0.012738 -0.017498 -0.013517 
6 0.005027 N\A N\A 
7 0.012719 N\A N\A 
8 26.193318 N\A N\A 
9 6.028041 5.976033 0.350150 
I1 0.000010 0.000007 N\A 
12 0.000218 0.000013 N\A 
13 0.005940 0.129483 N\A 
14 0.060823 N\A N\A 
15 0.005010 0.150024 N\A 
16 0.002844 0.000314 N\A 
17 -0.049568 -0.008422 -0.097495 
18 N\A N\A 0.000277 
19 N\A N\A -0.058633 
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Figures 4-8,4-9, and 4-10 show the simulation results using the multi-segment 

model for the overall process from start-up to shut-down process. Comparing 

with the results obtained using the single segment normal grinding model, the 

simulated outputs approaches to the measured outputs much closer, especially 
in the start-up, shut-down and idle stages. 
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4.3.3 Mill Model Validations 

Data Sets B and C are adopted for validation of the multi-segment model. 
From the operational sequence logged in the data set, it is found that Data Set 

B operated in the sequence of steady-state grinding --+ shut-down --+ idle --+ 
start-up -4 steady-state grinding, which indicates all the six segments are 
included in Data Set B, that is, Segment III--+ Segment IV--+ Segment V--+ 

Segment 0 --* Segment I --* Segment 11--* Segment 111. Data Set C operated in 

the sequence: steady-state grinding --* shut-down --). idle, which indicates only 
the three segments are included in Data Set C, that is, Segment III--+ Segment 

IV--,. Segment V--+ Segment 0. In order to clearly display the validation 
results for the model segments, the simulation results respecting to the start-up, 
shut-down and the overall process are given separately in the figures of the 

validation results. The simulation results of the intermediate variables are 

given in the figures that the engineers in power plants are keen to know. 

Model validation results using Data Set B are given in the Figures 4-11 - 4-31 

and the validation results using Data Set C are given in Appendix 11. 
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Chapter 4 Multi-Segment Coal Mill Model 

The average errors between the simulated outputs and the measured 

outputs of all these simulation studies using the three different dynamic 

data sets are swnmarized in Table 4-3, in which the AbsError and RelError 

are calculated in the following formats. For example, AbsError of T,,,,, is 

I Af 

calculated by 
- 1: IT., (i) (i)I , the RelError of T,, 
N 

T,, ul 
is calculated by 

IT. (o - T. 
"'(ol 

TOPR T 

Table 4-3 Average errors of the simulated results 
Variables Data Set A 

(Identification) 
Data Set B 
(Validati n 1) 

Data Set C 
(Validation 2) 

AbsError RelError AbsError RelError AbsError RelError 

2.02 IC 1.68% 2.19 V 1.82% 2.99 IC 2.49% 

p 0.83Amp 1.38% 1.73Amp 2.88% 1.84 Amp 3.07% 

Ap. dl 0.50mbar 0.83% 1.00mbar 1.67% 1.81mbar 3.02% 

From the results, it can be seen that the errors generated by using Data Set 
B and C for the validations are within the reasonable range comparing with 

the results obtained for parameter identification using Data Set A. 

Although some gaps exist between the measured and estimated outputs, the 

multi-segment coal mill model can represent the coal milling process well, 
especially, dynamical characteristics. Therefore, the model structure 

reported in this chapter can be applied to on-line estimation or prediction in 

milling processes. The results have been passed back to the engineers at 
RWEnPower Ple. and all agreed that the model is accurate enough to be 

accepted by the engineers for fault detection and condition monitoring. 

4.4 Summary and Discussion 

In order to cover the start-up and shut-down process, a multi-segment coal 
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mill model is developed in this chapter. According the coal mill operation 

sequence, the whole milling process is partitioned into six segments, six 

sets of model equations are developed accordingly to represent the coal 

mill in the respective states. Simulation studies of the coal mill model are 

carried out based three data sets which cover the start-up, normal grinding 

process and shut-down process. Date Set A was employed for the model 

coefficients identification. Data Set B and Data Set C were applied for 

model validation. Simulation results show that the model can represent the 

coal milling process well, especially, dynamical characteristics. 
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Chapter 5 

On-Line Implementation of the Coal 
Mill Model 

5.1 Introduction 

As described in Chapter 3, there is no accurate measurement for mill PF 

flow W,,, thereby to control the air fuel ratio to maintain the efficiency of 

unit energy release and absorption and reducing environment emissions 

and it is difficult to detect the coal load in mill Mc to prevent mill choking 

and coal caking on the grinding. The model developed in this project offers 

a hope to estimate those variables. To obtain the variable information, it is 

necessary to implement the model in real-time. A prototype of on-line 
implementation software is developed in the project and will be described 

in this chapter. 

By analysing the information software system used by RWEnPower Plc., 

C++ computer language is chosen for real time implementation of the 

model, because C++ program can be complied into executable code and 

the code does not depend on any commercial software package to run. 
Figure 5-1 illustrates the schematic structure of the on-line implementation 

of software program. The coal mill model runs in parallel with the real coal 

mill system and the estimated variables are compared with the real 

measurement in real time. Also the intermediate variables (i. e. WPf , M, ) 

are estimated, reported, and displayed on computer screen so the engineers 
in the power plant will benefit from the extra information provided by the 

estimated variable values. The mill can be controlled in a better way then 
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the boiler would achieve higher combustion efficiency. At this stagc ol'the 

software implementation, the coal mill parameters will be upgraded off- 

line as the updating is only required when the mill conditions arc changed. 

Inputs 
(L', Q FJ 

Mcasmed Oulpols 
COAL 
MILL T 

ki 

1 
Disphlys 

"llmaled ()kltpuls 

0II'Line 

Figure 5-1 Schematic structure ofthe software for on- 
line implementation 

In order to generate a generic structure of the software and to be LISCCI In 

any coal mills at power plants, the shared-mernory software design 

technique is adopted, which is illustrated in Figure 5-2. The sol'tware 

requires mapping a set of mernory with a known base address for 

accommodating the data logged frorn any data acquisition systerns. The 

on-line model will be given the base address for the memory map. It will 

then take the data from the memory following the rule ofFIFO (first in t-Irst 

out). The software is initially developed at the University of Liverpool and 

then passed onto RWEnPower Plc. for test. The animation data acquisition 

system is formed first which will put tile data into the rnernory in real-time 

with a pre-defined sampling rate. The software developed have the two 

parts - Data Supplying and On-line Modelling. 

The software development is initially to match the software environment at 

Didcot Power Station. At the power plant, engineers use I'l system for 

condition monitoring and collecting data on-line in real time. By addino a 

short software program in the PI system, engineers in power plants can 
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supply the on-site measured variables into the memory bufter in real time 

at a fixed I second updating rate. Data Supplying is a prograin that is 

particularly designed to simulate this on-site data supplying environment at 

the power plant. It reads the values of the coal mill measured variables 

frorn the archive data and then placing them into the shared memory bL11TCr 

at the pre-defined I second sampling rate. 

Programl 
Data Supplying 

Reading aI 1\/ Ox ITFFFI 1: 1: 
Loading data into 

memorý buffer ew. 

Shared 
Memory 

Program 11 
Model on-fille 

Implementation 
%'lodCIIIIq-,, 

Resull Displuý ing, Rcsull 
Saving etc. 

Figure 5-2 On-line modelling software based on the 
shared memory idea 

On-line Modelling is a program of implementation of tile coal mill model 

in real-time. It checks and reads the data frorn the shared memory bLit'ller Ill 

every I second, and then estimates the mill variables on-line. The model 

updates its inputs and outputs once the data from shared memory buffer 

has been updated. The program provides many useful features, lor example. 

calculating and displaying the errors between the estimated and measured 

values, and displaying all the variables of the coal mill model to users. The 

program can also save the estimated results into archive files for ftiture use. 

5.2 Program I- Data Supplying 

Following the share memory idea introduced in the previous section. Data 
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Supplying Program is implemented particularly to simulate tile data 

supplying environment in a power plant. It lUnCtiOnS in reading data 1'roni 

archived data files and then loading data into the shared memory bul'Ier in 

every I second for the coal mill modelling to be used in Program 11. The 

user interface structure of this software is shown in Figure 5-3. It pertornis 

three basic functions: 1) data reading from data files and displaying-, 2) 

buffing data into memory in every I second; 3) dynarnically displaying 

data supplied in the main window panel. 

Start the software 

I Initialize the user interface I 

Activate a dialog 
box to load the 2n click User 

open--\ Interface data set open 
On click 

I Close the sotlware 
and clean memorv 

Oý/ click 
bL st button 

Updating the 
shared memory 
buffer in every 1 

second 
(simulate on-line 
data supplying 

process) 

click 

StOp Updating 
the shared 

memory buffer, 
and clean the 
niernory buff 

Figure 5-3 User interface structure of the Program I 

With the simple and user friendly interface, Program I is very clear in 

functions and easy to understand for users. It is also ready to be linked to 

the database at power plants. Demos of the usage of the program arc given 
below. 

1) Loading the data from data files 

The main page of Program I is shovai in Figure 5-4. Since Data SLIPPIýAllg 
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is designed to simulate the data supplying environment in a power plant, 'it 

requires on-site collected data as a data source for the data supplying. 

Users can select the on-site collected data voluntary as the SOLII-CC CkIta. By 

clicking the program subinerILI 'Open' under the menu 'File' or clicking 

the 'Open' icon in the toolbar, it calls a dialog box 11or user to select tile 

data file from archive to simulate the data supplying environment in powcr 

plant. 

By imitating functions from Microsoft Excel, the data loaded from files is 

displayed on the main window panel column by column (see Figure 5-5). 

Users can read the detailed information of the content of the data before 

adopting it as the supplying data source. 
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FIgLire 5-5 Main window displaying the data loaded 

2) Supplying data into the memory buffer in every I second 

In order to simulate the data supplying environment in a power plant, Data 

Supplying is programmed according to the purpose, where updated data is 

supplied into the shared memory buffer in every I second. Via tile LISer 

interface shown in Figure 5-3, users can start and stop the data Supplying 

into the memory buffer manually. A derno of this feature is shown in 

Figure 5-6. By clicking the submenu 'Start' under the main nienu 'Data 

Supplying', the program will start loading the data into tile shared memory 
buffer in every I second, and also the data supplied into the inernory bUfler 

will be dynamically displayed in the main window panel as well, where tile 

values of the coal mill system variables are displayed colurrin by Column. 

In order to save the memory consumed, only the current system variables 

are saved into the mernory buffer, and it consists of seven elements, which 

are: 1) current system time, 2) current primary air dillerential pressure 

AP - /,,,, 
3) current feeder speed F, -, 4) mill differential pressure AP 

... 1, -, 5) 
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outlet temperature T,,,,, and 6) mill power consurned P. 
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Figure 5-6 Dynamically displaying of the shared memory buffer 

Similarly, by clicking the program menu 'Data Supplying' and then 'Stop', 

the program will stop updating the memory buffer and tile data used bcforc 

will be kept on displaying in the main window panel until the next 'Start' 

command is given (see Figure 5-7). 
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Figure 5-7 Stop loading data into shared memory buffler 

Because Program I is particular designed to simulate the data supplying 

environment in a power plant, the program with clear objective lias been 

developed. With the data ready on-line, the mill model can be implemented. 

5.3 Program 11 - On-Line Implementation of the Mill 

Model 

The major purpose for development of'Program 11 is to implement the 111111 

model in real-time and offer the calculated or predicated mill variable 

information to engineers in a power plant. The program checks the Clata 

buffer from the shared memory buffer in every 0.1 second and then 

updates the inputs and Outputs Of the mill model once the data bulTer has 

been updated by Program 1. The model inputs, OUtpUtS, SirnUlated results 

and the errors between the measured and estimated outputs can be 

displayed in the chosen sub-windows. The structure of Program 11 Is shown 

in Fioure 5-9. It has five main functions: I) data reading frorn shared t) 
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mernory buffer; 2) loading model coefficients from data files; 3) multi- 

segment coal mill model numerical updating calctilitioil/siiitilittloi)-, 4) 

dynamically displaying the model performance, 5) saving simulation 

results into data files. 

Start the software 

initialize the user interface 

On click 
Activate dialog changing On click Activate a dialog 

boxesto parameter User save - box to save the 
changesthe Interface 

simulated results 
model 

parameters 
On ck On cl k On click click 

Start on-line 
model 

calculation 

Pause the on-line 
liked I second 

updating 
modellin- 

Stop the 
modelling and 

reset the points 
counter 

Plots the data 
inputs and model 
simulated result 

Figure 5-8 Structure of Program 11 

A user friendly interface has been developed for the program and the 

feature of the interface can be demonstrated by the t'ollowing examples. 

1) Update the coal mill model parameters from data files 

Following the scheme shown in Figure 5-1, the model parameter 

identification is perfornied off-line. The identified parameters call be 

updated into Program 11 by reading the parameter files. In tile user intert'Lace, 
by clicking the modelling parameter setting buttoris in the left panel, ('. g. 

'SEGI >>', it will appear a dialog for you to select the parameter file to 

update the model parameters, e. g. SEGIII. pa. Demos are shown In tile 

Figures 5-9,5-10. 
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Figure 5-10 Update the coal mill model parameters - demo 2. 

After updating the parameters from the files accommodating model 

parameters, the coal mill parameters will be displayed in the dialog box I-or 

users to view (see Figure 5-11). 
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SIGV " 

SEG 0 
The coal mill model parameters 

updated frorn file are displayed in 
the dialog box 

Figure 5-11 Update the coal mill model parameters - demo 3. 

2) Start executing the on-line coal mill model 

After the data Supplying environment is ready, and also the model 

parameters has been confin-ned, users can start the coal mill model on-line 

estimating by clicking submenu 'Start .. ' Undei- the inenu 'Start 

Simulation' or clicking the arrow icon in the toolbar. An example is shown 
in Figure 5-12. 
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F, Iý Ed, t V- st. 1t 5-14. t- . ..... JI Hýlp 

MEN NEON 

Sr-lal- h- pe-d 

Erýdlý 

se Delault 

SEG I >> 

SEG 11 >> 

S 
1. 
E. GI III >> 

SEG IV >> 

Click the "Start" menu or the start 
icon to start the coal mill modelling 

Figure 5-12 Starting the on-line coal mill model 

Once the program starts, it keeps on checking the shared memory bulTer in 

every 0.1 second to see if the data there has been updated or not. Once the 

data buffer has been updated, the on-line coal mill model Will update its 

inputs and continue updating the prediction from tile mill model, it'iiot, it 

will keep on pending until the data buffer in the shared memory is updated 
by Program 1. The flow chart of the program is shown in FIgUre 5-13. 

Start 

Check in ever , 0.1 second to see 
if the shared iý-enlory bLlfl'er has 

been updated y Program I or not 

Yes 

7 

Updated? 

No 

Carrying forward the 
coal mill modelling 

Pcnding the modelling until 
the data butTer is updated by 

Program 1. 

Figure 5-13 Flow chart for share mernory idea 
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When the coal mill model is in operation, the data loaded froin the shared 

memory buffer will be displayed dynamically on the main window panel, 

and also the simulation results (e. g. ) will be displayed as well, 

see Figure 5-14. 

E dir I orv , il arw, , PI r , n, p ý, eid Plot s tMp 

MEN M"TI! OW 

m 

Current 
Simulation time period 11: 48: 31 

11: 48: 30 
11; 48: 29 

Start time -> 11: 48: 28 
11: 48: 27 
IIA&Z6 

End tone 11000 11; 48: 25 
11: 48: 24 
1 48 13 1: 

Set Default 1 

11: 4&213 
Model Parameter Setting. 1 48,1 1ý 

Ready 

SEG I 

SEG 11 

SEG III 

SEG IV 

Fioure 5-14 Starting the coal mill modelling 2 

3) Pausing and Stopping the execution of the on-line model 

4A 91, ýH 

49,0111( 
49.08,14. 
49.2UZ, ý 
49.1 F-51t 
49,11 1'4ýý 
49,161 1. 
49ý 2 14-, 
49.1016- 

By clicking the "pause" button, the coal mill model execution will be 

pending until the next "start" command is activated. By clicking the "Stop" tn 
button, the program will stop the coal mill model execution and the 

program will be reset back to the initial condition. Figure 5-15 illustiutes a 
demonstration example. 

4.144167 
4.126086 
4.11,8198 
4.126349 
4,119647 
4.112096 
4ý 110126 
4,103685 
4 11312 
4.118509 
4.135158 
4.13293 
4.13293 

51 6F 378 
51.76231 
51,78767 
51.73905 
51.68831 
51.85955 
51,95469 
51.81093 

1. a 1093 
1.834 18 

1.85955 

The data read fi-orn the memory 
buffer and tile simulated results 
are displayed dynamically. 
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By clickino thc "stop" menu or L, 
the stop button to stop tile coal 

mill modelling 

Figure 5-15 Pausing or Stopping the coal mill modelling 

4) Display of the results 

For the convenience of getting the information of on-line model status, the 

coal mill modelling information can be summarized and displayed 

instantly to users. By clicking the SUbmenu 'Modelling Information' under 

rnenu 'Plots' or click the "Mod Int" button at the top toolbar, a dialot, box 

will be generated to display the instant coal mill model information. In the 

dialog box, the current system time, the number of points that model has 

run, the instant value of the model variables, and the instant Output errors 

are summarized and displayed. Figure 5-16 gives an example to illustrate 

the display feature of the program. 
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Figure 5-16 Coal mill modelling information display 

Other than summarizing the instant coal mill modelling inforl-natioll, tile 

coal mill variables can also be plotted so that the users can read the history 

of the model performance and also to find the trend of the current model 

performance. In Figure 5-17, the intermediate variables of the coal mill 

model are plotted and displayed to users. 

95 



Chapter 5 On-Line Implementation of1he Coal Mill Model 

0 ýý 61 1 

ý4 14 
4,14: 

Stott- ý. I' 

iisi"u "uiuupu 
0930ý8 
097333 

4 112076 

LA, Sý 90606 
5 i83 

18 
Cl. " Model siinul*ted Mc jkqj 

1000 00 
51 83418 
5 86166 . 1700.00 

ý, 
5 . 78 

00 600 SI 86t66 1 . 1500.00 51 93143 

1400.00 51.90817 

I "111 5ý. 736" 

12H , 01 
5 . 69043 
S 6ea " 

1100.00 SI 61ý44 
7 

0 11 22 33 44 S5 62 
51.56 81 
51.68831 
Sýýs 107 

Second 1 11 11 
5,1 . iý 

: 
1 066% 

48 06346 MII 
48 85419 .0 ly, 14 
48 771 1 EO 0 .8 
48 8752 , 800 711 
48 958" 0 Ol 1 11 
48 . 11, j, I'm 

By clicking the buttons 
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display the instant Mc, 
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Figure 5-17 Coal mill model variables display 

Further more, the software plots the model smILIlated OLItpLIts and tile 

measured outputs in different colours in the same diagrain so the users can 

easily distinguish the measured and estimated outputs and also see the 

trend of output variations. In Figure 5-19, the red line represents the coal 

mill measured output and the blue line represents the coal mill model 

simulated output. 
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Figure 5-18 Coal mill model SIIIILIlated outputs and 
measured outputs. 

5) Storing the results 

In order to keep archiving the simulated, the software provides a I'Linction 

of savina the results to files for future analysis if required. By clicking the 4n 
submenu 'Save As .. " under menu 'File' or clicking the "Save" icon in the 

toolbar, it will appear a dialog box for users to put a file name and save the 

results. Figure 5-19 dernonstrates this function. 

97 



Chapter 5 On-Line Implementalion qfthe CoalMill Model 

C-. ý Sy'n- 7- (., ký F- 5'.. "1 ýJ. Tn, t 

S. XA~ t- Wd 
" 

I1 41 fin 04 71 1 

1 14 41U, 1,41 11 so Iý" 1 
0 SW 

4 111 31- Iq ý3 41 ýI, 60 08992 

14 31 4ý 41 1ý3ý 1 3""51 
ý 

49 80 11501 

4 1 1: 49 1 411 147L4 an 405 

Erd t" ->r 1000 4 OEM 

14 31 

Sm ii Nfa-A 11 i: ; S F, jD4,, p fO 1,759 
14 3 

Wdal P. -t. S. 14V My CWOLA" 
My R.. N My W-k PI. - 

SEG I D. ~. 
_) 

Ak 

_ýIwatwe Click the save 1con and SEG 11 >> 14 31 At cý o My Caw" 

14 31 

ý 

")ztt"A NýR-t- 

edit the file name to SEGIII )> 
4 31 

_j save the model SEC N 

i 

My DmmWs 

simulation rcSLIltS. SEGV 
14 31 
i4 My 

SEG 0 >) , 'i 
14 31 'in 2 I'll 

My N. (-I Fie 123- 

S- -ýýV Hý-, "-CSVI --- C-I 

Figure 5-19 Result saving - derno I 

'rhe coal mill model simulated results will be saved as a *. csv file, which 

has the same format to the data collected frorn the PI system in power 

plants. And the data file can be opened and processed in Microsoft Fxcel. 

All the model simulated results ( M, MP, 
, 

[ý, / ,, 
i)(1) 

, 

AP,,,,,, (/)) and the on-line measured data (Fý, APP, T,,,, Alý 
... 

P) are 

saved into files and the data of variables are organised in the format of 

column by column as shown in Figure 5-20. 
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Figure 5-20 Result saving - denio 2 

5.4 Summary and Discussion 

In the chapter, a set of software programs has been developed l'or on-line 

implement of the coal mill model. Based on the shared memory scherne, 

the software is designed to have two parts: Program I- Data Supplying and 
Program 11 - On-line Implementation of the Mill Model. Prograill I is 

particularly designed for simulating the data Supplying environnient in a 

power plant. Program 11 is particularly desigried for on-line i ill plenlentat loll 

of the six segment coal mill model. The summary of 1eatures or functions 

of the software is as follows: 

1) Program I- Data Supplying: 

Read the data from data files. 

Display the loaded data file in the main window plane. 
Load the data into the shared memory buffer in every I second. 

- Dynamically display the data loaded into memory. 
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- Friendly window user interface 

2) Program 11 - On-line Implementation of the Mill Model 

Load data from the shared memory buffer. 

Dynamically display the data loaded from memory buffer. 

Enable to load different model parameter set from files. 

Coal mill multi-segment model simulations. 
Instantly display the coal mill modelling performance. 
Dynamically plots the coal mill model variables. 
Results saving back to data files. 

Friendly window user interface 

On-line test of the coal mill model is still on-going at the present. The on- 
line model will achieve the requirements from, the power system engineers 

and they will gain the insight knowledge of the mill plant -from the 

predicted variable values, especially, the internal immeasurable variables 
like MC , mp, , Pfý, etc. (see Figure 5-17) simultaneously. All these 

knowledge will no doubt contribute for improvement of the efficiency of 

mill operation and the boiler combustion. 
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PART 11: AGGREGATE LOAD 

AREA MODELLING 

Chapter 6 

Introduction to Power System Load 
Modelling 

6.1 Introduction 

Unlike gas and water, electricity cannot be easily stored and the supplier 
has small control over the load at any time (Machowski et aL 1998). Stable 

operation of a power system depends on the ability to continuously match 
the electrical output of generation units to the electrical load on the system. 
With the increases of power flow complexity in a deregulated environment, 

system dynamic performance assessment becomes a critical issue for 

reliable operations of a power transmission and distribution grid. Load 

modelling is one of key steps in accurate assessment of power system grid 

performance, especially, in power system stability analysis (Wei et al. 
2005c). However, it is a difficult task to accurately model power system 
loads due to a number of factors which include: 

a). a large number of diverse load components; 
b). ownership and location of load devices in customer facilities are 

not directly accessible to the electric utility; 

c). changing load composition with time of days and weeks, seasons, 

weather and through time; 

d). lack of precise information on the composition of the load; 
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c). uncertainties regarding to the characteristics of many different load 

components, particularly for large variations in power voltage and 
frequency. 

Some progress in load modelling has been made in recent years. Various 

static and dynamic models, such as constant impedance load model, 

constant current load model, constant power load model, polynomial load 

model, exponential load model, frequency-dependent load model, EPRI 

loadsyn static load model, etc. have been developed, where the load 

modelling methods deal with "bus load" only, and the "load" refers to the 

representation of the aggregate effect of many individual end-user devices 

connected to the bus (IEEE Task Forcel 1993; Price et al. 1995). However, 

almost all distribution systems and load areas (load centres) are supplied by 

more than one power source to improve the security and reliability of the 

whole system. As a number of source buses are distributed and connected 
to the load area rather than one single unified bus, the bus load model is 

reluctant to represent the load area. 

In nowadays power system research, the power flow calculation is very 
important. By constructing the admittance matrix according to the network 

structure and the branch details, the power flow calculation derives the 

power flow in each branch and also the voltage in each node in a power 
distribution network. There are two methods that are commonly used in 

power system simulation software, namely, the Gauss-Seidel method and 
Newton-Raphson method. Inspired by the iterative idea, these two methods 

work very well for the power flow calculation, where Gauss-Seidel method 

works on a simple iterative calculation and Newton-Raphson method 

works in a more complicated but fast way of calculation. 

This chapter will start from the reviews of the standard load models 

recommended by the IEEE task force, where the aggregated bus load 
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model are constructed to represent the relationship between a bus voltage 
(magnitude and frequency) and the power (active and reactive) in the load 

bus. Afterward, the Aggregated Load Area Model (ALAM) is introduced 

to model the aggregated load area instead of a load bus, where the scheme 

of how to model an aggregated load area is explained and illustrated. At 

the end of the chapter, the power flow calculations using the Newton- 

Raphson method are illustrated. Comparing with the Gauss-Seidel method 

as illustrated in Appendix IV, the one with best performance is adopted for 

power system analysis throughout the project. 

6.2 The Standard Load Models 

In power system engineering, the term 'load' may be defined differently to 
represent or reflect different situation (IEEE Task Forcel 1993), for 

example, 

a). a device, connected to a power system, which consumes power; 

b). the total power (active and/or reactive) consumed by all devices 

connected to a power system; 

c). the power output of a generator or generating plant; 
d). a portion of the system that is not explicitly represented in a system 

model, but rather is treated as if it were a single power-consuming 
device connected to a bus in the system model. 

Definition 'd)' refers to the load considered in the project. As illustrated in 

Figure 6-1, the bus load in this context includes not only the connected 
load devices, but also some of the following: i). the transformers; ii). 

feeders; iii) shunt-capacitors; iv). voltage regulators; v). customer wiring, 

transformers and capacitors. Load represents the aggregation of hundreds 

or thousands of individual component devices such as motors, lighting, and 

electrical appliances (Price et al. 1995). 
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Figure 6-1 "Bus Load", including feeders, transformers, 
and shunt capacitors, as well as load devices 

A load model is a mathematical representation of the relationship between 

a bus voltage (magnitude and frequency) and the power (active and 

reactive) or current flowing into the bus load (IEEE Task Forcel 1993). 

There are many standard models recommend by the IEEE for power now 

and dynamic simulation program (IEEE Task Forcel 1993; Price et aL 

1995). Load models can be classified into static and dynamic models 

(Kundur et aL 1994). A static load model is not dependent on time, 

therefore it describes the relationship of the active and reactive power at 

steady state time while considering the voltage and/or frequency at the 

same instant of time. On the other hand, a dynamic load model expresses 

this relationship at any instant time, as a function of the voltage and/or 

frequency at past instant of time, including normally the present moment 

(Grainger et aL 1994). A brief description of some of these models is given 
below. 

1) Constant Impedance Load Model (CILM) 

The CILM is a constant static load model where the power varies directly 

with the values of the voltage magnitude. It may also be called a constant 

admittance load model. The application for this load model could be the 

pure resistance circuits, e. g. Resistance Space Heater, which can be 

system F-I "-ý I 
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represented by the equations as follows: 

p OC V2 
P 

OC 
V 

(6-1) 
PO VO 

Q CC V2 
Q 

OC 
V (6-2) 

QO VO 
where V, P and Q are the voltage, active and reactive power respectively. 
VO, R and Q0 normally take the values of the initial system operating 0 
condition for the study. 

2) Constant Current Load Model (CC-LM) 

The CCLM is a static load model where power varies directly with the 

voltage magnitude. The application for this load model could be the Mix 

Resistive and Motor Devices, which can be described by Equations (6-3) 

and (6-4): 

p oc Vp oc 
v 

(6-3) 
PO VO 

Q oc VQ oc 
v (6-4) QO VO 

where V, Vo, P, Po, Q, and Qo have the same meaning as explained in 1). 

3) Constant Power Load Model (CRLM a 

The CPLM is a static load model where the power does not vary with 

changes in voltage magnitude. It may also be called constant MVA load 

model. The application for this load model could be the Heater Equipment 

with Thermostat, which can be represented by the equations below: 

P- Contant => 
p- Contant (6-5) 
PO 

Q- Contant -a - Contant (6-6) 
QO 
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where V, Vo, P, Po, Q and Qo have the same meaning as explained above. 

4) Exponential Load Model (ELM) 

The ELM is a static load model that represents the power relationship to 

voltage as an exponential equation, usually in the following form: 

P= po 
v np 

(6-7) 
vo 

v nq 

Qo - (6-8) 
VO 

where V, Vo , P, Po ,Q and Q,, have the same defined meanings as 

explained above. 

The np and nq are the exponential indices in the model. Common values 

for the exponential indices for different load components are shown in 

Table 6-1. 

Table 6-1 Common values for exponential indices np and nq 
Load Component np nq 

Air Conditioner 0.50 2.50 
Resistance Space Heater 2.00 0.00 
Fluorescent Lighting 1.00 3.00 
Pumps, Fans Other Motors 0.08 1.60 
Large Industrial Motors 0.05 0.05 
Small Industrial Motors 0.10 0.60 

For special cases, where np or nq are equal to 0,1, and 2, the load model 

represents the CPLM, the CCLM and CILM, respectively. 

0 Polynomial Load Model (PLM) 

The PLM is a static load model that represents the power relationship to 

the voltage magnitude as a polynomial equation, usually in the following 

form: 
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(7F- 

3] (6-9) 
0 

P=P 
[a, 

TV- +a2 
V 

+a 0 

2 

Q 4(T +a 
V 

+a (6-10) Qo 
[a 

TV 5 To 6] 
0 

where V, VO, P, PO, Q and Q0 have the same meanings as defined above. 

a, to a6 are the coefficient parameters of this polynomial model. This 

model is sometimes referred to as a "ZIP" model since it consists of the 

sum of constant impedance (Z), constant current (1), and constant power 
(P). 

6) Exponential Dynamic Load Model (EDLhl) 

The EDLM is a dynamic load model, which was proposed by Karlsson and 
Hill in 1994 (Karlsson et al. 1994). The model is presented in equations (6- 

11) and (6-12) as a set of non-linear equations, where active and reactive 

power have a non-linear dependency on the voltage. 

p 
a, v a, 

(6-11) r +p, =po 
V PO TP ýP- 
To VO dt 

v 
at 

P, 
= P, + Po - (6-12) 

( 

VO 

) 

where VO and PO are the voltage and power consumption before the 

voltage changed, P, is the active power recovery, P, is the total active 

power response, TP is the active load recovery time constant, a, is the 

transient active load-voltage dependence, and a. is the steady state active 

load which is voltage dependent. Similar equations are also valid for 

reactive power. 
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6.3 Aggregate Load Area Modelling (ALAM) 

As introduced in Section 6.2, most of the existing load modelling methods 

only deal with "bus load", where "load" refers to the representation of the 

aggregate effect of many individual end-user devices connected to the bus. 

To model the load for a specified area, Wen et al proposed an, aggregate 
load area model (ALAM) in 2003 (Wen et al. 2003a; Wen et al. 2003b). It 

represents the load subject to the "area7' rather than the "bus" and gives a 
degree of network reduction, wherein the equivalent load model area is 

chosen from the standard bus load model. 

Similar to the load model for the individual bus, an ALAM is a 

mathematical representation of the relationship between the total power 
injected into (active and reactive) and the voltage (magnitude and 
frequency) at the load area. As a result, for load modelling of the area load, 

not only the overall characteristics of the loads in the area but also the 

transmission and distribution network should be modelled. For example, 

the load area that composes of seven load buses (see Figure 6-2) can be 

aggregately modelled as a fictitious load bus with an equivalent load 

connected, where the fictitious load bus is connected with the original 

power system by fictitious transmission lines (see Figure 6-3). Since the 

active power P and reactive power Q consumed in each load buses of the 

power system can be represented by Equations (6-9) and (6-10), the 

fictitious load bus therefore can be modelled as follows (Wen et al. 2003a; 

Wen et al. 2003b): 

Pf = [af Vf' + af 2Vf+ af3] 

V2 Qf = [af 
4f+ af 5Vf + af 6] 

(6-13) 

(6-14) 

where Pf is the per unit value of active power consumed in the fictitious 

load bus; Qf is the per unit value of reactive power consumed in the 
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fictitious load bus, V, is the per unit value of fictitious load bus voltage 

magn it Ude-, and ti, I -a,,, are the parameters oft lie mode I for the 1-ict it ious 

load bLIS. 

Bus B Bus C Bu 
Bus Att 

Bus E+IT fBus G 

Bus F 

Figure 6-2 A load area composed of seven load buses 
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Bus 

11,2 P 
. 
X, 13 [-2B, 2 iz , X, ii, 

13,2 

1ý; 21B, 2 

Figure 6-3 The fictitious load bUs and its connected Z-- 
transmission lines 

As the fictitious load bus does not really exist, there are a number of 

unknown parameters in the ALAM, which are listed as follows: 

- the values of the model parameters a,, -a /6 

- the parameters of the fictitious transmission lines: the line 

resistance R, the line reactance X, and the shunt susceptance B. 

In this thesis, all these unknown parameters can be identified using the 

Genetic Algorithm (GA). An alternative method for ident4ing these 

unknown parameters using the Particle Swarm Optimization (PSO) is 

reported in 2005 (Wei et al. 2005d; Wei el al. 2005e). The details of the 
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identification process of the ALAM will be described in the following 

chapter. 

6.4 Newton-Raphson Method for Power Flow Calculation 

Power flow analysis involves the calculation of power flows and voltages 

of a transmission network for specified terminal or bus conditions. Such 

calculations are required for analysis of steady-state as well as dynamic 

performance of power systems. In this project, the calculation is the 
foundation knowledge for simulating the whole power system while 

operation conditions change in the buses or branches. 

The starting point for power flow calculation is the set of generation and 
load data with the electrical network described by the node admittance 

matrix F. This admittance matrix indicates the structure of the power 

system network and also the admittance in each branch. In terms of the 

node admittance matrix, the network equation can be written in the form of 

Equation (6-15) to represent relationship between the bus current and bus 

voltage (Kundur et aL 1994): 

ii Yll Y12 YI 
n 

vi 

12 Y21 Y22 Y2 
n 

ý2 

... 
Inj 

... 

-Y. 1 

... 
Y. 

2 

... 

... 

... 
Ynn J 

... 
L f; 

3 
I 

where 
n is the total number of nodes. 
Y,, is the self admittance of node i. 

(6-15) 

Y is mutual admittance between nodes i andj. y 
is the phasor voltage to ground at node i. 
is the phasor current flowing into the network at node i. 
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Taking 14-bus power system as shown in Figure 6-4 as an example 

published by IEEE (Zimmerman et aL 2004), the admittance matrix f is: 

yu YI. 
2 

0 0 Y45 0 0 0 0 0 0 0 0 0 

YZI YZ2 YZ3 YZ4 YZS 0 0 0 0 0 0 0 0 0 

0 Y3,2 YV Y14 0 0 0 0 0 0 0 0 0 0 

0 Y4,2 Y4.3 Y4.4 Y45 0 Y4,7 0 0 0 0 0 0 0 

Y3, 
j 

YS, 
2 

0 Y, 
., 4 

Y. 
0 

Y,, 0 0 0 0 0 0 0 0 

0 0 0 0 YO Y6.6 0 0 0 0 Y6.11 Y6,12 Y6,13 0 (6-16) 
0 0 0 Y7 

A 
0 0 y 

7,7 
Y7,1 Y7,9 0 0 0 0 0 

0 0 0 0 0 0 Y3.7 y2,8 0 0 0 0 0 0 

0 0 0 Y, 0 0 Y9 
,7 

0 Y9 
.9 

Y9 
, 
1, 

0 0 0 Y9,14 

0 0 0 0 0 0 0 0 Y10,9 Y, 0,1, 
yl,. 

Il 
0 0 0 

0 0 0 0 0 4146 0 0 0 Y, 
4,0 

Y141, 0 0 0 

0 0 0 0 0 YIZ6 0 0 0 0 0 YIZ12 YIZ13 0 

0 0 0 0 0 Y13,6 0 0 0 0 0 Y13,12 Y13,13 Y131,14 

0 0 0 0 0 0 0 0 Y14,9 0 0 0 Y14,13 Y14,14J 

where the va lues for the non-zero i tems of the admittance matr ix are listed 

in Tabl e 6-2. 

@) WMRATQRS 

Q SYNCHFAMOM 
CONOMERS 

THREE WINOM 
TRANSFORWAR EOUMLENT 

Figure 6-4 IEEE 14-bus power system (Zimmerman et d 2004) 

Equation (6-15) could be linearised if the current injection 1, were known. 

However, in practice, the current injections cannot be obtained for most 
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nodes. The current at any node k is related to P, Q and F/ as described in 

(6-17): 

lk Pk -A 
'7k* 

(6-17) 

where Pk and Qk are the real power and reactive power in the bus k. For 

the PQ buses, the P and Q are specified; and for the PV buses, the P and 

the magnitude of 17 are specified. For other types of buses, the 

relationships between P, Q, 17 and 1, are defined by the characteristics of 

the devices connected to the buses. 

Table 6-2 The admittance values in Y 

Yl, l 6.0250 J19.4471; YI, 2= -4.9991 +j 15.2631; YI, 5= -1.0259 + 4.2350i; 
Y2,1 -4.9991 +15.2631 i; Y2,2 = 9.5213 -30.272 1 i; Y2,3 = -1.1350 + 4.7819i; 
Y2.4 -1.6860 + 5.1158i; Y2,5 = -1.7011 + 5.1939i; Y3.2 = -1.1350 + 4.7819i; 

Y3.3 3.1210 - 9.8224i; Y3,4 = -1.9860 + 5.0688i; Y4,2 = -1.6860 + 5.1158i; 

Y4,3 -1.9860 + 5.0688i; Y4,4 = 10.5130 -38.6542i; Y4,5 = -6.8410 +21.5786i; 
Y4,7 0+4.8895i; Y4,9 =0+I *8555i; Y5,1 = -1.0259 + 4.2350i; 

Y5,2 -1.7011 + 5.1939i; Y5,4 = -6.8410 +21.5786i; YS, 5=9.5680 -35.5336i; 
Y5,6 0+4.2574i; Y6,5 =0+4.2574i; Y6,6 = 6.5799 -17.3407i; 
Y6,11 =-1.9550+4.0941i; Y6,12 = -1.5260 + 3.1760i; Y6,13 -3.0989 + 6.1028i; 
Y7,4 =0+4.8895i; Y7.7 =0 -19.5490i; Y7,8 0+5.6770i; 

Y7,9 ý0+9.0901i; YS, 7=0+5.6770i; Ys, 80-5.6770i; 
Y9,4 =0+1.8555i; Y9,7 =0+ 9-0901i; Y9,9 5.3261 -24.0925i; 
Y9,10 -3.9020 +10.3654i; Y9,14 =-1.4240+3.0291i; Yl,, g -3.9020 +10.3654i; 
Y10,10 = 5.7829 -14.7683i; Ylo', I= -1 .8 809 + 4.4029i; Y11,6 =-1.9550+4.0941i; 
Y11,10 = -1.8809 + 4.4029i; Y, I., I=3.8359 - 8.4970i; Y12.6 = -1.5260 + 3.1760i; 
Y12.12 4.0150 - 5.4279i; Y12,13 = -2.4890 + 2.2520i; Y13.6 = -3.0989 + 6.1028i; 
Y13,12 -2.4890 + 2.2520i; Y13,13 = 6.7249 -10.6697i; Y13,14 = -1.1370 + 2.3150i; 

Y14,9 - 1.4240 + 3.0291 i; Y14,13 = -1.1370 + 2.3150i; Y14,14 = 2.5610 - 5.3440i; 

By adopting the node admittance matrix shown above together with the 
information specified in the PV, PQ or other types of buses from a power 
system, the formulated power flow problem can be solved using many 
iterative methods, e. g. Newton-Raphson method and Gauss-Seidel method. 
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The Newton-Raphson method is the most popular method for solving the 

power flow problem due to its fast convergence rate and short 

computational time consumed. Introductions to the Newton-Raphson 

method are given in the following part of this chapter. And the introduction 

to the Gauss-Seidel method is given in Appendix V. 

Newton-Raphson method, also called the Newton's method, is a root- 
finding algorithm that uses the first term of the Taylor series of a function 

in the vicinity of a suspected root. By applying the Newton-Raphson 

method, the complex equation (6-18) can be rewritten as two equations in 

terms of two real variables instead of one complex variable (Kundur et aL 
1994). P and Q for each bus are functions of voltage magnitude V and 

angle 0 of all buses. 

Pk VkE(Gk. V,,, cos Ok.,, + Bk. V. sin 
Ok 

.. 
(6-18) 

Qk Vk (Gk V. sin Ok. 
-Bk 

V,. cos Ok. ) (6-19) 
M-1 

where Gk. and Bk. are the conductance and susceptance of the admittance 

Y*m; 0,,, is the angle between V, and V.. 

For the PQ buses, the active power and reactive power at each bus are 

specified. Using superscript sp to denote the specified values, we can 
derive: 

V)= psp P, (011 ... 101"Vil .... m. I 
.................. 

)sp 
n 

P. (01 o» 
, 

vi,... 
' 

vn) = pn 

Sp 
(6-20) 

Q, (0�..., o', ' vl,..., V. ) = QI 
... ... ... ... ... ... 

Q"(01,... 
' 

0", vl,... 
' 

vn) = Qnlp 

Using the Taylor's theorem, Equation (6-20) can be expanded to be 
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Equation (6-21), where the partial derivatives of the order greater than I in 

the series of terms of the Taylor's expansion have been neglected. 

(apt ( ap, ap llpl ýp-q ao. 0 ýý1)0 ... (_I FIPV», 
PIIP-PI(«O"..., 0(11 Vo> (0»- 

ft 919... Iv. 
... ... ... ... ... ... ... ... 

P. IP -P»(«0)1... 10. (0>101 0),..., V. (0» 
T -Q o�(0), 010),..., V. (0» 

... ... ... ... ... ... ... ... 

Lo -240), ... , o»(0) , 010),..., V�(0) )] 

(ap-) (ap")() LP `p- 

(22 ao. )0 (VV, )0 ... ýimv. )o 

... 
(cv, ) ` 

40) 

AO,, "' 

A IAO) 

V(O) 
.A, i 

where are the initial estimates of the solution of 
01'..., on, Vl,..., Vn ;A 01(o) 

I .... AOn('), AVI('),..., AVn(o) are the corrections 

necessary to the estimated values. Updated values to the solutions in the ith 

iteration are given in the following form: 

010) = 010-1) +, äo, (i-1) 

n (6-22) 

AV (i-1) v" +n 

The updated values are inserted into Equation (6-21) and the process is 

repeated until the errors shown on the left hand side of the Equation (6-22) 

are within the range of a specified tolerance. 

In formulating Equation (6-22), we have assumed that all buses are PQ 

buses. For a PV bus, only P is specified and the magnitude of V is fixed. 

Therefore, terms corresponding to AO and AV would be absent for each 
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of the PV buses. And the Jacobian would have only one row and one 

co lu mn fo r each PV bus. 

Taking the IEEE 14-bus power system shown in Figure 6-4 as an example 

to demonstrate the Newton-Raphson method discussed above for solving 

the power flow problem. The convergence trend for a randomly picked-up 
PQ bus (bus 4) is shown in Figure 6-5. The calculation converged at the 4h 
iteration, and took 0.120 seconds. 
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0.995 

099 

0.985 

0913 

0.975 

0.97 

0.96a 

ComAwQe performance using Nevvton method - bus 4 

Mme elapse - 0.12 seconds 

0 0.5 1.5 2 2.5 3 3.5 4 
Iterations 

Figure 6-5 The Newton-Raphson method's convergence 
performance for the bus 4 in the IEEE 14-bus power system 

Again, adopting the IEEE 57-bus power system (see Figure 6-7) for the 

power flow calculation using Newton-Raphson, the convergence 

performance of a random picking-up PQ bus (bus 40) is shown in Figure 

6-6. And the calculation converged at the 0' iteration, and took 0.140 

seconds to complete. 
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Figure 6-6 The Newton-Raphson method's convergence 
performance for the bus 40 in the IEEE 57-bus power system 
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6.5 Summary and Discussion 

By considering the 'load' as an 'area load' rather than a 'bus load', the 

ALAM is developed in this chapter particularly for the modelling of the 

aggregate load area. The chapter starts with the reviews of the standard 

load models that currently being utilized in the power system research field, 

where the load models CILM, CCLM, CPLM (ZIP), ELM and PLM are 

briefly reviewed. 

Base on the previous research carried out at the University of Liverpool, 

introduction of the ALAM is given in the second part of this chapter, 

which is a novel method for modelling the area load in power system. It is 

a mathematical representation of the relationship between the total power 
injected (active and reactive) and the voltage (magnitude and frequency) at 

the load area. The overall characteristic of the loads in the area and also the 

transmission and distribution network in the area are modelled. 

The power flow calculation is foundation knowledge for simulating the 

whole power system, and it is the essential tool to simulate the ALAM. 

Therefore, in the final part of this chapter, the Newton-Raphson method for 

solving the power flow calculation is illustrated based on the IEEE 14-Bus 

power system and IEEE 57-Bus power system. Simulation studies show 

that the Newton-Raphson method offers fast and good convergence rate 
Accordingly the Newton-Raphson method is adopted for the power flow 

calculations while modelling the ALAM in the project. 
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Chapter 7 

ALAM Parameter Identification - 
Three Approaches 

7.1 Introduction 

ALAM was introduced in the previous chapter, which indicated that there 

are numbers of unknown equivalent parameters needed to be identified for 

deriving an ALAM. The parameters include resistance, reactance and 

susceptance for the fictitious branches in the load area, and also the six ZIP 

load model coefficients to the fictitious load in the load area. To identify all 

the parameters, different approaches could be used and three of them are 
introduced in this chapter, namely, Voltage-Two-Step (VTS) approach, 
Current-Two-Step (CTS) approach, and Directly-One-Step (DOS) 

approach. 

VTS is originally developed by Wen in 2003(Wen et aL 2003a; Wen et aL 
2003b). The approach is implemented into two steps. In the first step, the 

branches parameters (resistance, reactance and susceptance) are identified 

based on a Voltage-Match scheme using Genetic Algorithms. In the second 

step, the GA is applied again to find the optimal values for the six ZIP load 

model coefficients. In this approach, short transmission lines are employed 
to represent the branches in the power system and shunt capacitance were 

neglected. However, in power system studies, medium length transmission 

lines are normally used to represent branches, where the shunt capacitance 

can not be neglected and the nominal-a circuit is adopted as the equivalent 

circuit for the transmission line (Grainger et aL 1994; Kundur et aL 1994). 
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By employing the nominal-7c circuit to represent the branches of power 

systems, the VTS approach is modified and improved which is published 
in 2005 (Wei et at. 2005c). Detailed descriptions of the modified VTS 

approach will be given in the chapter. 

The CTS approach is relatively new approach for the ALAM. Similar to 

the VTS, approach, it also implements the identification procedure in two 

steps, in which the parameters of the branches are identified in the first step 
and the ZIP load coefficients are optimized in the second step. But 

different from the VTS approach, it uses the Current-Match scheme in 

identification of the parameters of the branches in the first step rather than 

using the Voltage-Match scheme. The Voltage-Match scheme is based on 
the idea that each fictitious voltage calculated by every fictitious branch 

should be equal to each other. The Current-Match scheme is newly 

proposed and the principle of the scheme is to minimise the errors between 

the measured current flow into the load area from the power system 

considered and the simulated current flow into the fictitious load bus in 

ALAM, which is used as a criterion in identification of the branches' 

parameters. 

The DOS approach extended the second step calculation of VTS and CTS. 

The whole procedure is completed in one step, where all the branches' 

parameters and the ZIP load coefficients are identified together using a 

new identification scheme entitled 'Bus-Match scheme". By minimizing 
the errors between the measured and simulated bus variables (active power, 

reactive power, voltage magnitudes, and voltage angles) for the buses 

outside of load area, all the branches' parameters and the ZIP load 

coefficients are identified in one step. 

In order to illustrate the performances of the three different approaches, the 
IEEE-14-Bus power system is employed for simulation study. The power 
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system consists of two generators, twenty branches and fourteen buses. 

The load area shown in the dotted oval area consists of four branches and 

two load buses (see Figure 7-1). Applying the ALAM method introduced 

in the previous chapter, the equivalent power system can be obtained as 

shown in Figure 7-2, in which the whole load area is treated and modelled 

as the fictitious load bus 15. There are totally twelve parameters to be 

identified, which include the series resistance R6-15 of the transmission line 

1, the series reactance X6-15 of the transmission line 1, the line susceptance 
B6.15 of the transmission line 1, the series resistance R14-15 of the 

transmission line 11, the series reactance X14-15 of the transmission line 11, 

the line susceptance B14-15 of the transmission line 11, and the six unknown 

ALAM parameters af I- af6 as described in Equations (6-13) - (6-14). 

THREE WlhDWG 
TRANSFORMER EQUVALENT 

@)GENERATORS 
I -,., 

N9 0 SYNCHRON" 13 c 
CONOENSERS 18 -0 

'o "A -10 

For the purpose of parameter identification, in order to obtain robust results, 
three typical operation modes in the power system are set up for illustration 

of the identification process, which are described as follows: 

OS I: Normal operation state, wherein all the values of the bus and branch 
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Figure 7-1 The IEEE-14-Bus power system 



Chapter 7 ALA WaramelerIdentýficafion- ThrecApproaches 

are kept as sarne as the original IEEE 14-bus power systern. 

OS2: Normal operation conditions bUt the active power generated in bus I 

decreases by 5% and the active power generated in bus 2 increases 

by 10%. 

OS3: Normal operation conditions but the terminal voltage of generator I 

(bus I) increases by 10%, the tap ratio of the transfiormer between 

bus 5 and bus 6 decreases by 5%. 
THREE WINOWG 

TRANSFORMER EQUIVAI FNT 

GENERATORS 
T 

SYNCHRONOUS 7c 
CONDENSERS 8 

Similarly, for the purpose of verification, three series studies are carried out 

to test the identification results under different operation states below: 

Test I: Assurne the systern operates at the normal operation condition, bUt 

the active poNver OLItpLltS from generator 2) (bus 2) changes from 10% 

below its normal load output to 10% higher in I% increment. 

Test2: Assurne the system operates at the norinal operation condition, but 

the tap ratio of the transformer between bus 5 and bus 6 changes 
frorn 10% below its normal value to 10% higher in I% increment. 

Test3: ASSLIrne that the system operates at the normal operation condition, 
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Figure 7-2 The equivalent power systern from IEEE 14- 
bus power system 
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but the values of voltage outputs from Generator 2 (Bus 2) changes 

from 10% below its normal output to 10% higher in 1% increment. 

7.2 ALAM Approach One: Voltage-Two-Step (VTS) 

Approach 

As introduced in Section 7.1, the VTS approach is originally developed by 

Dr. Wen et al at the University of Liverpool (Wen et al. 2003a; Wen et al. 
2003b). The identification process for the unknown parameters are 

organised into two steps: 
STEPI: the branch parameters of the fictitious transmission lines are 

identified using GA under the Voltage-Match scheme; 
STEP2: the six coefficients of the ALAM in (6-13) - (6-14) are identified 

using GA based on the identified transmission line parameters 
from Step 1. 

In the original VTS approach, short transmission lines were employed to 

represent branches in power systems, where the shunt capacitances in the 

branch were neglected. However, in power system network studies, people 

normally do not have enough information to tell whether a transmission 

line is short or medium long. Usually, people would like to use medium 

length transmission lines to represent all the transmission branches 

(Kundur et aL 1994), which is a very reasonable approximation to a short 

transmission line as well if the shunt capacitance is set to be zero. And the 

nominal a circuit is widely used to represent this type of transmission line 

structure (Grainger et aL 1994; Kundur et aL 1994). In this project, the 

nominal a circuit is adopted to represent the transmission line structure in 

power systems. Schematic of the nominal n circuit is shown in Figure 7-3. 

The relationship between the voltage at the sending end of the transmission 

line and the voltage at the receiving end of the transmission line can be 
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described by the following equation (Grainger et aL 1994). 

17R 1+ZyV, - ZI, 

2 (7-1) 

where 17R is the voltage in per unit at the receiving end of the 

transmission line; Vs is the voltage in per unit at the sending end of the 

transmission line; is is the current of the transmission line in per unit at 

the sending end; Z is the impedance of the transmission line in per unit; 

and Y is the admittance of the transmission line in per unit. 
PýR 

9 
TFS 

s 

IS 

are all complex variables. 

VR 

Figure 7-3 Nominal n circuit for the fictitious 
transmission line 

The definition of the line impedance Z and the line admittance Y are given 
in the following equations, in which the line conductance is neglected. 

Z =R+jX (7-2) 

Y= jB (7-3) 

where R is the series resistance of the transmission line in per unit; X is the 

series reactance of the transmission line in per unit; and B is the line 

susceptance in per unit. 

Representing the fictitious transmission lines of the load area shown in 

Figure 6-3, the branch parameters include the resistance R, reactance X and 

susceptance B of each transmission line. All the values of these parameters 
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for the fictitious lines are unknown, and they will be identified in the first 

step in the Voltage-Two-Step approach under the Voltage-Match scheme. 
The Voltage-Match scheme is proposed based on the idea that each 

receiving end voltage of the fictitious load bus calculated by each fictitious 

transmission line should be equal to each other. According to the nominal 

circuit described in Equations (7-1) - (7-3), the receiving end voltages of 
the fictitious load bus that connected with m and n buses in Figure 6-3 can 
be derived as follows: 

n 
f=1+ 

(Rn + 

j7m = I+ (Rm + f 

jX,, jB" (R., + 2 

jx. 
2 

(R,,, + 

jX 
n) 

In 
(7-4) 

jX 
.)T. (7-5) 

where I, I. are the current in per unit flow into the fictitious load bus 

from the bus n, m via the fictitious transmission line, which can be 

measured in the power system; V., V. is the voltage of the buses n, m. 

Following the Voltage-Match scheme, the receiving end voltages V" and f 
P' 

f should be same in values. Therefore, the fitness function for the 

STEPI to identify R, X and B of the fictitious transmission lines can be 
defined as follows: 

os-i STEP1(R, X, B) =Z 
jým 

_ýn ff 
m, n(mon) 
m, n-1,2... 

(7-6) 

Fitness =Ie OS-i sTEp I (R, X, B) (7-7) 
os_J-OSI, OS2... 

where m, n are the buses that connected with the fictitious load bus outside 
of the load area; os_i represents one of the varied operation states of the 

power system adopted for the identification, which are introduced at the 
beginning of this chapter. 

In the identification STEP2 of the Voltage-Two-Step approach, the GA is 
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applied again to identify the six parameters of the ALAM (af I- af6). The 

fitness function is given as follows. 

P', =1 
(Pfin 

COS 0', ) 
(7-8) 

Qm =1 (fff 1; sin Oj (7-9) 

p 
f =[ 1V2 afv (7-10) 1 

+af2 f +af3] 

V2 Qf = 
[af 

4f +af5Vf +af6] (7-11) 

-2 W (7-12) eO3STEP2(afI9***9af6)- IjPM-Pfj+W2jQM-Qfj 

Fitness =Ie OS-1 STEP2 
(afl 

9 -9 af6) (7-13) 
osj-OSI, OS2,.. 

where n is the bus that connected with the aggregate load area via the 

fictitious transmission line; Pf is the voltage of the fictitious load bus in 

per unit, which is identified in STEPI; 1" is the current in per unit flow f 
into the fictitious load bus via the n fictitious transmission line, which can 

be measured in the power system; 0,, is the phase angle between Vf and 

if 
,; 

Pf , Qf are the per unit value of the active and reactive power 

consumed in the fictitious load bus, which can be calculated by Equations 

(6-13) and (6-14); and w, -w2 are the weights for the individual errors, 

which are set to be 1 in this study. 

Again employing the real-value SPGA which is introduced in Chapter 3 

for the parameter identification in STEM and STEP2 using the Voltage- 

Two-Step approach, the twelve unknown parameters of the equivalent 
IEEE-14-Bus power system (see Figure 7-2) are identified and are given in 

Table 7-1. 
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Table 7-1 The twelve identified parameters of the equivalent IEEE-14- 
Bus power system 

R6-15 =0.1656p. u. X6. i5 =0.3936p. u. B6-15 0.0 127 p. u. 
. RI4-15=0.1082p. u. X14-15=0.7550p. u. B14-15 0.0033 p. u. 
. 

af I=0.1270 af2 =, 0.1702 af3 = 0-00 10 

af 4=0.2179 af 5= -0.3514 af 6=0.0762 

While verifying the identified parameters of the ALAM, the bus variables 

should be compared with its original ones to see whether the ALAM power 

system is equivalent to the original system. The bus variables include: 

active power, reactive power, magnitude of the bus voltage, angle of the 
bus voltage. In power system studies, the magnitude of the bus voltage 

gives the most significant information of the power system, so the 

magnitude of the bus voltage is chosen as a variable to be concerned in the 

verifications (Wen et aL 2003a; Wen et aL 2003b). Conducting the three 

series simulation studies introduced at the beginning of the chapter to vary 
the ALAM with the identified parameters, the results of the maximum 

errors of the bus voltages of the equivalent power system are shown in 

Figures 7-4 - 7-6. From the results, it can be seen that the equivalent power 

system embodied ALAM can give a good degree of equivalent 

approximation to the original power system even under the conditions of 
the series changes in the generators outputs and transformer tap ratios. 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

ALAM Veriflestion - Test I 

Voltage Magnitude (P. u. ) 
Voltage Angle (red) 

10 -8 -6 -4 -2 024 Ic 
4jenerator in nue ;? actl%n power output (change *orn -10% to J0%) 

Figure 7-4 Maximum errors of the bus voltages of the equivalent 
power system approached by CTS in verification Test I. 
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ALAM Verification - Test 2 
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* .**********+. 
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Figure 7-5 Maximum errors of the bus voltages of the equivalent 
power system approached by CTS in verification Test2. 
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Figure 7-6 Maximum errors of the bus voltages of the equivalent 
power system approached by CTS in verification Test3. 

ni 
44* 

7.3 ALAM Approach Two: Current-Two-Step (CTS) 

Approach 

The CTS is a newly developed approach for the ALAM through my PhD 

project. Similar to the CTS, the identification process of the unknown 

parameters in the ALAM has also been organised into two steps, which are 

shown as follows: 

STEPI: the branch parameters of the fictitious transmission lines are 
identified firstly using GA under the Current-Match scheme. 

STEP2: the six unknown parameters of the ALAM in Equations (6-13) 

127 



Chapter 7 AL4M Parameter Identification - Three Approaches 

and (6-14) are identified using GA based on the identified 

transmission line parameters from the first step. 

Different from VTS, the CTS employs the Current-Match scheme for 

identifying the branch parameters in the first step. The Current-Match 

scheme is based on the idea that total current flow into the fictitious load 

bus should be equal to the total current flow into the load area, which can 
be measured in power systems. As introduced in Section 7.2, the fictitious 

transmission lines can be represented by the nominal n circuits (see Figure 

7-3). The current flow into the receiving end 6f the transmission line is 

given as follows (Grainger et aL 1994): 

IR = 1+ 
yz ]I, 

-[Y +(-Y 

where IR is the current in per unit at the receiving end of the transmission 

line; J7S is the voltage in per unit at the sending end of the transmission 

line; is is the current of the transmission line in per unit at the sending 

end; Z is the impedance of the transmission line in per unit; Y is the 

admittance of the transmission line in per unit; IR 
9 

Vs 
, 

is 
are all 

complex variables. 

Following the Current-Match scheme, the fitness function for STEPI for 

identification of Ri, Xi and B, of the fictitious transmission line is given 

as follows: 

+ 
LB-" (R,, + iX,, ) 

] 
I,, -[ iB,, - 

B"2 (R., + jX,, ) 
] 

V,, 
24 

Z In 

_Simulated 
-ý f (7-16) 

eosSTEPI(R, X, B)= I If 
_Measured 

- If 
-Simulated 

1 
(7-17) 
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Fitness =Ie 031 STEPI(R, X, B) (7-18) 
os-i=OSI, OS2,.. 

where n is the bus that is connected with the aggregate load area via the 

fictitious transmission line; I" is the current flow into the fictitious load f 

bus in per unit, which is derived based on the connecting bus n; I,, is the 

current in per unit flow into the fictitious load bus via the n fictitious 

transmission line, which can be measured in the power system; V', is the 

voltage of bus n, which can be measured as well. 1f 
_Simulated 

is the 

simulated current flow into the fictitious load bus, which is the total effect 

of current flowed into the fictitious load bus via all the fictitious 

transmission lines; if-m,,,, 
ud 

is the total effect of current flow into the load 

area, which is measured in the power system. 

Similar to VTS, in STEP2 of the Current-Two-Step approach, the GA is 

adopted as well to identify the six parameters of the ALAM (af I- af 6 ). 

The fitness function is defined as follows: 

p 
=1 1+ (R,, + jX,, ) 1B--" P,, - (Rn + iX, ) 1, (7-19) f nz 2 

P, = Pf if-Ma,., Cos 0 (7-20) 

QU = l7f If 

_Measured 
sin 0 (7-21) 

Pf = 
[af, Vf' + af2Vf + af3l (7-22) 

V2 Qf = 
[af 

4f +af5vf +af6] (7-23) 

05 = W, -P p (7-24) e STEP2(afP-*ýafO 
IM 

fl+w2lQM-Qfl 

Fitness = F, e 031 STEP2 
(af 

19 11*9 af6) (7-25) 
os_i=OSI, OS2 

where n is the bus that connected with the aggregate load area via the 

fictitious transmission line; Pf is the voltage of the fictitious load bus in 
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per unit, which is derived based on the identified R, X, B from the first step 

using the Current-Two-Step approach; If 
_Measured 

is the total effect of the 

current flow into the load area, which is measured in the power system; 0 

is the phase angle between Vf and 
If_Measured ; Pf 

9 Qf are the per unit 

value of active and reactive power consumed in the fictitious load bus; and 

w, - w2 are the weighting coefficients for the individual errors, which are 

set to be I in this study. 

The real-value SPGA is employed which has been introduced in Chapter 3 
for parameter identification in STEM and STEP2 of the Current-Two-Step 

approach. The twelve unknown parameters of the equivalent IEEE-14-Bus 

power system (see Figure 7-2) are identified and given in Table 7-2. 

Table 7-2 The twelve identified parameters of the equivalent IEEE-14- 
Bus power system 

_R6-15 = 0.6303 p. u. X6-i5 = 0.7888 P. u. B6-15= 0.00 16 p. u. 
R14-15= 0.2944 P. U. X14-15= 0.7645 p. u. B14-15 =0.0002p. u. 

af I=0.0689 af2 =-0.3552 af3 0.3498 

L af4 =0*1415 af 5= -0.3376 af6 0.2005 

Conducting three series tests introduced at the beginning of this chapter to 

verify the ALAM for the identified parameters, the results are shown in 
Figures 7-7 - 7-9. From the results, it can be seen that the equivalent power 

system embodied ALAM can give a good degree of agreement to be 

equivalent to the original power system with the identified parameters 

using the CTS approach under a series changes in the generators outputs 

and transformer tap ratios. Comparing with the verification results 

obtained from the VTS approach, the CTS provide a set of results which 

are slightly better than those obtained by the VTS, where the maximum 

errors of the bus voltages in each operation state are getting smaller. 
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Figure 7-7 Maximum errors of the bus voltages of the equivalent 
power system approached by CTS in verification Test I. 
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Figure 7-8 Maximum errors of the bus voltages of the equivalent 
power system approached by CTS in verification Test2. 
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Figure 7-9 Maximum errors of the bus voltages of the equivalent 
power system approached by CTS in verification Test3. 
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7.4 ALAM Approach Three: Direct-One-Step (DOS) 

Approach 

The DOS approach is a simplified approach that combines both the 

I and 2 in the VTS and CTS into one. All the unknown paranictcrs includc 

the parameters of the fictitious transmission lines and the cocilicients of 

the ZIP load model are identified in one Step under tile scheme namely 

BUs-Match, which is shown in Figure 7-10. The Bus-Match scheme can he 

explained as that the bus variables in the equivalent power system should 

match the bus variables in the original power system. The whole procC(ILII-C L- 
is based on the network calculation in power systems, which has hcen 

introduced in Chapter 6. The parameters ( R, A', B, all - al(, ) identified 

using the GA are substituted into tile equivalent power system for tile 

power flow calculations and then derives tile Simulated bus variables. By 

matching the simulated bus variables to the measured bus variabics, tile 

GA evolves, and the parameters will be identified at tile end of the process. 
pm, Qm. 

Original Power M 
System 

Varied 
Operation 

States 

Cost 
Function 

LO. Equivalent Power 
System Embodies 

BID ALAM P, Qs, 
Identified % I, Al 
6 and af, - affi 

Genetic Algorithm 
(cro5sover, mutation, etc) 

yes 

Stop 

Figure 7-10 The identification process ot the DOS approach 

The variables (active power, reactive power, voltage magnitUde, voltage 

angle) of the buses outside of the load area between the original power 

systern and the eqUivalent power systern are compared to construct tile 

fitness tLinction for GA, which is given as follows: 
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Fitness(R, X, B, af, - af6) = j: (WIjPMj 
-PSJI+W21QMi -QSII+ 

1 (7-26) 
W3 

I VMJ- Vsj I+ w4 
I 
Am, - As, 1) 

where, i is the notation of the buses outside of the fictitious load area in the 

power system; w, - w4 are the weighting coefficients for the individual 

errors; P., is the measured active power consumed/generated in Bus i 

from the original power system; Ps, is the simulated active power 

consumed/generated in Bus i from the fictitious ALAM equivalent power 

system; QAf, is the measured reactive power consumed/generated in the 

bus i from the original power system; Qs, is the simulated reactive power 

consumed/generated in the bus i from the fictitious ALAM equivalent 

power system; V., is the measured voltage magnitude in the bus i from the 

original power system; Vsj is the simulated voltage magnitude in the bus i 

from the fictitious ALAM equivalent power system; A., is the measured 

voltage angle in the bus i from the original power system; and As, is the 

simulated voltage angle in the bus i from the fictitious ALAM equivalent 

power system. All the variables of the buses in power systems (e. g. Pm,, 

P) are calculated in per-unit. si 

Table 7-3 The twelve identified parameters of the equivalent IEEE-14- 
Bus power system 

R6-15 =0.0624p. u. X6-i5 =0.0852p. u. B6-15 =0.0046p. u. 
R14-15=--0.1081p. u. Xi4-i5=0.3764p. u. B14-15 = 0.0005 P. U. 

af, =0.1563 af2 =-0.1583 af 3=0.1893 

af 4=0.0414 af 3= -0.2467 af 6=0.2929 

In this study, the IEEE-14-Bus power system (see Figure 7-1) has been 

employed for the simulation study of this ALAM approach. Using the 

DOS approach, the twelve unknown parameters of the IEEE-14-Bus power 

system are identified which are shown in Table 7-3. 
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Similarly, the three series tests that carried out to test the equivalent IEEE- 

14-Bus power system in Section2 7.2 and 7.3 are repeated to verify the 

twelve identified parameters. The verification results are shown in Figures 

7-11 - 7-13. Comparing with the results obtained using VTS and CTS 

approaches, it can be seen that the DOS approach offers a more accurate 

identifications to the ALAM parameters, where much less errors between 

the equivalent power system and the original power system exist. 

x ALAM Verification - Toot 1 
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Figure 7-11 Max errors of the bus voltages of the equivalent 
power system approached by DOS in verification Test I 
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Figure 7-12 Maximum errors of the bus voltages of the 
equivalent power system approached by DOS in verification 

Test2 
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Figure 7-13 Maximum errors of the bus voltages of the 
equivalent power system approached by DOS in verification 

Test3 

7.5 Summary and Discussion 

In order to identify the parameters in the ALAM, three different 

approaches were introduced in this chapter, which arc VTS, CTS and DOS. 

Different identification schemes and processes are employed together with 

these approaches. 

The VTS approach employs the Voltage-Match scheme, which matches 

the fictitious voltage calculated by each transmission line to identify the 

branch parameters of the fictitious transmission lines in the first step of the 

approach. In the second step, the six parameters of the ZIP load model 

coefficients are identified by matching the simulated power consumes in 

the fictitious load bus calculated by the ZIP load model with the measured 

power consumes in the load area derived from the first step of the 

identification process. 

The CTS approach is quite similar to the VTS approach. The whole 

process has also been organised into two steps. In the first step, the branch 

parameters of the fictitious transmission lines are identified initially based 

on the Current-Match scheme. By matching the simulated total current 
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flow into the load area with the measured current flow into the load area, 
the scheme identifies the branch parameters in the first step of the approach. 
In the second step, it applies the same rule as used in the VTS, where the 

ZIP load model coefficients are identified by matching the simulated 

power consumes in the fictitious load bus calculated by the ZIP load model 

with the measured power consumes in the load area derived from the first 

step of the identification process. 

The DOS approach is an extension of the identification STEP2 of the VTS 

and CTS. The DOS approach uses the Bus-Match scheme to identify all 

the parameters of the ALAM (branch parameters and ZIP load model 

coefficients). By matching the simulated values of the bus variables with 
the measured values of the bus variables from the original power system, 

all the parameters of the ALAM are identified in one step. 

The IEEE-14-Bus power system is employed to illustrate the performances 

of these three different approaches. Three different operation states of the 

power system were adopted in the parameter identification process, which 
is used to enhance the robustness of the identification procedure. A series 

of verification studies are carried out to test the accuracy of the ALAM 
identified when varied disturbances are applied to the power system. From 

the simulation results, it can be seen that DOS gives the most accurate 

results comparing with the other two approaches. Therefore, in the project, 
the DOS will be chosen for the ALAM identification in the following 

studies. 
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Chapter 8 

Verification Studies on the ALAM 

8.1 Introduction 

While applying the ALAM method for load modelling in the previous 

chapters, it is found that ALAM model for different load areas in a power 

system leads to, sometimes, the results with variations in accuracy. This 

motivates the verification study on the ALAM method to investigate if the 

ALAM applying to different load areas in a power system will give the 

same degree of satisfaction. A large amount of simulation studies to the 

ALAM have been carried out to achieve the goal of the study which are 

presented in this chapter. Three different power systems are chosen for this 

study. They are the IEEE-39-Bus (New England Power System), the IEEE- 

57-Bus, and the IEEE-1 18-Bus power system. In each power system, two 

different load areas have been modelled using the ALAM, and the 

simulation results are compared to each other. The Direct-One-Step 

method introduced in Chapter 7 is employed for all the studies in this 

chapter. 

8.2 Verification Study of ALAM Based on the IEEE-39-Bus 

Power System 

As shown in Figure 8-1, the IEEE-39-Bus power system consists of ten 

generators, thirty nine buses, and forty six branches. This power system is 

also known as the New England power system. Two different load areas, 

namely Load Area I and Load Area 2, are selected to be modelled using 
the ALAM for this study. 
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Figure 8-1 IEEE-39 bus power system 

The Load Area I is composed of load Buses: 14,15,16,17,18 and 24. 

The equivalent power system with the aggregated fictitious load bus for the 
load area is shown in Figure 8-2. In the equivalent power system, the 
fictitious load bus (bus notation: 40A) is connected with the original power 

system by seven fictitious transmission lines, which are: Line 
-3- 

40A, 

Line_27_40A, Line_21_40A, Line_23_40A, Line_19 40A, Line_13_40A 

and Line_4_40A. Together with the coefficients of the ZIP load model, 
there are totally twenty-seven unknown parameters to be identified. The 

operation states of the power system to identify'all these parameters are 
shown as follows: 

OS I: Normal operation, where all the operating conditions are kept same 

as the original New-England power system; 
OS2: Normal operation with active power variation, where the active 

power generated in bus 37 increases by 10% and the active power 
generated in bus 38 decreases by 5%; 

OS3: Normal operation with variations in voltage, where the terminal 
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voltage of generator in bus 32 increases by 10% and thc tap ratlo of 
the transformer between bus 12 and bus 13 decrease by 5%. 
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Figure 8-2 Equivalent IEEE-39 bus power system for 
ALAM of Load Area I 

Following the Direct-One-Step method introduced in Chapter 7, the L_ 
twenty-seven unknown parameters are identified in Table 8- 1. 

Table 8-1 The identified parameters for modelling load Area I in tile 
IEEE-39-Bus power system 

R3-40.4= 0.0449 p. it. 
R4-40A =0- 000 1 P. It. 

X3-40.4= 0.00 12 
p. it. 

X4-40,4 0.0009 P. U. 

B3-40A =0 1). It. 
B-1-40A =0P. It. 

R13-40A= 0.0802 p. it. 
X13-40A 0.00 111). It. B13-40A =0P. U. 

R, 
9-40A= 0.0603 p. it. 

X19-40A 0.00 10 P. U. B19-40A =0 1). It. 

_R')1-40,4= 
0.6178 p. it. 

X21-40A= 0.00 17 
p. it. 

_B21-40A 
=0 1), It. 

R23-40A= 0.044 5 p. it. -Y'23-40A= 0.0008 1). u. u B23-40,4 = 0.000 1 p! 
R27-40A = 0-000 1 P- It- X27-40,4= 0.51411). it. B27-40A =0 /). 

U. 

a,, = 0.9274 a,, =0.9970 a /3 = 3.9871 

a, 4=0.9431 0.9786 11/6 = 3.9901 
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Three tests are carried out to test the equivalent IEEE-39-Bus power 

system to study whether the ALAM can represent the area load under the 

varied operation states. 

Testl: Assume that the system operates under the normal operating 

conditions, but active power outputs from the generator in bus 37 

changes from 10% below its normal output to +10% above its 

normal output in 1% increment. The maximum errors of the bus 

voltages (magnitudes and phase angles) for each operation state are 

shown in Figure 8-3. 

0.15 
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Monlido (p. u. 
Va" *Angle (red) 

0.1 

-7-7-Tw 
Ownerstor In lbý 37' mctlý pýr o&ApLit (changoo from. 10% to 10%) 

Figure 8-3 Maximum errors of the bus voltages in each operation state 
while changing the active power output of bus 37 from -10% to 10% 

Test2: Assume that the system operates in normal conditions, but the tap 

ratio of the transformer between bus 12 and bus 13 changes from 

10% below its normal output and 10% above its normal value in 1% 

increment. The maximum errors of the bus voltages (magnitudes and 
phase angles) for each operation state are shown in Figure 84. 
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Figure 8-4 Maximum errors of the bus voltages in each operation 
state while changing tap ratio between bus 12 and bus 13 from 10% 

below to 10% above its normal operation value 

Test 3: Assume that the system operates with the normal operating 

conditions, but the value of voltage outputs from generator in bus 32 

changes from 10% below to 10% above its normal output in 1% 

increment. The maximum errors of the bus voltages (magnitudes and 

phase angles) for each operation state are shown in Figure 8-5. 
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Figure 8-5 Maximum errors of the bus voltages in each operation 
state while changing the voltage outputs in bus 32 from 10% below 

to 10% above its normal output 
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The Load Area 2 is composed of the load Buses: 26,27,28 and 29. Thc 

eqUivalent power systern embedded aggregated fictitious load bus I'Or the 

Load Area 2 is shown in Figure 8-6. 
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Figure 8-6 Equivalent IEEE-39-Bus power system for 
ALAM of Load Area 2 

In the equivalent power system, the fictitious load bus (bus notation: 4013) 

is connected with the original power system by three fictitious transmission 

lines, which are: Line_17_40B, Line_25_4013, Line_38_40B. Together 

with the parameters of the ZIP load model coefficients, there are totally 

fifteen unknown pararneters to be identified. The operation states 

introduced above are repeated to identify all these unknown parameters 

Using the Direct-One- Step method. The identified results are given in Table 

8-2. 
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Table 8-2 The identified parameters for modelling load area 2 in the 
IEEE-39 bus power system 

_ 
R17-40 = 0.3953 p. u. X17-40 = 0.6687p. u. BI 7-40 = 0.0 147 p. u. 
R25-40 f0.4516 p. u. X25-40= 0.3364 p. u. B25-402--0.0148p. u. 
R38-40= 0.0603 p. u. X38-40 = 0-00 10 P- U-- B38-40 -ý 0.0 145 p. u. 

af ,=0.91767 af2 =1 af3 = 3.6371 
af4 = 0.2125 L af 5= -0.499 

ý9 af6 = 1.3449 
t 

Similarly, three tests conducted at the beginning of this section are 

performed again to verify the accuracy of the ALAM and the results are 

shown in Figures 8-7 - 8-9. 
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Figure 8-7 Maximum errors of the bus voltages in each operation 
state while changing the active power output of bus 37 from 10% 

below to 10% above its normal operation value 
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Figure 8-8 Maximum errors of the bus voltages in each operation 
state while changing tap ratio between bus 12 and bus 13 from 

10% below to 10% above its normal operation value 
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Figure 8-9 Maximum errors of the bus voltages in each 
operation state while changing the voltage outputs in bus 32 
from 10% below to 10% above its normal operation value 

Comparing the results of the ALAM obtained from the two different load 

areas, it can be seen that the results are not very consistent, that is, not all 

the load areas can give the same degree of satisfactions while the ALAM 

method is applied. The Load Area I composes of six load buses and 

contains twenty seven parameters to be identified. The Load Area 2 

composes of four load buses, and contains fifteen parameters to be 

identified. From the results, the ALAM for Load Area 2 gives more 

accurateresults than those given by the ALAM for Load Area I. 

8.3 Verification Study of ALAM Based on the IEEE-57-Bus 

Power System 

As shown in Figure 8-10, the IEEE-57-Bus power system consists of four 

generators, fifty seven buses, and eighty branches. Similar to Section 8.2, 

two different load areas, namely Load Area I and Load Area 11, are 

selected to be modelled using the ALAM for this study. 
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The Load Area I composes of the load Buses: 14,46,47,48,49,50 

and 51. The equivalent power system with the aggregated fictitious 

load bus for the load area is shown in Figure 8-11. In the equivalent 

power system, the fictitious load bus (bus notation: 58A) is connected 

with the original power system by four fictitious transmission lines, 

which are: Line_10_58A, Line_13_58A, Line_15_58A and 
Line_38_58A. Together with the coefficients of the ZIP load model, 
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aggregating load area I 

there are totally eighteen unknown parameters to be identified. The 

operation states of the power systern discussed in identifying all these 

parameters are listed as follows: 

OS 1: Normal operation conditions, where all the bus variables are kept ill 

the same as the original IEEE-57-Bus power systern-, 

OS2: Normal operation conditions, but the active power generated ill bus I 

increases by 10%, the active power generated in bus 8 decreases bN 

5%. 
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OS3: Normal operation conditions but the terminal voltage of generator 3 

(bus 3) increases by 10%, the tap ratio of the transformer between 

bus 20 and bus 21 decreases by 5%. 

Following the Direct-One-Step method introduced in Chapter 7, the 

eighteen unknown parameters are identified and listed in Table 8-3. 

Table 8-3 The identified parameters for modelling Load Area I in the 
IEEE-57-Bus power system 

RIO-58 = 0.0089 p. u. Xio-58 = 0.0060p. u. Blo-58 = 0.0099 p. u. 
R13-58 = 0-0001 P. U. X13-58 = 0.1641 p. u. B13-58 = 0-000 1 P. U. 
Ri5-58 = 0.033 5 p. u. Xi5-, 58 = 0.1078 p. u. B15-58 =0p. u. 
R38-58 = 0-000 1 P. U. X38-58=0.1083P. u. B38-58 = 0.0149p. u. 

af ,=0.6228 af2 =0.1368 af3 = 0.1432 

1 af 4=7.534e-005 af 5= -0.5000 af 6=0.0622 

Three tests have been carried out to test the equivalent IEEE-57-Bus power 

system to investigate whether the ALAM can represent the area load under 

variations of operation states: 

Test 1: Assume that the system operates under the normal conditions, but 

the active power outputs from Generator I (Bus 1) changes from 

10% below to +10% above its normal output value in 1% 

increment.. The maximum errors of the bus voltages (magnitudes 

and phase angles) in each operation state are shown in Figure 8-12. 
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Figure 8-12 Maximum errors of the bus voltages in each operation 
state while changing the active power output of bus I from -10% to 

10% 

Test 2: Assume that the system operates under the normal conditions, but 

the tap ratio of the transformer between Bus 20 and Bus 21 change 
from 10% below to +10% above its normal operation value in 1% 
increment. The maximum errors of the bus voltages (magnitudes and 

phase angles) for each operation state are shown in Figure 8-13. 
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Figure 8-13 Maximum errors of the bus voltages in each operation 
state while changing tap ratio between bus 20 and bus 21 from 

10% below to 10% above its normal operation value 

Test 3: Assume that the system operates under the normal operating 

conditions, but The values of the voltage outputs from Generator 3 

(Bus 3) changes from 10% below to +10% above its normal output 
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in 1% increment. The maximum errors of the bus voltages 
(magnitudes and phase angles) for each operation state are shown in 

Figure 8-14. 
^LAM VerIncation .. T-1 3 

a"a 

Veit a magnItuds (P. U. 
vc2it: 0: Agf. (,. d) 

-o .4 .20 c33torivnai voKage wtue (ctwnues from -10% to ý10%) 

Figure 8-14 Maximum errors of the bus voltages in each operation 
state while changing the voltage outputs in bus 3 from 10% below 

to 10% above its normal output 

The Load Area II is composed of load Buses: 23,24,25,26,27,28,30 and 
31. The equivalent power system with the fictitious load bus for the 

aggregated load area is shown in Figure 8-15. For the equivalent power 

system, the fictitious load bus (bus notation: 58B) is connected to the 

original power system by three fictitious transmission lines, which are: 
Line_22_58B, Line_29_58B, Line_32_58B. Including the parameters of 
the ALAM, there are total fifteen unknown parameters to be identified. The 

operation states studied in the previous section are repeated here and all 
these unknown parameters are identified using the Direct-One-Step method. 
The identified results are given in Table 8-4. 
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Table 8-4 The identified parameters for modelling load area 2 in the 
IEEE-57-Bus power system 

R22-58=0.7000p. u. x22-58=0.9000p. u. B22-58 ý0p. u. 
_ R29-58 =0.2747 p. u. X29-58 = 0.5 715 p. u. B29-58 =�-- 0 p. u. 

_R32-58=0.6008p. 
u. x32.58=0. OOIIP. U. B32-58=0.0092 p. u. 

af 0.22613 af2 =-0.38416 af3 0.50651 

L af 4 0.32882 af 3= -0.32539 af6 0.029648 

Similarly, the three test studies performed in the previous section are 

conducted again to investigate the accuracy of the ALAM and the results 

are shown in Figures 8-16 - 8-18. 
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Figure 8-16 Maximum errors of the bus voltages in each 
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operation state while changing the voltage outputs in bus 3 
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I 

Comparing the results of the ALAM obtained from the two different load 

areas, it can be seen that the results are not very consistent, that is, not all 
the load areas can give the same degree of satisfactions while the ALAM 

method is applied. The Load Area I composes of six load buses, and 

contains eighteen parameters to be identified. The Load Area II consists of 

eight load buses and contains fifteen parameters to be identified. From the 

results, the ALAM of Load Area II gives more accurate results than those 

given by the ALAM of Load Area 1. 

8.4 Verification Study of ALAM Based on the IEEE-118- 

Bus Power System 

As shown in Figure 8-19, the IEEE-I 18-Bus power system consists of fifty 

four generators, one hundred and eighteen buses, and one hundred and 

eighty six branches. Similar to the previous section, two different load 

areas, namely Load Area A and Load Area B, are selected to be modelled 
by the ALAM method for investigations. 
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The Load Area A consists of the Buses: 93,94,95,96 and 97. The 

equivalent power system with fictitious load bus for the aggregated load 

area is shown in Figure 8-20 with the enlarged area. For the equivalent 

power system, the fictitious load bus (bus notation: 119A) is connected 

with the original power system by four fictitious transmission lines, which 

are: Line_80_1 19A, Line_82_1 19A, Line_92_1 19A and Line_I 00_1 19A. 

Together with the coefficients of the ZIP load model, there are eighteen 

unknown parameters to be identified. The operation states of the power 

system are shown as follows under which the parameters will be identified. 

OS I: Normal operation, where all the bus variables are kept same as those 
for the original IEEE- I 18-Bus power system; 

OS2: Normal operation conditions, but the active power generated in Bus 

69 increases 10% and the active power generated in Bus 59 

decreases by 5%. 

OS3: Normal operation conditions, but the terminal voltage of Generator I 
(bus 1) increases 10% and the tap ratio of the transformer between 

Bus 65 and Bus 66 decrease by 5%. 
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107 

112 

Applying the Direct-One-Step method, the eighteen unknown parameters are 

identified as shown in Table 8-5. 

'Fable 8-5 The identified pararneters for modelling load area I In the I Et-'E- 
II 8-Bus povver systern 

1 R,, m-jjv,,, = 0.4087p. u. X80-119A = 0.1860 p. u. B8o- / i, ),, i O-E. 
-I,. - &2-11YA = 0.0314p. u. XN2-1/9,1 0.723 5 p. u. u. B82-119A = 0.0 130 1). 

R92-119.4 = 0.1461 p. u. X92-119A 0.0513 1). it. B92-119A = 0.0 15 2 p. it. 
Rl()()-IlgA= 0.0525p. ti. Xloo-119.4 =0.72821). u. B1 oo- 11 ý)., j =0p. u. 

0.2023 af 2 = 0.03 17 al 3=0.9774 
af4 0.0666 af 5 = 0.4697 a, 6 =0.1937 

Three tests are conducted to test the equivalent I EEE- II 8-Bus power systern 

to study whether the ALAM can represent tile area loads under tile variations 
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Figure 8-20 Partially enlarged equivalent IEEE- I 18-Bus 
power systern for aggregating Load Area A 
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of the operation states: 

Test 1: Assume that the system operates under its normal operating conditions, 
but the active power outputs from generator bus 37 changes from 10% 

below to +10% above its normal output value in 1% increment. The 

maximum errors of the bus voltages (magnitudes and phase angles) for 

each operation state are shown in Figure 8-21. 
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Figure 8-21 Maximum errors of the bus voltages in each operation 
state while changing the active power output of bus 69 from -10% to 

10% 

Test 2: Assume that the system operates in normal conditions, but the tap ratio 

of the transformer between bus 65 and bus 66 change from 10% below 

to +10% above its normal value in 1% increment. The maximum errors 

of the bus voltages (magnitudes and phase angles) in each operation 

state are shown in Figure 8-22. 
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X 10-3 ALAM Verification - Test 2 
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Figure 8-22 Maximum errors of the bus voltages in each operation 
state while changing tap ratio between bus 65 and bus 66 from 10% 

below to 10% above its normal output value 

Test 3: Assume the system operates in normal conditions, but the value of 

voltage outputs from generator I (Bus 1) changes from 10% below to 
10% above its normal output value in 1% increment. The maximum 

errors of the bus voltages (magnitudes and phase angles) in each 

operation state are shown in Figure 8-23. 
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Figure 8-23 Maximum errors of the bus voltages in each operation 
state while changing the voltage outputs in Bus I from 10% below 

to 10% above its normal output value 
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The Load Area 11 consists of the load Buses: 50,51,52,53,57 and 58. The 

equivalent power system with the fictitious load bus for the aggregated load 

area is shown in Figure 8-24. For the equivalent power system, the fictitious 

load bus (Bus notation: 119B) is connected with the original power system by 

three fictitious transmission lines, which are: Line_49_119B, Line-54-119B 

and Line_56_1 19B. Together with the ZIP load model coefficients, there are 

total fifteen unknown parameters to be identified. The operation states applied 
in the previous section are repeated to identify all these unknown parameters 

using the Direct-One-Step method. The identified results are given in Table 8- 

6. 

Figure 8-24 Partially enlarged equivalent IEEE- I 18-Bus 
power system for aggregating Load Area B 

oz 
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Table 8-6 The identified parameters for modelling load area 2 in the IEEE- 
118-Bus power system 

R49-119=0.0485p. u. X49-119 = 0.00 1 Op. a 
B49-119 =0 P- U. 

R54-119 =0.5152p. u X54-1 19 = 0.2394 p. u. 
B54-119 =0.0002 p. u. 

R56-119 =0.5635p. u. X56-ijg = 0.8496 p. u. 
B56-119 =0.0 116 

p. u. 
af I=0.5050 af 2=0.2514 af 3 =-- 0.2188 

a f4 =0.3-68-1-j 77 - afs=0.0 6 
i 

af6 =0.1171 

Similarly, three tests conducted in the previous section are conducted again to 

investigate the accuracy of the ALAM and the results are shown in Figures 8- 

25-8-27. 

x 10-3 ALAM Verification - Test 1 
I. Z 

1 

0. ý 
m 

xx........... 

* Voltage Magnitude (P. u. ) 
x Voltage Angle (red) 

5 

-10 -2 
4 

18 
*2468 Ic 

Generator in bus 69 acthm power output (changes from -10% to 10%) 

Figure 8-25 Maximum errors of the bus voltages in each operation 
state while changing the active power output of bus 69 from 10% 

below to 10% above its normal output value 
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14 

I 

X 10-4 

wxxxxxxxxxxý 

+ Voltage Magnitude (p. u. ) Ix 

Voltage Angle (rad) 
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ALAM Verification -Test 2 
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0+ +** -e 40- 4- *+ -* ++++++ -* +**+ 

-21 , -- LII 
'10 -8 -6 -2 02468 10 

Tap ratio of the transformer between bus 65 and bus 66 (changes from -10% to 10%) 

Figure 8-26 Maximum errors of the bus voltages in each operation 
state while changing tap ratio between Bus 65 and Bus 66 from 

10% below to 10% above its normal output value 

x 10, 

Kxxxxxxxx. xxxxxx 

Voltage Magnitude (p. u. ) 
Voltage Angle (rad) 

I 

ALAM Verification - Test 3 

I 

+**** -* * -41 -* -*- -*- * 'p. * -W **+* 

,L -10 -8 -6 -4 -2 0246a 10 
Generator teminal voltage value In bus 1 (changes from -10% to+ 10%) 

Figure 8-27 Maximum errors of the bus voltages in each operation 
state while changing the voltage outputs in bus I from 10% below 

to 10% above its normal output value 

Comparing the results of the ALAM obtained from the two different load 
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areas, it can be seen that the results are not very consistent, that is, not all the 

load areas can give the same degree of satisfactions while the ALAM method 
is applied.. The Load Area A composes of five load buses and contains 

eighteen parameters to be identified. The Load Area B consists of six load 

buses, and contains fifteen parameters to be identified. From the results, the 
ALAM of Load Area B gives more accurate results than those given by the 
ALAM of Load Area A. 

8.5 Summary and Discussion 

In this chapter, simulation studies are caff ied out to verify the ALAM method. 
Three different power system prototypes are employed for verification studies, 

which are shown as follows: 

- IEEE-39-Bus power system 
Two different load areas are modelled and the results of the ALAM are 

compared. The Load Area I is composed of Buses 14,15,16,17,18 and 24, 

where there are twenty seven unknown parameters to be identified; The 

Load Area 2 is composed of Buses 26,27,28 and 29, where there are 
fifteen unknown parameters to be identified. From the test results, it can be 

seen that the modelling of Load Area 2 provides much more accurate results 
than those obtained from the modelling of Load Area 1. 

- IEEE-57-Bus power system 
Two different load areas are modelled. The Load Area I consists of Buses 

14,46,47,48,49,50 and 5 1, where there are eighteen unknown parameters 
to be identified; The Load Area 11 is composed of Buses 23,24,25,26,27, 

28,30 and 31, where there are fifteen unknown parameters to be identified. 

From the test results, it can be seen that the modelling of Load Area 11 leads 
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more accurate results than those obtained through modelling Load Area 1. 

- IEEE-I 18-Bus power Ustern 
Two different load areas are identified and ALAM models are derived. The 

Load Area A is composed of Buses 93,94,95,96 and 97, where there are 

eighteen unknown parameters to be identified. The Load Area B has Buses 

50,51,52,53,57 and 58, where there are fifteen unknown parameters to be 

identified. From the test results, it can be seen that the modelling of Load 

Area B gives a slightly more accurate results than those derived through 

modelling Load Area A. 

From the simulation studies, it can be seen that the way of organising the 

modelling load areas affect the modelling accuracy. It indicated that different 

choices of load areas for deriving equivalent load model will result in very 
different levels of accuracy. The rules for forming ALAM are summarised as 
follows, which are provisional and further studies are required for more 

concrete conclusions. 

1. Comparing the results of ALAM obtained from the IEEE-39-Bus, IEEE- 

57-Bus and the IEEE-I 18-Bus power systems, it can be seen that the 
IEEE-I 18-Bus power system leads more accurate results, where the load 

areas in the simulation of the IEEE- I 18-Bus power system is only formed 
from a very small portion of the system. It shows that the smaller portion 
of load buses in a power system to be aggregated can achieve better 

accuracy results of the ALAM. So, the ALAM method may be more 
suitable for modelling larger scale of power systems in load analysis. 

2. From the simulation of the IEEE-39-Bus, IEEE-57-Bus and the IEEE- 

118-Bus power systems, the second load area for all examples provide 
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more accurate ALAM results than the first load area, where less unknown 

parameters to be identified in the ALAM of the second load area. So, 

while applying the ALAM method, if the equivalent area covers less 

fictitious transmission lines and has less parameters to be identified, the 

ALAM method derives more accurate results, which means less uncertain 
factors affecting the optimisation results. 
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Chapter 9 

Summary and Recommendations for 
Future Work 

9.1 Summary 

With the support from RWEnPower Ple. and National Grid Ple., two particular 

studies in power system modeling have been carried out in this research: 
development of coal mill models and development of the simplified area 

electricity load models. The main contributions are summarised as follows: 

- An improved normal grinding process coal mill model is developed by 

taking consideration of the thermal inertia in the thermodynamic process 

of the coal mill system. The simulation study using on-site measurement 
data indicated that the model accuracy has been improved compared with 

the previously reported model. 

- The coal mill operational sequence has been investigated in detail and a 

new six-segment coal mill model is developed. The whole coal milling 

process is covered by this model, especially the start-up and shut-down 

processes. The model has been validated and its performance has 

convinced the plant engineers to adopt the model for mill condition 

monitoring. 

-A prototype software package for on-line implementation of the coal mill 

model has been developed. This software has now been passed onto 
RWEnPower Plc. for condition monitoring and safety improvement. The 

shared memory technique was employed in the program to offer a more 
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generic platform in order to accommodate different data acquisition 

systems used by different power plants. 

- Based on the Voltage-Two-Step approach developed by Liverpool, two 

new approaches for the ALAM are proposed, which are entitled Current- 

Two-Step approach and Direct-One-Step approach. The Current-Match 

scheme and the Bus-Match scheme are proposed respectively for these two 

approaches. 

- Verification studies of the ALAM have been investigated. Extensive 

simulation studies of the ALAM have been perfon-ned and the results have 

been compared to each other. From this study, essential characteristics and 

rules for forming an ALAM are provided and surnmarised in Chapter 8. 

- The mathematical expressions of fitness function to achieve better 

convergence rates of GAs have been further studied. Instead of using 

traditional mean squared errors fitness function structure, the sum of 

absolute values of errors is used to form the fitness function which has 

been shown to offer a better GA convergence and lead to more accurate 
results for those parameters identified for the dynamic system problems. 

9.2 Recommendations for Future Work 

Following the successful completion of the project, a research funding for a 

two year research project has been awarded to the university which will move 

the project further for modelling and safety monitoring of tube ball mills in 

power plants. Different from the vertical spindle coal mills studied in this 

thesis, tube ball mills are classified to belong to the low speed coal mill 

category which works on the trumbling action of the balls to crush coal to 

powders. The aim of the project is to develop a software package for on-line 
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mill condition and safety monitoring with particular emphasis on the following 

objectives: 

- extend the current model from E-type vertical spindle mills to the tube ball 

mills; 

- to identify coal quality variations through recognising the variation patterns 

of mill model parameters and dynamics; 

- to detect apparent mill defects or instrumentation problems using on-line 

mill modelling; 

- to estimate the quantity of deposit coal in the mill, which is essential for 

predicting potential mill fires; 

- to predict potential fires through identification of the patterns of mill data 

and model parameter variations. 
All the project tasks can be considered for the immediate future work. 

The study of ALAM is still in its early stage and there are a number of issues 

and topics to be addressed in the future. Here, a few recommendations are 

made. The ZIP load model has been employed to model the relationship 
between power consumes in the load area and the fictitious voltage of the load 

area. Simulation studies show that the ALAM can offer a good degree of 

satisfaction while modelling small portion of the load area in a giant power 

system. For future work, different bus load models, e. g. the Exponential Load 

Model, should be adopted as well to study whether it can offer the same 
degree of satisfaction. Although three different approaches of the ALAM are 
discussed in this thesis, it is anticipated that different ways should be explored 
to improve the accuracy of ALAM in representation of the load area. 
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Appendix 1: Mill Operation Sequence 

Table 

APNISPath 
STATE 

Step I ýtep 
ACTION 

01 Idle Generate F 
MessagesiAl 

Reset PA Fan Actuator SIC Request 
(MLX-SEQ_ACT_SIC-FALSE) 

Reset Mill Outlet Temp SIC Request 
(MLX-SEQ, ACT_SIC=FALSE) 

Reset Sec Air Damper Actice Flag 

(MLSQ_X_SA_ACTRQ=FALSE) 

Reset PA Diff Setpoint SIC Request(start 

Seq) 

(MLX-STRT_DPSIC-FALSE) 

Reset PA Diff Setpnt SIC 

Request(Shutdown Seq) 

(MLX-SHDN_DPSIC=FALSE) 

Reset Tempering Air Damper SIC 

Request 

(MLX-TADMP-SIC=FALSE) 

Reset Mill Feeder Speed SIC Request 

(MLX-SHDN_FDR_SIC=FALSE) 

Set Mill Sequence Idle Flag 

(MLX-SEQ. jDLE) 

I 

2 Set Mill 

Temp 

Setpoint 

, Open 

PA Fan 

Darnper 

and 
Start 

Lubc 

Oil 

Set Mill Outlet Temp SIC Request 

(MLX-SEQ_TMPSIC-TRUE) 

Set Mill Outlet temp Setpoint to coal 
Type Value 

(MLX-SEQjMPDV- 

MLTMP-MLSEUPI) 

Set PA Fan Suction Damper SIC Request 

(PAX 
- 
SCT 

- 
DMP 

- 
SEQ=TRUE) 

Set PA Fan Suction Damper DV 

APACSP 

TRANSITION Timeout 

APMS Mill Start Command 

(MLX-SEQ-STRT-TRUE) 

AND 
Pre-start Checks OK 

(MLX-PSC-OK-TRUE) 

[A] 

Mill Outlet Temp Setpoint 

under Sequence control 
(MLX-SEQ_PV_ACT-TRUE) 

AND 

PA Fan Suction Damper 

Opened 

(PA_DAMPER_OPD-TRUE) 

ICI 

AND 

Sufficient Oil Burners in Service 
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Pump (PAX-SCT_DMP_SDV-100.0) (MLX-BRN_FLME_CH-TRU 

Start Mill Lub Oil Pump E) 

1 

(MLX-LUB_PP_SCL-TRUE) 

3 Set IR Set PA Diff Setpoint SIC Request PA Diff Greater Than 4.3 mbar 3 60 See 

To Coal (MLX-STRT_DPSIC-TRUE) (PADIFF_IPSN-TRUE) 

Fire PA Diff Setpoint To 4.4 mbar AND 
Position (MLX-STRT_DPDV-4.4) Sufficient Oil Burners in Service 

(MLX-BRN_FLME-CH-TRU 

E) 

AND 

PA Fan 

Active(PAX-ACTVE-TRUE) 

4 PA Diff Start PA Diff Delay Timer Timer Complete 4 11 Sec 
Delay 

5 Check Mill Lube Oil Pressure OK 5 5 
Lube (MLX 

- 
LUB-PRS-SW-TRUE) Minutes 

Oil AND 

pump Mill Temperature OK 

Pressure (MILL-TEMPI-TRUE) 

and IF1 
Mail AND 

Temper Sufficient Oil Burners in Service 

ature (MLX_BRN_FLME_CH-TRU 

E) 

6 Set Sec: Set Sec Air Damper Active Flag SA Damper A in Active Auto 6 1 

Air (MLSQ_X_SkACTRQ=TRUE) (WBP_XA_ACTAUT-TRUE) Minutes 

Damper AND 

Active SA Damper B in Active Auto 

Criteria (WBP-XB_ACTAUT-TRUE) 

AND 

Windbox Pressure at Least 5 

mbar 
AND Pressure Signals Valid 

(WBOX-PRE_OK-TRUE) 

JEJ 

AND 
Sufficient Oil Burners in Service 

(ML-X-BRN_FLME_CH-TRU 

E) 

7 Start Close Mill ACB Mill Running 7 Device 

Mill (MLX-ACB_SCL-TRUE) (MILL_X_RNG) 

AND 

Sufficient Oil Burners in Service 

(MLX.. PRN_YLMEý_CH-TRU 

175 



AppendixI. - Mill Operation Sequence Table 

E) 

8 Mill Mill Partial Start-up Complete Mill Partial Hold Not Set 8 None 

Partial (MLX-PT_STRT_CMPT-TRUE) (GPMLX-HOLD2-FALSE) 

Start-up 

Comple Mill Shutdown Conunand from 

te, APMS II 

(MLX_SEQ_SHDN-TRUE) 
9 Start Close Mill feeder ACB Mill Feeder Running 9 Device 

Feeder (MLX-FDR_SCL-TRUE) (MLX 
- 
FDR 

- 
CDC-TRUE) 

Reset Sec Air Damper Active Flag AND 
(MLSQ_X_SA_ACTRQ-FALSE) Sufficient Oil Burners in Service 

(MLX-BRN_FLME_CH-TRU 
E) 
AND 
PA Fan Active 
(PAX-ACTVE-TRUE) 

10 Checkin Mill Feeder Speed at Minimum, 10 1 min 
9 (MLX 

- 
FDRSPD OK-TRUE) 

Feeder IGI 
Speed AND 

TFC recognises Mill in service 
(MLX-IN_SERV-TRUE) 

I Mill Set Mill Start Sequence Complete Mill Shutdown Complete Form II None 

Start (MLX-STRT_CMPLT-TRUE) Apms 
Comple Reset Mill Outlet Temp SIC Request (MLX_SEQ_ SHDN-TRUE) 

te (MLX-SEQjMPSIC) 

Rewt PA Diff Setpoint SIC Request 

(MLX-STRT_DPSIC) 

12 2 Set Set Mill Tempering Air Damper SIC Tempering Air Damper in Auto 12 30 See 

Temper Request (MLX_ 

ing Air (MLX-TADMP-SIC-TRUE) SHDN 
- 
DV2 

- 
ACT-TRUE) 

to fiilly Set Mill Tempering Air To Fully Cold Tempering Air Damper in 
Cold (MLX TADMP DV-0.0) Position 

(TA_DMP_X_INPON-TRUE) 

13 Temper Start Tempering Air delay Timer Timer Complete 13 6 ISec 

ing Air 
delay 

14 Set Set Feeder Speed SIC Request Feeder At Minimum 14 30 Sec 
feeder (MLX 

- 
SHDN 

- 
FDR 

- 
SIC-TRUE) (MLX-FDR_INPOS-TRUE) 

Speed Set Feeder Speed To Minimum 
To (MLX-SHDN_FDR_DV=0.0) 

Minimu 

m 
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AppendixI. - Mill Operation Sequence Table 

Set PA Set PA DiffSetpoint SIC Request Always Continue 15 None 

Diff (MLX 
- 

SHDN 
- 
DPSIC-TRUE) 

Setpoint Set PA Diff Setpoint To 4 mbar 
To (MLX-SHDN_DPDV-40) 

4 mbar 

16 Delay Start Delay Timer Time Complete 16 18 1 See 

17 Tnp Trip Feeder Mill Feeder Not Running 17 Device 

Feeder (MLX-FDR_SOP=TRUE) (MLX-FDR_ODC-TRUE) 

18 Hold Mill Partial Shutdown Complete Mill Partial Hold Not Set 18 None 

Point (MLX-PTSHDN_CMPLT-TRUE) (GPMLX-HOLD2-FALSE) 

19 Grind Start Grind Delay Timer Time Complete 19 1 Bee 
Delay 

20 Trip Stop Mill Mill ACB Opened 20 Device 
Mill (MLX-ACB_SOP-TRUE) (MLX_ACB_ODC-TRUE) 

21 Set Mill Set Mill Outlet Temp SIC Request SA Damper A Closed 21 Device 

Temper (MLX-SEQjMPSIC-TRUE) (MLX-SAA_DMP_LL-TRUE) 

ature Set Mill Temperature Setpoint To 101C AND 

(MLX-SEQ_TMPDV-10.0) SA Damper B Closed 

(MLX-SAB-DMP-LL-TRUE) 

22 Close Set PA Fan Ind Reg SIC Request Induction Regulator At 15% 22 Device 

PA Fan (MLX-SEQ_ACT_SIC-TRUE) (PA_ACT_X_IPSN-TRUE) 

Inductio Close Induction Regulator To 15% JBI 

n (MLX-SEQ_ACT_DV-15.0) 

Regulat 

or 

To 15% 

23 Set PA Set PA Fan Suction Damper To 25% Damper At 25% 23 Device 

Fan Open (PAX-SCT_DMP_IPS-TRUE) 

Damper (Mill Warming Position) [131 

to Mai (PAX-SCT_DMP_SDV-23.0) 

Warmin 

9 

Position 

24 Mill Set Mill Shutdown Sequence Complete Always Continue 0 None 

Shutdo (MLX-SHDN CMPLT-TRUE) 

wn 

Sequen 

ce 

Comple 

te 
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