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Abstract 

The training of staff at power system control centers can be enhanced by using 

dynamic simulators for exercises in economic load dispatching and system frequency 

control. In this project an evaluation has been made of the capability of an 8-bit 

microprocessor for simulating in real time the power/frequency dynamics of a power 

system. 

A motorola M6800 microcomputer kit has been programmed to simulate the longer, 

term dynamic performance of a single turbo-alternator and associated governor. 

A variable load, recorded on a cassette tape, can be fed into the simulation and 

a simple representation of the power/frequency characteristic enables the variations 

of power system frequency to be computed. The user can change the set-point of the 

turbine governor and thereby represent the actions of a load dispatcher attempting 

to maintain a target frequency. 

A mimic diagram and control panel has been built to provide the user with a range 

of generator controls and meters for displaying loads, frequency, costs, etc 

An x-y plotter enables a variety of load curves to be recorded and the responses of 

user of the simulator to be plotted. 

The simulation has been implemented using a wide range of typical parameters and 

the dynamic response has been checked against analoque simulations. It is evident 

that there is a trade-off between simulation complexity and performance accuracy in 

the real time environment. However, memory and I /O expansion would enable more gene-

rating units to be simulated and more variables to be output and displayed. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Consideration of Power System Simulators 

The fact that electrical energy can not be directly stored in any appreciable 

quantity plays an important part in the control of an electric power system. There 

must, therefore, be an exact match at all times between the mechanical power generated 

and that consumed by the various loads attached to the system. The control problem is 

increased by the large number and varied nature of the consumers, whose behaviour 

enhibits random characteristics, and by the fact that the power is generated by many 

separated plants. 

The shortfall between generation and consumption must be constantly monitored in 

order to adjust the level of generation to m-et the load. The generation deficit 

manifests itself initially as a change of system frequency, since the machine shafts 

slow down, and this is detected by the speed governors. The governor constitutes the 

primary form of geveration control, since it is a fast acting device which alters the 

steam or water flow in such a way as to change the power output of the prime mover to 

maintain near constant speed. A governor is characterised both by its dynamic per-

formance and by its static gain which gives the familiar "droop11 characteristic. 

In order to change the pattern of generation, or to alter the system frequency, 

the governor set-point must be changed by actuating the speeder gear. The problem of 

maintaining frequency and of deciding on the loading levels of different sets is one 

which is usually solved at a central control centre in a power system, since there are 

many factors which must be taken into account before a decision can be made. The 

control problem is further complicated by the inter connection of many smaller systems 

into one large system using tie lines. This interconnection is performed so that in 

the event of a fault, mutual usistonce can be given, thus lowering the total spinning 

reserve requirement. Economic advantages can also be obtained if there is a varied 

plant mix over the constituent sub-systems, such as one area being predominantly hydro, 

while another might consist of base-load thermal plant. The effects of random loading 

can be more easily compensated in a highly interconnected system. The whole inter-

connection concept is not without its difficulties, however, as it requires good 

freguency control over the whole system, together with control of tie line flows, in 

order to avoid possible tie line tripping and consequent system inlanding. 

To a large extent the need for direct action to control network voltage levels 



has been overcome by the installation of outomatic voltage regulating equipment. The 

security aspects of generation and transmission, however, are at present the respon-

sibility of grid control engineers, who rely on considerable operational experience 

together with off-line load flow studies. Overall system control is based on a com-

bination of manual intervention, fast continiously acting feedback control of local 

loops for voltage regulation and speed governing together with a slower acting open-

loop feed forward type of optimising control or generator scheduling based on pre-

dicted load demand. The optimising schedule for changes of bulk generation will 

usually include a co-ordination of generator costs and line losses subject to con-

straints on line and plant loading and security. The control responsibility is 

divided basically according to the frequency of intervention required and to the 

time scale of the physical phenomena involved. Area level decisions may also include 

system voltage control by transformer tap positions and excitation control with an 

optimum scheduling of reactive power flow. Distribution of reactive power will not 

affect significantly system operating costs, but an optimum allocation may be impor-

tant for maintaining steady state system stability and voltage levels. 

Although to a certain extent the control of power and frequency is interrelated 

to the control of reactive power and voltage, it is hoped that by dealing with power 

and frequency separately from voltage control, a better appreciation of the operation 

of power systems will be obtained. 

The control of real power flows and system frequency in an interconnected system 

with a variety of generating stations available is the task of the control engineers, 

who allocate the required power among the generators before the load requirements rea-

ches. Now should the total generation available be insufficient to meet the demand the 

frequency will fall . In this type of situation although the reduction of frequency will 

cause a reduction in power demand, voltage must be reduced and i f this is not suffi-

cient, loads will have to be disconnected and continue to be disconnected until the fre-

quency rises to a reasonable level. The making of the right decisions by control engineers 

requires experience and this is where the importance of a simulator can be appreciated. 

Power system simulators in general are a powerful aid for training engineers in the 

technique of power system control and economic-load dispatching. Simulators also offer 

scope for studying alternative operating procedures, analysis of actual system events 

and demonstration problems. Direct training on a live system has always been operation-

ally limited, costly and educationally very slow. The simulator creates an invaluable 

link between the theoretical teachings of the class-room and the practical realities 

of controlling a major power network. Performance can be accurately monitored on the 
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simulator and precise comparisons made between differing approaches to repeatable load 

curves. Such comparisons are to a great extent impossible to make directly on a power 

network due to daily variations in plant availability and consumer load. The action of a 

a control engineer in the event of extreme or unusual system conditions is critical. 

Often on these occasions even experienced engineers become indecisive, making serious 

errors purely due to the unfamiliarity of the situation. The simulator can be usefully 

employed to minimize such risks by covering these areas of operation at the initial 

training stage and to provide regular refresher courses. 3 , 4 , 5 , 1 0 

In the past six years, a hybrid simulator has been developed for power system con-

trol investigations in the power system group of the Electrical Engineering Department 

at Imperial College. A complete power system dynamic simulator was built by successive 

postgraduate research students and an extended simulator was successfully used as a 

test-bed for the investigation of the problems arising in the implementation of real 

time on-line digital control of multimachine electric power systems. Investigations 

ranged over load and generating plant modelling including real time digital models for 

power plants. Load dispatch and automatic frequency control algorithms were implemented 

and online economic dispatch control programs were developed with security constraints. 

The current rapid development in microprocessors makes it worthwhile to study their 

application in the power system simulator content. And it seems likly that microprocessors 

interconnected in parallel arrays could function successfully as flexible, powerful power 

system simulators. 

1 .2 Organization Of The Thesis 

This thesis describes the work carried out by the author on the construction of the 

digital hardware and software of a sitiiulator. Chapter 2 deals with the analogue simulation 

patched on an analogue computer at Imperial College, and discusses a model of items of 

plant being represented. Chapter 3 explains briefly the application of microprocessors 

for simulation, objectives and choice of a microprocessor. The actual hardware of the 

Motorola MEK 6800D2 kit and the system are described in chapters 4 and 5 respectively. 

Chapter 6 deals with the software organization written for this system. The penultimate 

chapter, chapter 7, describes investigation and studies of the simulator to demonstrate 

the potential of the whole system. Finally, the conclusions summarize the work which has 

been carried out and recommendations are made on further developments which might profi-

tably be pursued. 
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Chapter 2 

2.1 Analogue Simulation and System Modelling 

To implement adequate control of a power system it is essential to have a clear under-

standing of the dynamic performance of each element of the system. For instance, the 

design of fault isolation equipment will necessitate knowledge of the transient behaviour 

of the network. The performance information can be represented by a set of equations 

relating voltages and currents to time, which together form a model of the system. I f the 

model derived is accurate it is the possible to investigate the operation of various iso-

lation schemes by solution of the equations constituting the model. Results from these 

simulations can then be used to improve the design without the need for construction and 

implementation of trial equipment. The main difficulty with this approach is that the 

model must accurately reflect the performance of the system under all conditions. 

The scale of a power system is such that it would be impossible to solve the resulting 

equations even i f it were possible to derive all the necessary data. The time scale of 

the investigations does however provide a basis on which to introduce simplifying approxi-

mations. For example, the voltage variation at a node of the network during the operation 

of a circuit breaker is unlikely to affect decisions at the plant ordering level. Consequ-

ently, only those dynamics which are relevant to a particular time scale need be included 

4 

in the model. Thus for load-frequency behaviour of the system in our application, it is 

unnecessary to consider very rapid transient effects included by, say, network switching 

since these will be negligible on the time scale of interest for load-frequency control. 

Furthermore, the problem of reactive power control can be decoupled from that of real 

power since a mismatch in the real power balance affects primarily the system frequency, 

but leaves the bus voltage magnitudes essentially unaffected, whereas a mismatch in 

reactive power affects mainly the bus voltages, with little effect on frequency. The 

load-frequency control problem can therefore be investigated by means of a simplified 

power system model which excludes the effects of high-speed transients and control of 

reactive power and bus voltages. 

In an electric power System the many items of plant to be considered include : the 

prime mover and governing mechanism, the boiler plant, the synchronous machine, the voltage 

regulating system, and the transmission network, the system loads, etc. 

But for this particular simulation only a certain number of these items need to be inclu-

ded, the selection of which are dependent on their dominant time constants. 
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The generator response is very rapid and for our application can therefore be regarded 

as instantaneous on the load frequency control time scale. Items which would be consi-

dered in the model are : the inertia of the whole system comprising rotating parts of 

different sets, each set with a steam-turbine/governor model including its droop charac-

teristic and associated lags and also the reheated steam-turbine model with its two 

different sections of high and low pressure stages. 

2 .2 Steam Turbine 

For load/frequency control, the real power output from the sets must be continually 

adjusted to match the consumer load. Now for a synchronous machine the real power gene-

rated is determined by the prime mover torque, which is in turn controlled by the thro-

ttling through the main steam value for a steam turbine, or the water gate for a hydro 

turbine. The main factors affecting the dynamic response of a steam turbine generator 

set are the lag due to entrained steam between the inlet values and the first stage of 

the turbine, and the lag in changes of power output in the high and low-pressure sections 

of the turbine.The la-ter lag is primrily due to the storage action of the reheater. 

The input of the turbine model is a signal representing steam flow, while the governor 

produces a signal proportional to valve position, so it is assumed that : 

Steam flow (V) = Valve position (X) * Boiler pressure 

But here no boiler simulation is used, so the per-unit values should be the same. 

Using a reheatej there would be two sections; the high-pressure stage will develop 

about 25% of the steam power for electrical generation subject only to a small delay 

of about 0 . 4s , but at the low-pressure stage these will be another, longer delay, some 

times as long as 12s. Now i f we represent the steam flow by "V " and electric power gene-

rated as "Pg" and the two lags by "Th" and "TJ" we will have ; 

which can be represented in block diagram form after Laplace transformation as shown 

in Figure 2 . 1 . 

2 . 3 Steam-Turbine Governor Model 

The need to accommodate variable load demand has a profound effect on the design and 

control of the majority of power station plants. I f , by way of illustration, the mecha-

nism by which a consumer load change is imposed on a coal-fired power station is consi* 

dered then the complexity of the control task should bocome apparent. Figure 2 .2 shows 
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the main elements of plant in a power station together with the supply system. I f the 

consumer increases the mechanical loading on an induction motor then to supply the 

increased torque its speed will drop slightly .to give an increased rotor current. 

More current is then drawn from the supply by the stator winding which is derived 

via the substations and transmission system from the power station generator. The 

increased current flow in the generator stator is rapidly transferred to a braking 

effect on the rotor thereby reducing its speed slightly. The governor responds to 

this speed reduction and allows more steam from the boiler to enter the turbine there-

fore increases its speed.The sequence does not, however, end there since the increased 

steam flow will gradually reduce the boiler pressure. Manual or automatic control is 

then required to increase the fuel, air and water flow in correct proportions in order 

to increase the heat transferred to the boiler and this restores the steam pressure. 

Consequently for large sustained electrical load changes compensating changes will be 

necessitated in a wide range of plant within each power station. There is fortunately 

a difference in the speed of response which is necessary from the various plant. The 

large thermal inertia of most boiler systems enables the load frequency performance 

of the turbine, generator and load to be decoupled from that of the boiler to result 

in the approximation that for short duration load changes the boiler pressure may be 

regarded as constant. It is consequently the governor system which principally deter-

mines the short term response of the set to load fluctuations. 

Many forms of governor system have been devised but all include in some way the 

variation of the turbine generator shaft speed as the basis on which to alter the 

current position of the turbine working fluid control valve. In small steam turbine 

sets the governor may be a direct mechanical drive on to the steam inlet valve but 

in most cases the primary governing element, typically a Watt contrifugal governor, 

does not generate sufficient force to move the steam valve directly. Power amplification 

is therefore heeded and often takes the form of an hydraulic servo-system as shown in 

Figure 2 . 3 . As the turbine shaft speed varies, the centrifugal force on the weights 

causes their radial position to vary. This movement is transmitted via a lever mecha-

nism to the hydraulic amplifier pilot valve which in turn controls the main ram servo-

motor. Hence for a given shaft speed the main ram will be displaced by a set distance 

from a nominal position subject to the limitations of dead space. The opening of a steam 

valve can consequently be made to depend proportionally on the turbine speed variation 

from a set point. 

Provision is also made for alteration of this set point by way of a speeder motor 

actuator on the Watt governor. Typical speed droop characteristics for this type of 

governor are between 4 and 10 per-cent. 



Although straight throttling governing may be satisfactory for small turbines, 

large losses are introduced for high-steam flows. More efficient multinozzle inlet 

control arrangements, in which the governor opens and closes several steam admission 

valves in sequence, are normally used for such conditions. However, a degree of throt-

tling is still present and the governor mechanism has been further complicated. More 

recent turbine governor designs are electronic in an attempt to provide greater flex-

ibility in the form of the controller. 2 , 1 1 , 12 , 13 

A block diagram of the governor representation is shown in Figure 2 . 4 . By ignoring 

the velocity limits, it is possible to eliminate the droop feedback, and to produce 

an open loop system. A speed error signal is produced, and multiplied by 1/R, where 

R is the droop, and it is then limited, to represent the limits of the flyball sleeve 

movement. This is then added to the speeder gear setting, Pref, and a low pass filter 

is included to represent the dynamics of the valves. 

2.4 System Inertia Representation 

The equations of motion of a rotating synchronous machine can be derived by consi-

deration of forces acting pn the machine rotor, that is i f 

T » Mechanical torgue - Eelectrical torgue 

then the acceleration of rotor is 

dw T 

dt 
(I=Moment of Inertia) 

or; 

dw T A T W Ap 

•^R - —J- = ~ ~~[J (H= Inertia time constant) 

now, as f= w 
then upon Laplace transformation we will have ; 

f (changes jn Frequency or Speed) _ 1 

p(changes Power due to T) S.H | f\ 
So the boiler model is .ignored and it is only the governor system which principally 

determines the short term response of the set to load fluctuations. 

In the following system model two sets of 500 MW and 120 MW were chosen, typical 

values were ; 

SETS DROOP GOVERNOR LAG HIGH PRESSURE LOW PRESSURE 

500 MW 6% 0 .4 s 0 . 8 s 12 s 

120 MW 12% 0 .4 s 0 .4 s 0 .4 s 

Inertia constant of the system was taken as 4 s 
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Such a system was patched up on an analogue computer (Figure 2 .5) at Imperial College 

and the results were examined. Figure 2 .6 presents a comparison between different 

conditions, where response "B" shows system behaviour at 4% droop, 150MW load with a 

500 MW set. The adjacent response "D" is the same system but with 8% droop charac-

teristic, as a result with twice as much difference in settling frequency. Effects of 

governor gear setting presented by the response "A" which in this case for the same 

system with 4% droop the difference in steady state frequency has been recovered. 

Also to show the load effect on the system response a test was carried out with an 

8% droop characteristic but only half as much load was applied and as expected the 

"C11 response was achieved. Comparing curves "A" and "B" with curves "C" and "D " it 

is clear that the settling time increases as the droop of the system increases. 

Finally Figure 2 . 6 clarifies the difference in the responses made by the two dif-

ferent sets used here, showing that the settling time for the 120MW set is shorter. 

1 , 7 , 8 , 9 , 2 0 , 2 1 . 

2 .5 C .E .G .B . Mini Analogue Power System Simulator at East Grinstead Control Center 

In the early stages of this research, with the help of Dr. Short, the author had the 

chance of attending a short course at C . E . G . B . , getting familiar with the operation of 

a small power system loading simulator (Load and frequency variations only), see ap-

pendix A. 

The author's experience started with spending time in manipulating the plant noting 

the system characteristics, individual generator responses, and the interrelating effects 

of the variables. A load curve was recorded on a magnetic tape, and I was also provided 

with a similar load curve as a load estimate. From this a generation loading schedule 

was prepared to meet the expected load with maximum economy. Minor changes were made 

to account for the deliberate errors introduced in the estimate to give the operator 

the ability to maintain a steady frequency. An overall summary of the performance was 

badked up by hard copy of system frequency and cost recorded on the plotter. Later the 

generators were tripped off and several of these simulators, representing a number of 

stations, were inter-linked. 

(8) 
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CHAPTER 3 

MICROPROCESSOR BASED POWER SYSTEM SIMULATORS 

3.1 Objective 

Rapid advances in large scale integrated circuit technology in recent years have made 

it possible to apply digital computing capability where formerly analogue techniques were 

used. Perhaps the most significant single consequence of LSI research has been the deve-

lopment and production of the microprocessor : a single chip monolithic integrated circuit 

device that contains some of the basic building blocks of a computer : arithmatic logic 

unit, control, and bus provisions for the addition of memory and input/output capability. 

The microprocessor and its essential ancillary devices make up a minimum hardware system 

which can be programmed and run like a computer. The performance of the designed system 

depends upon the size and character of the microprocessor instruction set, its speed of 

operation, the number of binary bits in the address and data buses, the size of memory 

provided, the nature of the input/output devices and other factors. 

For most microprocessor families, the minimum system consists of and MPU (Micropro-

cessing unit) , a clock (typical frequency in MHZ), a read/write or random access memory 

(RAM), a read only memory (ROM) and an input/output device commonly called a peripheral 

interface adapter (PIA). 

The capability offered by a microprocessor based computing system (microcomputer) 

is in suitable control application such as the Dynamic Modelling of Power Systems. The 

proposal to develop a microcomputer for a power system simulator is based on a desire 

to take advantage of this previously unavailable technology to apply new techniques to 

old problems. Traditionally power system simulators have been designed by analogue 

circuits. However many of the routines used for simulation involve the comperison of 

several input varibles; which are easily executed on a digital machine. In the past, 

low portability of versatile digital equipment (beside the high level of cost) preven-

ted the application of digital control in power system simulators, but microprocessor 

digital circuits provide light, compact and mechanically simple computing capability. 

For simulator control routines a microcomputer is an execellent tool; it is more 

versatile than other types of equipment since its mode of operation can be varied by 

program changes only. Obvioursly a power system simulator must have several general 

purpose analogue inputs and analogue output channels, 

The impetus for the application of microprocessors to power system simulation is , 

finally, an interest in developing an inexpensive, versatile, highly reliable and 

(13) 
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easy-to-use unit to train power system control engineers at control contres. 

3 .2 Comparison of Microprocessor Based and Analogue Based Simulators 

The flexibility and speed of a-microprocessor-based system allows the evaluation of 

more sophisticated control routines than would be possible with an analogue system of 

equal cost. In an analogue based system we are comitted to a certain technique for 

solution. Since rectifier firing angle controllers or load switching controllers must 

be purpose built , any attempt to compare different control policies will be complex 

and time consuming. Once the basic microcomputer software is written (for restart, 

interrupt, etc) the control function chosen is dependent on the ability of the program-

mer and the number of available inputs and outputs to and from the microcomputer. 

The cost of a microcomputer based simulator is expected to be less than that of an 

analogue system with equal capability assuming a moderate level of control policy sophi-

stication. 

3 .3 Objectives 

As the author joined the power system section a case was put forware to Science Research 

Council Grants for the support of a major project on the application of microprocessors 

in power system simulation. In this proposal a suitably interconnected set of micropro-

cessors would be performing tasks that currently require large uniprocessors capable of 

executing millions of instructions per second. This modular approach (Figure 3 .1) will 

ease incremental expandibility, and maintenance. On the whole three objectives were seen: 

Stage One : To examine and determine the capability of a single microprocessor and 

associated memory to simulate in real time a single generating plant or load. 

t 

Stage Two : To determine the simulator architecture and software structure appropriate 

to the parallel interconnection of microprocessors for power system studies, including 

the interraction between generators and loads through the transmission network. 

Stage Three : To design, construct and evaluate a flexible expandable multimachine 

power system simulator. 

As will subsequently be shown in this thesis, the author's objectives have been con-

centrated on the first stage. 

3 .4 Choice of Microprocessor 

Clearly the major multiprocessor simulation had to be carried out by a microcomputer 
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system of at least 16 bits data handling capability (for faster and greater accuracy of 

arithmatic operations) but, as the approval of Science Research Council on an expensive 

project like this normally takes a long time, it was decided in June 1979 to purchase 

an inexpensive 8 bit machine and commence the modelling of generators and associated 

governor and turbine simulation. The author had already undertaken his MSc project using 

a Motorola 6800 microprocessors kit (an 8 bit machine). This involved becoming familiar 

with the arrangement of a Motorola MEKD2 microprocessors development kit , based on the 

MC6800, so this machine was choosen for the job. 

Other contributing factors were : 

1) Imperial College Computing Centre has various supportive services for micropro-

cessors users, including a MC6800 Cross Assembler, which facilitates the writing 

of long instruction set programs. 

2) There are numerous experienced people working on the MC6800 family with whom 

to co-operate. 

3) As will be discussed later, the arrangements of the peripheral interface adap-

tors as memory locations promised to be a more convenient I /O provision than 

in some of the competing families. 

4) Different Components could be readily supplied by local vendors. 

(15) 
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CHAPTER 4 

4 .1 Motorola MEK 6800D2 Evaluation Kit II 

This chapter provides a general description of the Motorola evaluation Kit, the 

operating instructions and of some system expansion techniques to meet the needs of 

this project. 

The Motorola MEK 6800 D2 Kit microcomputer system (hereafter referred to as MEK/D2), 

when assembled, is a fully functional microcomputer system based on the MC 6800 Micro-

processing unit (MPU) and its family of associated memory and I /O devices. It features 

a hexadecimal keyboard for data and command entry the MEK/D2 provides an audio cas-

sette I /O data transfer capability. Figure 4 .1 presents a functional block diagram of 

the basic system. 

The integral Keyboard/Display Module can be used in conjunction with the JBUG monitor 

program for entering and debugging user programs. 

This kit consists of two separate boards : 

(i) The Keyboard, Display and Audio Cassette module. 

( ii ) Memory and Microcomputer module. 

The Memory and Microcomputer module includes the following devices ; 

Quantity Device 

1 

1 

3 

2 

1 

1 

MC 6800 MPU 

ROM with JBUG Monitor 

RAM ( 128*8 ) 

Peripheral Interface Adapter (PIA) 

Asynchronous Communication 

Interface Adapter (ACIA) 

Clock Generator 

(17) 
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M I C R O C O M P U T E R M O D U L E 

JBUC3 
R O M 

MCMG830 

MPU 
MCGBOO 

User 
P R O M O 

User 
P R O M 1 

J B U G 
f i a m 
128 

Bytes 

2 to 4 
128 

Byte 
User 
HA Ms 

m c m g 8 1 0 

Keyboard ^ 
a c i a 

m c g 8 5 0 

K E Y B O A R D ANO D I S P L A Y M O D U L E 

1 

Kansas City 
Standard 
M O D E M 

Logic 

Oisplav 

•J 1—f 
Keyboard 
Array and 

Display Logic 

Figure: 4.1 Block Diagram of Basic System 
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selecting a particular PIA. Two addressing Inputs, RSO, and RSI, are used in conjunction 

with c control bit within the PIA for selecting specific registers in the PIA. The MPU 

can read or write into the PIA's internal registers by addressing the PIA via the system 

Address Bus using these five input lines and the R/iV signal. From the MPU's point of 

view, each PIA is simply four memory locations that are treated in the same manner as 

any other read/write memory. 

The MPU also provides a timing signal to the PIA via the Enable input. The Enable(E) 

pulse is used to condition the PIA's internal interrupt control circuitry and for the 

timing of peripheral control signals. Since all data transfers take place during the 

02 portion of the clock cycle, the Enable pulse is normally 02. 

The "Peripheral side " of the PIA includes two eight-bit bi-directional data buses 

(PA0-PA7and PB0-PB7), and four interrupt/control lines, CA1, CA2, CB1, and CB2. All of 

the lines on the " peripheral Side " of the PIA are compatible with standard TTL logic. 

In addition, all lines serving as outputs on the "B " side of each PIA (PB0-PB7, CB1, CB2) 

will supply up to one milliamp of drive current at 1 .5 volts. 

C= - X 

IRQ A 
IRQB 

DB0-DB7 

RSO 
RS1 
CSO 
CS1 
B32 

Peripheral 
Interface 
Adapter 
(PIA) 

ft/W 

ENABLE 

liES 

urr 
CA2 

PA0-PA7 

PB0-PB7 
C B 2 

CB1 

C 

c 

Figure: 4 . 2 PIA I /O diagram 

4 . 3 . 2 Internal Organization 

An expanded Block Diagram of the PIA is shown in Figure 4 . 3 . Internally, the PIA is 
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divided into two symmetrical independent register configurations. Each half has three 

main features : an Output Register, a Control Register and a Data Direction Register. 

It is these registers that the MPU treats as memory locations, i . e . they can be either 

read from or written into. The Output and Data Direction Registers on each side repre-

sent a single memory location to the MPU. Selection between them is internal to the 

PIA and is determined by a bit in their Control Register. 

The Data Direction Register (DDR) are used to establish each individual peripheral 

I R Q A 38--*-

DO 33 

01 32 

0 2 31 

0 3 30 

D4 29 

D5 28 

D6 27 

0 7 26 

•e—r-

^ ^ Data B u t 
B u f f e r ! 
( O S B ) 

V c c - Pin 20 
V s s - Pin 1 

CSO 22 

CS1 24 

CS2 23 

RSO 36 

R S I 3a 

R/W 21 

Enable 2fi 

fVotet 34 

IRQU 37 

V 

Bui Input 
Remittor 

IB IR) ' 

• • 

Chip 
Select 

a n d 
R/W 

Control u 

Chip 
Select 

a n d 
R/W 

Control 

— — 

Cnritroi 
Rcgntt-r A 
ICRAI 

Output Bui 

Output 
Rtgutor A 

(OR A) 

N O'.'lMit 
p.vj ...c e 

lOt' I l l 

N 

U 

• 4 ) 

1/ 
Control 

Hiv,t'l"» B 
icnoi 

~T 

Interrupt Statui 
Control A 

Data Direction 
Rcgiiter A 
( D O R A ) 

7 

Peripheral 
Interlace 

A 

Peripheral 
Interface 

0 

4 0 C A 1 

an CA2 

e- 2 P AO 
— t - 3 PA 1 

4 PA2 
5 r r 3 
ti PAi 

R — • 
T OA5 

R — • 
3 r* AC 
0 PA 7 

<t —i 

10 PiJO 

11 PB1 

12 pes 
13 1*1*3 
14 r»4 
16 PCS 

• 16 rnc 
• 17 P3 / ' 

Date Direction 
Rwguter B 
I O D R 0 ) 

Interrupt Statut 
Control B 

18 Ct? 1 

JO CB2 

Figure 4 . 3 : PIA Block Diagram 

bus line as either an input or an output. This is accomplished by having the MPU write 

"ones "or Mzeros" into the eight bit positions of the DDR. Zeros or ones cause the cor-
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responding peripheral data lines to function as inputs or outputs, respectively. 

The Output Register, ORA and ORB, when addressed, store the data present on the MPU 

Data Bus during an MPU write operation. As used here, an "MPU Write" operation refers 

to the execution of the "Store" instruction, i . e . , writing into Output Register A is 

equivalent to execution of STA(A) PIA OR(A) by the MPU. Similarly, an "MPU Read" 

operation is equivalent to execution of the "Load" instruction : LDA (A) PIA OR(A). 

This data will also appear on those peripheral lines that have been programmed as input, 

the corresponding bit position of the Output Register can still be written into by the 

external signal applied on that peripheral data line. 

During an MPU Read operation, the data present on peripheral lines programmed as 

inputs is transferred directly to the system Data Bus. Due to differing circuitry, 

the results of reading positions programmed as outputs differ slightly between sides 

A and B of the PIA. On the B side, there is three state buffering between Output Register 

B and the peripheral lines such that the MPU will read the current contents of ORB for 

those bit positions programmed as outputs. During an MPU Read of the A side, the data 

present on the Peripheral lines will effect the MPU Data Bus regardless of whether 

the lines are programmed as outputs or inputs, for this reason A side was taken as inputs. 

The bit positions in ORA designated as outputs will be read correctlty only i f the exter-

nal loading on the Peripheral lines is within the specification for one TTL load. That 

is , a logic one level could be read as a logic zero i f excessive loading reduced the 

voltage below 2 . 0 volts. 

The two Control Registers, CRA and CRB, allow the MPU to establish and control the 

operating modes of the peripheral control lines, CA1, CA2, and CB2. It is by means of 

these four lines that control information is passed back and forth between the MPU 

and peripheral devices. The control work format and a summary of its features is shown 

in Figure 4 . 4 . 

The Data Directions Register access bit (b2 =DDR Access) is used in conjunction with 

the register select lines to select between internal registers. For a given register 

select combination, the status of the DDR bit determines whether the Data Directions 

Register (b2 of DDR=0) or the Output Register (b2 of DDR=±) is addressed by the MPU. 

Each Control Register has two interrupt request flags, b7=IRQA (B) and b6=IRQA(B@); 

they are set by transitions on the CAl(CBl) and CA2(CB2) control lines and can be read 

by an MPU read Control Register Operation. The status of the interrupt flags can not 

be altered by an MPU write instruction, that is , IRQA(B)1 and IRQA(B)2 are Read only 

with respect to the MPU. They are indirectly reset to zero each time the MPU reads the 
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corresponding Output Register or can be cleared with hardware Reset. 

In our applications by b0=0, we disable IRQA (B) MPU Interrupt by any active transi-

tions on CAl(CBl), so we wouldn't need to consider bl . 

When b5=0, b3 and b4 of the Control Register perform similarly to bO and bl , control-

ling the IRQA (B)2 interrupt via the CA2(CB2) input. The IRQA(B) interrupt terminal, when 

enabled, responds to either IRQA(B)1 or IRQA(B)2. 

I f b5=l, CA2(CB2) acts as an output and will function in one of three modes. I f b4 

is also equal to one, CA2(CB2) serves as a program controlled set/reset output to the 

peripheral and follows b3 as it is changed by MPU Write Control Register operations. I f 

b4=0 when b5=l, CA2(CB2) can be used in either a pulse strobed or handshake mode (used 

in our applications). Operation of the two sections differ slightly for these two low 

by the negative transition of the MPU Enable Pulse following an MPU Read Output Register 

operation and returns high when IRQA1 is next set by CA1. This, in effect, tells the 

peripheral it has been read and allows it to acknowledge via CA1. The "B" Side operation 

is similar except that CB2 is taken low following an MPU Write Output Register operation 

and returned high by the next CB1 transition; this tells the peripheral it has been 

written into and allows it to respond via CB1. 

In the pulse-strobed mode which will be used here, i . e . b3=l, CA2 is again set low 

by a Read Output Register command, but is now returned high by the negative transition of 

the next MPU originated Enable Pulse. CB2 operation is similar except that an MPU Write 

Operation initiates the pulse. 
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4.5.5 Addressing PIA 
As indicated in section 4.3.1, the MPU addresses the PIA via the five chip select and 

register select inputs and bit 2 of the Control Registers. The correspond between internal 
registers and the address inputs is shown in Figure 4.5. 

CS2 CS1 cso RSI RS2 b2 

0 1 1 0 0 0 Data Direction Register A 
0 1 1 0 0 1 Output Register A 
0 1 1 0 1 X Control Register A 
0 1 1 0 0 Data Direction Register B 
0 1 1 1 0 1 Output Register B 
0 1 1 1 1 X Control Register B 
X X 0 X X X PIA Not Selected 
X 0 X X X X PIA Not Selected 
1 X X X X X PIA Not Selected 

X = Doesn't Matter 

Figure 4.5 : PIA Register Addressing 

Addressing a PIA can be illustrated in conjunction with the system configuration shown 
in Figure 4.6. The method shown is typical for assigning mutually exclusive memory addres-
ses to the family device without using additional address decode logic. The connections 
shown in Figure 4.6 assign memory addresses as follows : 

RAM 0000-007F 
PIA 4004-4007 
ACIA 4008-4009 
ROM C000-C3FF (HEXA-DECIMAL NOTATION) 

But the address assignment in MEK/D2 kit is slightly different to above, in this kit an 
address decoder is used with inputs A13, A14, A15, 7MA and outputs of PROMT, 475", 2/3, RAM, 
ROM, PROMO, STACK, I70 which produce difforertt limpings of; 

RAM 0000 - 01FF 
PIA 8004 - 8007 User's PIA supplied in kit 

ACIA 8008 - 8009 
ROM E000 - E3FF 

f» 
in 
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in this particular PIA, TJO logic is connected to CS2 pin making PIA's location in the 
region of (8000J6 and by applying logic 1 to CSO and connecting A2 to CS1, Al to RSI, 
AO to RSO. Here it was essential to add an extra PIA (see later) which could have been 
placed in any empty space in the memory map. Addresses 8010-8013 were chosen, making the 
wire wrapping similar to the above connections with only one alteration and that is 
necting A4 to CS1. _ 

" f t 

con-

Figure 4.6 : Family Addressing 
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CHAPTER 5 

DIGITAL SIMULATION 

5.1 Hardware 

This chapter is divided into three sections; (1) Memory expansion, (2) PIA, Sample § 
Hold and Multiplexer board, (3) Circuitry to drive the meters. 

The basic MEK/D2 Microcomputer Module provides for a maximum of 512 bytes of on-board 
static RAM, Figure 5.1 presents the Bus Peripheral Allocation Map for the basic MEK/D2 
system. The decoder output terms which enable the first three 8K blocks of memory beginning 
with address zero, are RAM, 2/3 and 4/5. 

Address Ranges 
JBUG ROM E000-e3FF 

User PROM C000-C3FF 

JBUG Stack/RAM A000-A07F 

Keyboard Module PIA 8020-8023 

Keyboard Module ACIA 8008-8009 
User PIA 8004-8007 

User PROM 6000-7FFF 
User RAM 4000-5FFF 
User RAM 2000-3FFF 

User Static RAM 0000-01FF 

Figure 5.1 

Fi gure 5.1 

The key integrated circuit for generating system bus chip-select or enabling signals 
in the MEK/D2 is the high-order address decoder Ull a 2-line to 4-line decoder/Multiplexer. 
This logic element decodes three most-significant bits, A15, A13, of the address bus in 
accordance with the following truth table. 
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f A15 
1 

A14 A13 Bus Enable 
Term Comments 

• o 
i 

0 0 RAM =0 Enables 512 byte array On- Board 

0 0 1 2/3 = 0 Enables 8K range of user stack 
0 1 0 4/5 = 0 Enables 8K range of user stack 

0 1 1 PROM 1 = 0 Enables user PROM located at 6000 

1 0 0 1/0 =0 Enables ACIA located at (8008) 

1 0 1 STACK = 0 Enables 128 byte RAM used by JBUG 

1 1 0 PROM = 0 Enables user PROM located at C000 

1 1 1 ROM = 0 Enables JBUG ROM located at E000 j 

This scheme divides the 64K addressing range of the MPU into 8K blocks. The 512 byte 
static RAM array is placed in the bottom 8K range, the next two 8K blocks are reserved 
for expansion RAM, the fourth contains a user PROM,etc. 

Expansion for additional memory is accomplished by providing address and data bus 
buffers as well as some Off-Board control logic. Figure 5.2 presents a functional block 
diagram summary of the supplemental logic necessary to support Off-Board memory expansion. 
Shaded blocks represent logic available with the basic MEK/D2 system. 

The static RAM's used here require up to 250 ns of data hold following chip deselect. 
The 10 ns data hold specified for the MC6800 MPU is in-sufficient to meet this requirement. 
The data bus enable (DBE) stretch network shown must be added if this type of RAM is 
utilized in the Off-Board expansion array. The Memory Control Handshake Logic provides 
control and timing signals between logic resident on Off-Board memory systems and the 
MPU clock module. Data transceivers. With a control logic block, are required to buffer 
bidirectional data to the Off-Board memory array as shown. The block labled " Array Select 
Decoder " represents logic for converting high-order address decode signals to Memory-
Block enabling signals. These activate either the On-Board or Off-Board array within the 
appropriate addressing range of a memory reference instruction. 
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Figure: 5.2 

Before giving an explairmtion of the PIA, Sample S Hold and Multiplexer it is essential 
to outline briefly the hardware objectives. The essential features of a simulator would be 
to have the minimum facilities shown in Figure 5.3, i.e. an input representing a changing 
daily load pattern that is continuously variable, over a range derived from a tape recorder, 
provision for a base load and, to meet these loads, two variable generators with different 
displays, controls, characteristics and start-up delays. Also a unit cost would be allo-
cated to each generator to represent the cost per MW at full load. 
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3000 MW 

Variable Load 
stored on 
tape 

Figure: 5.3 

Thus it is essential to have four output signals to drive four different meters, these 
are; current values of generation on generators No:l and 2, system frequency, which would 
be plotted on an X-Y plotter, and finally the total cost, which would be shown on a sepa-
rate meter. 

Also on the other hand three different inputs are needed these are; required generation 
targets for generators No:l and 2, the daily load requirement which is to be met. 

But as previously mentioned the standard MEK/D2 kit supplies only one PIA for user 
application which could only handle one input and one output at a time. So strategy had 
to be devised to expand the input/output capability of kit to the above requirement. 
A number of different alternatives were considered but the one which was thought to be 
more economical is as follows; Figure 5.4 gives a general view of the set up and Figure 
5.5 presents in more detail the connections for the Sample and Hold unit. Hold step, ac-
quisition time and droop rate are the major consideration in the selection of a hold 
capacitor value. Also dielectrics with very low hysteresis are polystyrene and polypro-
pylene. A 0.22 pF polypropylene capacitor was considered adequate which gives a hold step 
of 0.05 m V, an acquisition time of about 300jl S and a droop rate of about 3xl0~4 V/S : 
for further information refer to R.S. Data Sheet 307-086 . Offset adjustments have also 
been accounted for. Figure 5.B clearly shows that at each time one of the four Sample arid 
Holds is chosen to Sample while the rest are in Hold state. 

For the input expansion a C-M0S Analog Multiplexer MPC8S was used which is a single-
ended monolithic 8 channel analogue multiplexer which features self-contained binary chan-
nel address decoding : see Figure 5.6. 
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Figure: 5.4 Input/Output Expansion 
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OUT 8 9 — IN8 
Truth Table MPC8S Pin Diagram 
Figure: 5.6 

with what has been said in section 4-.3.2 about addressing a PIA, Figure 5.5 completes the 
pin connections required for this additional PIA to be addressed at 8010-8013. 

The circuitry to drive the meters is straight-forward : Figure 5.7. One of the require-
ments was to be able to record a typical daily load curve on a tape recorder so that it 
could replayed to observe system frequency behaviour. The tape recorder used here records 
a-c. signals of about 2 mV peak to peak as a limit. So a.c. variations are recorded, while 
this signal is being rectified by unit 3 to get a proportional d.c. signal to drive the 
pointer on an X-Y plotter to follow a daily load curve. With the recorder on replay and 
the switch SI on EAR terminal of the recorder it is possible for the total load informatio 
to be fed into microprocessor at unit 6 and also to drive a meter. X-axis drive is pro-
duced by unit 8 producing a variable time scale on the plotter. These are assembled on MB 
Board. 

Circuitry on G1 and G2 board, Figure 5.8, drives the meters for two generators on mome 
tary action of the push-button switch, unit 3 displays the target generation required. On 
release of this switch, units 2 and 5 will provide this information of the microprocessor, 
the related subroutine will respond with a delay equivalent to power station operators and 
this response is then displayed on the meter by unit 1. All the connecting points are num-
bered on these boards. 
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CHAPTER 6 

SOFTWARE AND PROGRAM DESCRIPTION 
6.1 Introduction 

Most segments of program are essential to the proper operation of the microcomputer 
hardware. A cross assembly of these segments is to be found in Appendix B. This chapter 
explains the need for these programs and offers supplementary information to that contained 
in program comment statements. 

The program can be divided into a number of segments such as; Initialisation of PIAs 
and other working registers, generator response to the demands made by the operator, simu-
lation of system inertia and in respect of two sets of 500 MW and 120 MW, the cost clacu-
lation of their operation and finally instructions to read and display (input/output). 
But before going into program description it is essential to describe some points about 
the method chosen for integration, a first order log and finally the reference level chosen 
through out this program. 

6.2 Integration 

The Motorola M6800 used here is an eight bit machine so the data information can vary 
from (00)16 = 0 up to (FF)j6 = 255 • Therefore the author has chosen (80)16 = 128 as the 
reference frequency 50 HZ with upper frequencies represented by numbers greater than 
(80) 16 and vice versa, which lead to the reference level through-out the system being 
(80)16 at steady state. 

The input/output voltages of A/D and D/A are set to (0-4)volts, so it is essential to 
allow for numbers either to add up or to subtract downwards. Now at steady state the intput 
to the integrator is (80)16 that is about 2V at A/D, the integration process could simply 
be shown by an example as follows j Supposing a voltage greater than the reference voltage 
is to be applied as a Step input say (0O)J6 which is step of (10)16 with respect to refe-
rence level, so a fraction of this difference is added on to a register, (or subtracted 
if it is a voltage lower, say (70)ir), see Figure 6.1. i 
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As shown on Figure 6.1 the fraction of difference in input voltage whether higher or lower 
than reference voltage is added or subtracted from the output of the register after a cer-
tain period of delay time. Now it can be appreciated that the time constant of any integra-
tion is determined by the proportion of these two values. 

Similarly to perform a first order lag in the S plane the routine is the same as 
the one for integration with a difference that here the present output is compared with 
the target value to be met as shown in Figure 6.2. 

80 

90 
Compare 
With 
Present 
Output 

90 
Register ifiiQrJ 

Figure; 6.2 

6.3 Program Structure 

Figure 6.3 offers a general view of an appropriate software structure. The full listing 
of the final program in assembly language is listed in Appendix B. As shown in Figure 6.3 
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the program will consist of generating plant supplying a load such that any generation 
surplus or deficit causes the system frequency to rise or fall respectively. The genera-
tion model consists of two conventional plants of 500 and 120 MW (i.e. plant l=oil reheat 
with 6% droop characteristic, plant 2=oil non-reheat with 12% droop characteristic) plus 
base load plant. The variable load recorded on the cassette tape will be played back and 
required generation would be met by the operator. 

6.4 The Initialization Routine 

The program lines from 01010 to 01230 inclusive establishes, the desired I/O configu-
ration and Control Register modes as part of an initialization sequence. Figure 6.4 sum-
mer i zed the use of two PIAs, as shown Peripheral Lines PA0-PA7(A Side) of PIA No:l are 
assigned to "read" Analog to Digital Converter, where as three of B side Peripheral Lines 
PB0=A0, PB1»A1, PB2=A2 are used as outputs to address a certain input at multiplexer, hence, 
A and B sides of PIA No:l must be established as inputs and outputs respectively. 

Also Peripheral Lines PB0-PB7 (B Side) of PIA No:2 are assigned to "write" to Digital-
Analog converter, and four of "A" side Peripheral Lines PA0=Sample 1(Frequency), PAl=Sample 
2 (Generator No:l 500MW), PA2=Sample 3(Generator No:2 120MW) and finally PA3=Sample 4 
(Total Cost) are used as outputs to enable a certain Sample and Hold unit, hence, A5B sides 
of PIA No:2 must be established as outputs. 

As there is no assurance that the PIA internal register bit positions are initially 
zero prior to initialization, the sequence from program line 01010 to 01230 should be used, 
refering to section 4.3.2. by clearing the control register at (8005) ̂  the data direction 
register is called at (8004)^ address which then can be cleared to make all peripheral 
lines as inputs on "A" side, the constant 2C=0010 1100 loaded into the A side Control 
Register by instruction 01030 has the following effect: b0=0 disables any interrupt' IRQA 
so bl would be in a "don't cafe " situation, b2=l selects Output Register A side (which 
wore established as inputs); b3«l, b(S*l selects CA2 as output and as a read strobe with 
E restore, b6 and b7 are "don't care" since MPU can not write into those two positions: 

b7 b6 b5 b4 b3 b2 bl bO 
0 0 1 0 1 1 0 0 = 2C Hex 

Instructions 01060-01070 write "ones" into the B Data Direction Register, thus estab-
lishing PB0-PB7 as outputs, The constant loaded into the B side of Control Register by 
instruction (01080) has the following effect; b0=0 disables any IRQB so bl is don't care; 
b2=l selects Output Register B side; b3,b4,b5,b6,b7 are don't care. 

b7 b6 b5 b4 b3 b2 bl bO 
0 0 0 0 0 0 0 0 = 04 
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Instructions 01130 to 01230 are for PIA No:2 in a simular manner the reason that a 
read strobe with E restore was chosen is to obtain pulses at CA2 or CB2 as a means by 
which program cycles are "Timed", that is whenever it is written into register 8012 a 
single pulse is generated and hence a measure of time is acheived by counting these pulses. 

Figure: 6.4 

6.5 Generator Units 

The program lines from 01270 to 02280 inclusive reads, the desired generation required 
on 500 MW set i.e. lines (01260-01460) then as in real life but four times faster response 
is made at (01480-02000) and finally the output is displayed by C02000-02280). 

Instructions 01280-01290 choosb input No:2 (Generator No:l) of the multiplexer unit 
but always rending or writing into A/0 and D/A respectively. These converters used here 
take about O.SraS for conversion hence instructions at lines 01270, 01300 and 01310 are to 
produce such delay. Instruction at line 01330 reads the target generation. In writing 
or reading to the Output Register of a PIA, the already available information on this 
register is always written or read into/from peripherals, therefore to avoid any mixture 
of information, they are to be written or read twice throughout the program. 

Load and deload rate for this 500MW set is assumed to be, say, 100MW per 40 seconds, 
that is 10MW per second for a four times faster simulation. As shown on lines, 00280 to 
00310, four addresses are used as working registers: target generation, generator response, 
previous output and a scratch register respectively. A flow chart of this program is pre-

r 
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sented by Figure 6.5. 

To provide a generation of 10 MW per second it is necessary to 'time*the program cycle, 
and its measured value will vary from 13.6ms (one generator in use) up to 16ms (where both 
generators are in use). For further details on timing, please refer to Appendix C. 

As previously mentioned data numbers vary from (00) ĵ to (FF).̂  in Hex so total genera-
tion was taken to be (FF)^ in Hexadecimal equal to 256 and was divided proportionally to 
represent 500MW and 120MW that is about (D0)^ and (30)^ in Hexadecimal respectively. 

So to make up for appropriate time constant of generator response (10MW/S=(04)^/S), 
a fraction of input (here 1/16) is added or subtracted to or from present output. But this 
is after a delay time which is calculated as follows : 

(04)jg/S is equivalent to 60mV/S = 0.06V/S 
(as 4xl5mV= 60mV) 
Now say; 
input a (x)16

 t h e n output =0.06 (X)16/S 

taking (1/16) of input at a time 
output = 0.06 * 16 ((X)16/16)/S 

= 0.96 ( (X)16/16)/S 

Considering that each program cycle takes 16 ms means software program completes 63 cycles 
per second, so to have above rate of response; it is divided by 0.96. 
resulting a delay number of 66= (0042) (Lines 01640 and 01870). 

Lines from 02030 up to 02290 will display generator's response oh the meter. Address 
007D is used as a register to store the up to date valUe Of generator response and that 
is to be displayed as shown in lino number 02O3O. Then in the following lines, it is 
written into the output register (with a delay required to write). At line number 02090 
the particular Sample and Hold is chosen here named by Sample and Hold No.2, by: 

f ^Sample 
(FD)16= 1 1 1 1 1 1 0 1 

b7 b6 b5 b4 b3 b2 bl bO 

it is bit (bl) which is low (i.e. Sample) and the other bits high (i.e. Hold). And as 
explained this should be written on the other side of the PIA i.e. address 8010. For 
this part of program we have used four different addresses from 007C to 007F each for a 
different data storage as follows; 
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007C Present value of Generator 1 response. 
007D Previous value of Generator 1 response. 
007E Scratch register to store incremental values. 
007F Target generation value to be reached demanded by operator. 

Line numbers from 02320 to 03350 are to simulate generator set No;2 (120MW) and it 
is similar to what was explained for Gen. No:l(500MW). The only differences are as follows; 

Line number 02330 chooses input for the second set, inside multiplexer by; 

(02)16= 0 0 0 0 0 0 1 0 address to choose 
b7 b6 b5 b4 b3 b2 bl bO Gen. No:2 

Similarly four addresses were used for data storage (from address 006C to 006F) as above. 
At line number 03150, Sample and Hold No:3 was chosen to sample by: 

(FB)16 = 1 1 1 1 1 0 1 1 
b7 b6 b5 b4 b3 b2 bl bO 

I 1 > Sample 
and finally if we take a slower load and deload rate for this set, say 5MW per second 
which then would require a delay constant of (041A) in Hexadecimal, as in this case the 
fraction taken is (1/2) so; 

output = 0.03 * 2 ( (X)16/2) 
i.e. 63/0.06 = 1050 = (o41A)16 (Lines 2690 and 2920) 

A subroutine is introduced at next line (o3380), this is to allow synchronization 
of new generators at different time of simulation a simple flow chart is represented in 
Figure 6.5. To verify between "On" and "Off" states of a generator, it is to load yoltage 
of 3.98 volts which is equivalent to (FF)16 in Hexadecimal and zero volts that is (00)16 
to the Analogue/Digital converter via multiplexor respectively. Hence lines 10210 and 
10330 are to load the state of generator No:l at fourth input, also Unes 10490 and 
10610 are to load the state of generator No:2 at the fifth input terminal of multiplexer. 
Note "On" and "Off" states are verified by two switches, refer to Figure 5.4. 

This generation should meet the total daily load curve replayed from a cassette tape 
recorder, which is read by the instructions between lines 03450-03630 inclusive. Instruc-
tions at line 03460 chooses the particular load input in multiplexer, by; 
(oo) 16 = 0 0 0 0 0 0 0 0 

b7 b6 b5 b4 b3 b2 bl bO 
Address to choose load input on Multiplexer 
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Instructions between lines 03640-03760 finds the difference between the load and 
generation provided ( Total load is stored at address 0082 ) and a resultant input is 
produced with respect to the steady state level of (80) 

6,6 Simulation of System Inertia 

As was mentioned in Chapter 2, the inertia of the system is represented by an inte-
gration block where its input would be an error between the input to the system and the 
governor response. This error is stored at address 00F2. This is compared with a constant 
reference level of (80) in Hexadecimal at address 00F1 and finally the output of the in-
ertia block is stored at address 00F0 which is the frequency of the whole system ( address 
00F5 is used to store the incremental values during the integration process). This seg-
ment is completed between lines 03800-04220 and it's flow chart is represented by Figure 6.6 

Instructions at lines 03950 and 04140 present the delay constant which can be calcu-
lated as follows; At section 2.4 the inertia constant was chosen to be 4s, that is if a 
step error of 1MW in power was applied at the input then integration should take place 
at the rate of h MW/S and so for a four times faster simulation, a rate of 1MW/S is needed. 
This can become clearer with an example; say input error is (lO^^n Hexadecimal and so the 
fraction to increment would be: 

(10)16 x (M) = (04)16 
and if it is incremented after a delay of about 250 ms it would make up the rate of inte-
gration required, but the time taken for each cycle is already mentioned to be about 16ms 
(=63 cycles/S) therefore a constant delay number of about (0010) 6« 63/4 is needed, which 
was stored at addresses (0000)16 and (0001)j . 

To stop any overflow after incrementation, instructions at lines (04000-04030) and 
(04190-04210) are used* here output is compared with upper limit of (F0)16 and the lower 
limit of U°)16i so that if output value exceeds beyond those limits it would be made 
equal to its appropriate limit. 

To match this digital model with its analogue, a negative sign is taken care of by 
instructions 03990 § 04180, i,e. addition of fractions to the output instead of their 
subtractions and vice versa, hence an integration with negative sign was produced. 

Instructions from line 04250 to 04520 are to plot the frequency of the system. If 
for any reason excessive frequency deviation is observed, then action is taken to initia-
lise and reorder the system so to restart the procedure all over again. This is accom-
plished by introducing a subroutine at line 04250. Finally before moving to the next 
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segment as was explained, (FF)^ Hexadecimal chooses Sample and Hold No:l to display 
frequency; 

(FE) = 1 1 1 1 1 1 1 0 16 
Sample 

6.7 500 Mltf Set : 

A few chart of this segment is represented on Figure 6.8 where Figure 6.7 clarifies 
registers used to store different states. 

Instructions from lines 04560 to 04590 examines the operators demand and if the set 
is not used microprocessor will jump to the next set. To make the system more realistic 
a sleeve limiter routine is added, as in lines (04720-04740) and (04650-04670). 

The Droop characteristic was taken to be 6%, which means a gain of about 16. Therefore 
maximum frequency error ( Sleeve limit) before multiplication by 16 or (l0)-^ in Hexadeci-
mal, is (07).,; 

lo 
i.e. (07)16 x (10)16 = (70)16 

• this is then to be added or subtracted from gear setting C which is (80) 6̂ at steady state. 
Moreover in order to match digital and analogue simulation, instructions at lines (04860-
04940) are included to take care of a negative sign in every first order lag response. Also 
the position limit will represent limits of fully open and fully closed valves. These are 
included at lines (05120-05140) and (05290-05310) where the lower limit of (08) represents 
valve position fully open and upper limit of (F8)i6fully closed. 

6.7.1 Governor Model 

An appropriate delay constant can be found as follows; Refering to Section 2.4 the 
time constant of this segment of program is 0.4 s . For; 

J 

1+0.4S 
the first order lag response would start at a rate of 2.5 V/S to a step input of IV. 
Whatever the input at any instant of time, fraction of fe) is taken and therefore; 

2.5 * (X)16 /S * 5* (X)16/2/S 
hence required delay number would be equal to 63/5 = (000C)j6 which is stored at addresses 
of 0002, 0003 . 

6.7.2 High Pressure Stage Model 

Since operations of blocks3,4 and 5 are similar, therefore in order to save memory 
locations in RAM the program is written in a way that only different registers have to 
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Figure 6.8 : Governor and Turbine 
For signals A, B,C ,L>,E,H See Figure 6.7 
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be used in repeating the same instructions. This register change is satisfied by lines 
(05360-05550) which include three subroutines. 

The delay time constant could be found in a similar manner to the previous segment. 
Refering to Section 2.4, the time constant for this high pressure stage of turbine was 
chosen to be 0.8, i.e. twice as big as that for governor, but on the other hand step 
input fraction is (%) (Line numbers 05000-05010 and 05160-05170) therefore the delay 
number would be the same as previous stage (000C)^. 

6.7.3. Low Pressure Stage Model 
Instruction lines from 05560 to 05940, would change registers in order to go back, 

using the same instructions to simulate the low pressure stage. As only 75% of the steam 
goes to the reheater, hence the multiplications represented by lines (05640-05660 and 
05730-05750). Throughout this program the steady state level was considered as being 
(80)^ in Hexadecimal so as to compare any level of output with this value, for instance, 
if the output of the high pressure stage was (90) 16 (Stored at address (OOFE)^) then to 
find the input for the low pressure stage of turbine would have to fine, 75% of difference 
between this (90)16 and the steady state value of (80)16 which is (10)16, and not the 
(90)16 itself. 

Refering to section 2.4, the time constant for this low pressure stage was chosen 
to be perhaps the exaggerated figure of 12s. Now for 

1 
1+12 S 

if an input of IV is applied then output would start to rise with a rate of 0.833 V/S. 
Now whatever the input, fraction of (1/8) of input is taken every time as an increment, 
therefore; 

0.0833 (X)16/S 0.67 (X)16/8/S 
so Delay Number « 63/0.67 « (005E)16 
which is stored at addresses (0006)16 and (0007) 
After a similar register change routine by three subroutines (lines from 05800 to 05850), 
first order lag response is repeated for the low pressure stage. 

Instructions from line 05950 to 06390 would make the last summation to find governor 
response of this particular set before it is fed-back. These instructions also include ini-
tialisation of all registers before going to next set. 
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6.8 120MW Set Simulation 

Similar instructions were used to simulate this set. The corresponding addresses from 
(OOEO)^ to (OOEF)^ were used to store data with respect to addresses of (OOFO)^ to 
(OOFE)^ which were used for the 500MW set. On this set the droop characteristic was 
chosen to be 12%, hence the droop subroutine will be a multiplication by 8 and consequent-
ly a different limit on sleeve limiter of C0F) j6 at lines 06530 and 06600. 

Refering to Section 2.4, comparing time constants of this set with those of 500MW 
set would result in a proportional set of delay constants being; (OOOC)^, (0006)^, 
(0003)for its governor, high and low pressure stage of turbine respectively. Note that 
the invertia block was taken to be common for both of these two sets. The above simulation 
is represented from line 06430 to 08270. 

6.9 Total Governor Response 

A subroutine was introduced at line 08310 which is to verify whether more than one 
generator is in use, and if so to find the avarage governor response from those sets. 
A flow chart of this segment is represented on Figure 6.9. Again as was mentioned in 

in Hexa-Section 6.7.3, all the states are to be compared with the steady state, (80)^ 
decimal, so to average these two responses, the differences with respect.to (8( 
averaged. 

6.10 Error Signal (Feedback) 

Having computed the governor response (Feedback signal) and the input to this system, 
the error signal can be found. 

Instructions from line 08550 to 08920 are to find this error. A flow chart of this 
segment is represented on Figure 6.10, Programming could be made easier by direct intui-
tion into the response wave forms as it follows; 

Refering to Figure 6.7, for example 
if at point "L" we apply step input of (10) "" (90) -jg 

then response at point "K" would be 

and hence at point "M" response would be; 

(90) 

< 8 0 ) - - ~ 

(80) 
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(80)16 - L = d? L ~ (8°)l6 = D 2 

B1 + d2 Average = • • p — - = A Average= + « A 

l . 
Total Governor Reap, 

= (80)16 - A 
Total Governor Reo, 

= (80)16 + A 

Continue 

Figure 6.9 : Total Governor Response 
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Total Governor Resp. =G 

Input to the System =1 

Difference = D1 
i 

G -(80)16 = D4 

Figure: 6.10 Error Signal Calculation 
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On the other hand if a negative step input was applied, (80 J 

(70) 
then response at point "K" would be similar to : 

(80 ) 

and also at point "M" similar to : 

(70) 

(80) 

(70) 

the point which could be made about this prediction is that whatever the situation, the 
Governor response and the system input, would be on the same side of the steady (80)-, 

16 
level i.e. they are either both lower or both higher, and this would simplify the flow 
chart in Figure 6.10, 

Also depending on error of governor response with respect to system input and regar-
ding whether they are greater or smaller than steady state value, will decide last sum-
mation or subtraction with respect to (80) . 

6.11 Cost 

Finally, in order to find the total cost of operation (lines from 08950 to 09040) 
the integrated output of each set is multiplied by a cost factor. Generator No:2 is 
taken to be five times more expensive than the first set. The generating cost can also 
be plotted by Sample and Hold number 4. (Instructions from line 09080 to 09330). 
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CHAPTER 7 
EVALUATION OF DIGITAL SIMULATOR 

7.1 General 

In this chapter the main display panel is illustrated and its facilities are ex-
plained. Procedures are described for recording a daily load curve by using a cassette 
tape recorder for scheduling generators to meet this load. Single and double generator 
system responses to a step load have been studied. Also frequency variations have been 
looked at as a fucntion of variables such as; governor set point, governor droop charac-
teristics, load variations and so on. Finally, an example of a simulation run is des-
cribed using a typical load schedule, and the frequency response and total generation 
cost is recorded. 

The parameters of each plant are pre-set via the keyboard before commencement of 
any simulation program run. This the plant parameters of the network detailed here 
together with certain characteristics can be produced to the users specific requirements 
for closer identification with the system concerned. The generating plant and load 
characteristics that can be preset by the user to simulate those of the system under 
study include: loading rates, governor droop, time constants, maximum/minimum limits. 

7.1.1 Generators 
Two steam turbine/generating units can be represented, each with its own displays, 

controls and characteristics. There is provision on the display panel for manually syn-
chronising and tripping the generators. A generator's power output can also be pre-set 
on this panel and the value is indicated on the main display. The rate at which a gene-
rator is loaded and deloaded by a turbine driver is automatically simulated. A unit cost 
is allocated to each generator to represent the cost per MW at full load, Figure 7.T 
illustrates a view of the panel. 
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Run 
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Play 
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"L" Load 

Frequency 

Figure: 7.1 Display Panel 

7.1.2 Variable Load 

A variable load is used to represent a changing load pattern. The load is continuously 
variable over its full range and is derived either manually or from a pre-recorded pattern, 

The simulator can be operated in various modes and used for many pruposes. Brief des-
criptions of some test # are given below as examples of possible applications, 

7.2 Recording a Daily Load Curve 
Daily load curves can have many different shapes. One example might be a sudden T.V. 

pick up at night following the ending of a popular program. A typical pattern is shown 
in Figure 7,2, In real life the jump might be as big as 150 MW in a short time, but con-
sidering the limitations in this digital simulator a more moderate jump is considered 
(see Figure 7.10 (a)). These load curves can be recorded on a magnetic cassette tape 
unit by switching the two switches on the panel to positions "Record" and "L,f, making 
appropriate scale settings on an X-Y plotter and then rocording the load curve already 
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drown on a graph paper. The knob on the right-hand side of the panel will move the pen 
vertically in proportion to the load estimate. The X-axis is set to move four times 
faster than real time. The start of any recording should be sychronised with the zero 
of the time axis (both at recording and replay of the load curve) "Reset". 

7.3 Generator Scheduling 

Simulator load scheduling forms have been devised on which different sets, can be 
scheduled to meet the estimated load see Figure 7.11. Some deliberate errors can be 
introduced in this load estimate so that unexpected immediate action will be required 
to be taken during operation. The adjustments to prior estimates can be written in boxes 
provided on the forms (encircled) for future comparisons of optimum frequency control 
and operating cost. 

7.4 Single Generator Response to Step Load 

During the initial phase of program development a single generating unit connected 
to a load model was represented. To test the validity of the program model, comparisons 
can be made with results obtained from analogue simulation, as discussed on Chapter 2. 
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Figure 7.3 : Single Generator Response to/\PL of &'/. 
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A position step load of 40MW was applied to a single set of 500MW when system was at 
steady state, for frequency response of this system refer to Figure 7.3. 

As shown there is an initial delay of about 0.3s after the step is applied and fre-
quency drops to about 47.3 Hz and settles to 49.2 Hz in about 1.7s, bearing in mind 
digital simulation is four times faster than real time. Now refering to analogue response 
on Figure 2.6; 

For a 40MW step load and 6% droop characteristic, 
(i) There is no delay. 
(ii) Frequency over-shoot drops down to about 49.3 Hz. 
(iii) Frequency settles to about 49.7 Hz 
(iv) Settling time is about 35s (Note that Analogue simulation was in real time, there-

fore this value should be divided by four before it is compared with the settling 
time of Digital simulation). 

Also theoretically it is possible to predict setting frequency of this response, 
there is a 6% governor droop and a change in load of 40MW which is 8% of the full load, 

therefore f = 0.08 * 0.06 = 0.0048 
which is : .0.0048 * 50 Hz= 0.24 \\z 

Now comparing this value with the one obtained by digital simulation yields that 
latter result is out by 0.56 Hz. Also comparing the two analogue and digital frequency 
responses it is evident that in digital simulation there is a far greater overshoot and 
a much smaller settling time and a more damped system. These inaccuracies are due to 
two major errors accuring in digital simulation. One is caused by the fact that number 
representation in an eight bit microprocessor is a great limitation causing quantisation 
error and secondly errors created during the integration process at a number of stages 
in the program. Since these errors are common in the following paragraphs as Well, 
therefore for more elaborate explanation on these, pleaso refer to Section 7.10. 

7.5 Two-Generator Response to a Step Load 
Further to above step input test n similar test was carried out with two gonerators 

connected to an infinite bus-bar and a step load increase of 40MW was applied, Figure 7.4 
illustrates the consequent frequency response which can be compared with the case of 
single generator response of Figure 7.3. 

As shown there is an initial delay of about 0.5s after the step is applied and fre-
quency drops to about 47.3 Hz and settles to 49.2 Hz in about 2.8s (Note simulation time 
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is four times faster than real time). 

But according to theoretical results settling frequency for this system would be 
calculated as follows ; 

For a combinational droop characteristic of 6.8% and a load change of 40MW or 6.4% 
of the full load, 

Initially system was at steady state, 

500MW 
Running at 230MW 

120MW 
Running at 80MW 

Load 
MW 

APt = 40MW (=6.4/ of full L load) 
pT = 31 orrw 

APL = 40MW 

Frequency 

(Hz) . 

Figure 7.4 : Two Generator response to APL of 6.4/ 
then f = 0.064 * 0.068 = 0.0044 
which is 0.0044 * 50Hz = 0.22 Hz 
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hence the settling frequency should be at 49.78 Hz. 

Comparing these results with the ones in previous test would indicate that, because 
of the quantisation errors the difference in settling frequencies remains undetected in 
digital simulation, that is 49.78 and 49.76 Hz are represented with a single value of 
49.2 Hz (=(82)^). Also this system is more oscillatory or less damped, that is its 
closed loop poles are nearer to unstable region and this is what should have been expec-
ted since addition of an extra generator would result in a lengthier program cycle and 
hence a slower sampling rate. 

7.6 Restoring System Frequency by Adjusting the Governor Set Point 

In the case of the two machine/load simulation, the restoration of system frequency 
was tested by adjusting the governor set points. The addresses (00F9)^^ and (00E9)^ are 
used as registers for the governor set points on the 500MW and 120MW generators respect-
ively. By changing these values from the key-board the subsequent change of frequency can 
be produced and recorded as in Figure 7.5. 

As illustrated on this Figure after the step load input was applied there is an initial 
delay of 0.5s which is followed by a smaller overshoot than in test 7.5 (Step input load 
response of two generators without year setting) drooping only to 48.4 Hz and the settling 
frequency is restored to 50Hz. Similar response can be obtained in case of a single machine/ 
load simulation, where frequency is restored to 50Hz but with a more damped response. 

Figure 7.6 shows the value position for different speed errors and speeder gear settings. 

Restoration of frequency is satisfied by pre-setting both gear settings at 0.37 p.u. 
(i.e. ( 6 0 ) i n Hexadecimal) and 0.44 p.u. (or (70)16 in Hexadecimal) at addresses (00F9)16 
for generators No:l arid 2 respectively, 
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Initially system was at steady state. 
500MW 
Running at 230MW 

120KW 
Running at 80MW 

1 
A? 

Pr = 
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These results can be compared with their calculated values, where frequency of system 
without any speeder gear setting would settle at 49.78, then a frequency error of 0.22 Hz 
would be multiplied by two different droop constant (i.e. 1/R where R= 6% § 12%) of 16 and 
8 giving required governor settings of (0.43 p.u.) and (0.46 p.u.) respectively for gene-
rators No:l and No:2, This test was also carried out in case of analogue simulation and 
a very close results to above theoretical values were obtained, the response is shown in 
Figure 2.6 (A). 

Again above error is mainly due to quantisation error, where one of the major further 
improvements on this project would be to change the scaling of frequency variation in 
Figure 7.5 where frequencies out-side the limits of say 45 and 55 Hz are not used at all 
so limited 256 eight bit numbers (from (00)^ to (FF)^) could be assigned more effectively 
within those limits, hence more accurate representations could be achieved. 

7.7 Variation of Droop Characteristic 

In this particular test only one generator (i.e. 500MW) is considered with step input 
of (20MW), its droop constant (i.e. 1/R) was halved and the subsequent change in frequen-
cy response were produced and recorded as in Figures 7.7 (a) 5 (b), 

Figures 7.7(a) § (b) are both frequency responses to a step load variation of 20MW, 
both start with a delay of about 0.3s, but the settling frequency error in case (b) is 
halved as much as case (a) proving the point that frequency error is proportional to the 
value of Droop (R). 

This is true both theoretically and it was tested in the analogue simulation which 
were represented in Figure 2.6, comparing curves B and D. 

Still because of quantisation errors in the digital simulation the aboye point would 
hot be true at all times, as load MW representations in digital numbers are not accurate 
enough and particularly with an eight bit machine there are big jumps in quantifing load 
by digital numbers. Also refer to peragraph 7.10. 

7.8 Some Other Tests : 
(i) Step load variation can be investigated by the results already achieyed, refering 

to Figures 7.3 and 7.7 (b) it is evident that the frequency response settles with an error 
proportional to the magnitude of the applied step load. In those two tests, conditions are 
exactly s 

imilar, that is a single generator and a load of 310 MW connected when system was 
at steady state. Step loads of 40 MW and 20 MW were applied and hence twice as big a fre-
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quency error resulted in Figure 7.3. Also as expected with smaller step load, frequency 
overshoot is not as big as before and drops down to 48.5 Hz and settling time is almost 
the same, equal to 1.7s. 

This is true theoretically and it was also verified in analogue simulation tests of 
Figure 2.6 cases (C) and (D). Where conditions were similar except for the step load 
input which was twice as big in case (D). Similar to digital simulation, there, frequency 
response error was proportional to step load size and in the same manner it was effected 
the frequency overshoot and finally had little effect on settling time. 

Integration and quantisation errors do enable the digital simulation to respond con-
sistently in all cases. Unfortunately as will be explained in Section 7.10 because of 
the non-linear nature of this system it is difficult to represent this in-consistency 
analytically. 

(ii) Further tests could be performed to determine whether by a step up and step 
down input it would be possible to obtain the orginal frequency. 

A position step load was applied to a system of a single generator and a load 
system at steady state. After the system frequency had settled to a value, this step 
was taken off and a response similar to Figure 7.8 was obtained; 
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The first stage of this response is similar to previous tests and when this step 
was taken off, the frequency response after a small overshoot settles at 50 Hz. 

In the second stage of this test a negative step follows the positive step, and the 
subsequent change on frequency response was produced and recorded as in Figure 7.9. 

500MW r \ — L 
Running at 310MWV_J I 

A P L = + 20 KW 
P L = 310 MW 

Input Load 
MW 

Frequency 
Hz 

0 1 2 3 4 5 6 7 

Figure 7*9: Positive and Negative Step Input Response 

In this responso, the settling frequency obtained after the negative step, is what 
would have been achieved if a negative step was applied after a steady state condition. 
A limitation on size of the step level difference "X" (refer to Figure 7.9) exists. It 
is found by experiment that this is equal to 48MW and if this limit is exceeded then 
"Reset" action would take place, 

(iii) Finally it was essential to investigate the magnitude range of PI and clarify 
when it is too large or too small. As previously mentioned in Chapter 6 all blocks per-
forming integrations or first order lags would increment or decrement their output, by a 
fraction of their inpjjit value. For instance the first block representing inertia of the 
system (see Figure 6.7 or 2.4) would take one quarter of the error signal (with respect 
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to reference level of (80) therefore signals in the range to (83)^ would be 
unnoticed by this block and this corresponds to about 6MW of load variation from steady 
state. Also there is an upper limit to step load input when it is too large and the 
program would go into a "Reset" routine, this was tested to be about 40MW of step load 
change from steady state condition. 

7.9 Recording the Frequency and Cost Variations 

This section describes how the digital simulator would be used in normal application 
of power system simulation, that is meeting a daily load curve with appropriate generation 
and hence recording system frequency and cost of running the generators. For this purpose 
two sheets have been prepared. One is placed on the X-Y plotter for recording the daily 
load curve, system frequency and operational cost, Figure 7.10. The second sheet is given 
to the operator to schedule generators at different instants of time to meet the estimated 
load, Figure 7.11. For more realistic simulation of operating conditions, certain scheduling 
restrictions have to be observed before ordering a change of generation and these are stated 
at the bottom of this sheet. The two generators have different characteristics and costing 
rates. Thus, to meet a load, the set i.e. (120MW) should be used as little as possible 
since its generating costs are higher but at the same time the system should have some 
spare generation available. Also the software in the microprocessor is written in such 
a way that the operator could synchronise a set when necessary during operation, but it 
is assumed that a least one generator is on-line at all times. 

A typical simulation run is shown in Figures 7.10 and 7.11. First, the supervisor 
will record a load curve on a magnetic tape as described in Section 7.2 and provide the 
student with a similar curve which serves as a load estimate. From this curve, the student 
prepares his first Generation loading schedule with the basic consideration being to meet 
the expected load at minimum cost. The tape is replayed and the program is run. With the 
aid of a clock (or the time scale on X-axis) tho student loads the plant according to his 
schedule. Minor changes will be implemented to account for the delibrate errors introduced 
in the estimate. The student now learns to anticipate power requirements, maintain a steady 
frequency, and log his actions. The supervisor gives advice as the program progresses and 
notes events of interest for later discussion. On completion an overall summary of perfor-
mance is made, backed up by hard-copy results of-system frequency and cost, recorded on the 
chart recorder. The next step is to repeat the same load curve with the aim of improving 
the results or to advance to a new load curve of a more challenging nature. At present 
the possibilities are limited as only two generators are available and usually gas turbines 
are needed for fast recovery of generation at critical situations. 
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From Figures 7.10 and 7.11, it can be deduced that when the input load varies rapidly the 
operator is less likely to follow the estimated load with an equal amount of generation, 
hence any short fall or excessive generation will result in the frequency response falling 
below or exceeding its nominal value of 50Hz respectively. Any change in timing or amount 
of plant ordering with respect to estimated values could be written on the same loading, 
schedule sheet for further discussions and comparisons at the end of simulation time. 
Also, contrary to what is expected from an analogue simulation, the frequency of response 
in this digital simulation is contaminated with noise which will be explained in paragraph 
7.10. As is shown, cost of operation could also be recorded and by considering the differen 
cost units allocated to each generator, at time 22.20 (Figure 7.10) where it has to meet 
the peak load, the cost would be at its maximum value. 
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As was mentioned in Section 6.7.2 a sleeve limiter was introduced at the output of 
system frequency, which would consequently create certain boundary levels, where it limited 
the system frequency deviation to 47 and 53Hz. Also it was mentioned that if these bound-
aries were exceeded the program will move to a "Reset" routine to resume another run, and 
would continue until some action is taken by the operator to match load with equal gene-
ration (i.e. step error input is too large see Figure7.12). 

Frequency 
Hz Boundries 

Time 
Reset" actions 

Figure 7«12 Step error input is too large 

7.10 Comments 

In this Section some tests were carried out with the digital simulator and as mentioned 
there are inaccuracies which have to be discussed. The following table and comments sum-
marizes some of these defects. 

1 • 
| MW 
j Step Load 

Digital 
Representation 
of Step Load 

Simulated 
Frequency 
Response 

Frequency 
Represent 
-ation 
Simulated 

Calculated 
Frequency 
Vary Between 

Less than 
6MW 

From to 
(00) (03) 

16 16 

50Hz (80) 1(. 50-49.96Hz 

Between 
8 to 34MW (04)16 (11)16 49.6Hz <81)l6 49.96-49.82Hz 

Between 
56 to 48MW (12)16 (18)16 49.2Hz ( 8 2 ) 1 6 49.82-49.71Hz 

More than 
48 MW 

Greater than 
<19>16 

"Reset" to 
50Hz 

"Reset" to 
(80)16 

The above table shows that, if say step load changes from 8 to 34 MW were made this 
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system would only have one level of simulated frequency representation of 49.6Hz, where-as 
calculated frequency would vary from 49.96 to 49.82 Hz. 

In general there are two sources of errors in the software program: Firstly as there 
is a limited 256 numbers to represent load and etc., some values cann't be represented 
exactly which then creates what is known as quantisation error. Secondly as for every 
block of integration or first order lag a division by 2,4 or 8 is carried out, errors 
would be generated when these divisions are not exact. Figure 7.13 illustrates such sour-
ces of errors. 

Owing to the finite word-lenght of the microprocessor, the quantisation of the input 
signal and that of accumulated outputs at different locations of the simulated control 
system, then round off or transition noise will be present. The round off noise error 
has always been a sourve of error for any digital signal processing system. This has 
been widely studied by many authors for a variety of digital processing systems, see Re-
ferences 10 and 11. 

In the simulated control system no rounding was performed, so all the existing noises 
due to the finite word-length arithmatic were truncation noise. As shown in Figure 7.13 
for a single generator system seven different truncation noise errors exist; 

i) ei; this is the truncation noise due to the finite representation of the sampled 
input signal. It is a constant distributed variable in the range of (-1 to 0), i.e. it 
has a mean value of -0.5 and variance of 1/12. 

ii) e2; this is the truncation noise due to the division by 4 in the inertia block. 
It is a stochastic variable which takes four distinct values of 0.0, -0.25, -0.5 and -0.75, 
each having the probability of 25%. 

iii) e7; This is the truncation noise due to the division by 2 in the governor model. 
It i3 a stochastic variable which tokos two distinct valuos of 0.0, -0.5 each having the 
probability of 50%. 

iv) e9; This is the truncation noise due to the division by 4 in the high pressure 
stage of the turbine model. It is a stochastic variable which takes four distinct values 
of 0.0, 0.25, 0.5, 0.75 each having the probability of 25%. 

v) el3: This is the truncation noise due to the division by 8 in the low pressure 
stage of turbine model. It is a stochastic variable which takos eight distinct values of 
0.0, -0.125j -0.25, -0.375, -0.5, -0,625, -0.75, -0.875 each having the probability of 
12.5% . 
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VI) ell : This is truncation noise due to the division by 4 in the turbine model. 
It is a stochastic variable which takes two distinct values of 0.0 and 0.5 each having 
the probability of 50%. 

(Viii) el2 : Finally this is truncation noise due to the division by 4 and 2 (where 
3 

h + h = ) in the turbine model. It is a stochastic variable which takes six distinct 
values of following table with their probability as shown; 

0.0 0.25 0.5 0.75 1.0 1.25 

12.5% 12.5% 25% 25% 12.5% 12.5% 

These additive noises are combined together which would result an additive noise at the 
output of the system, as is evident from the frequency response of the system in Figure 7.1 
This simulated digital control system has a sort of non-linear nature which makes the ana-
lysis of the truncation noise error quite difficult. However, the experimental results are 
quite instructive. From 7.10, it can be seen that when the input load decreases slowly the 
output frequency will increase where load and generation are not exactly equal and also it 
is contaminated with less additive noise. On the other hand when the input load decreases 
with a larger slope, more visible additive noise is observed. So, from these observations, 
it might be concluded that when input load varies slowly, the system is able to follow 
these variations and the resulting additive arithmatic noise is less. When the input varies 
faster, although the system follows these variations, the additive arithmetic noise is 
fairly large. The latter is found to be due to the large transition time of the negative 
feedback loop which produces on accumulative behaviour. When the input load varies slowly 
the truncation noises are cancelled out by the feedback nature of the loop prior to any 
introduction of a new truncation noise sample. 

As discussed before in Section 7.9, when the input load varies repidly the operator 
is less likely to follow the load with exactly equal generation. So, in this case, it is 
more likely to have large input error step which consequently increases the deviation of 
the output frequency from its nominal level of 50Hz. The instabilities occur if this de-
viation goes beyond some known boundaries (see Figure 7.12), But these arguments should be 
even more modified in the presence of noise. As was mentioned above, the additive arith-
matic noise increases variation of the system output frequency. This reduces the safety 
boundaries as illustrated in Figure 7.12. 

From Figure 7.14 it is clear that any further deviation of the nominal output frequency 
from new boundaries may result in instability as the nominal output frequency plus the 
arithmatic noise can be at a point outside the origianl boundaries. 
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Therefore, from the above discussions, it might be concluded that the digital simulator 
less stable than its dual analogue simulator system. 
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Frequency 
53Hz 

50Hz 

47Hz 

New Boundries 

Output Frequenc; 

Figure 7.14: Noise Effect on Frequency Boundries 

However, this deviation may be reduced by using microprocessors with longer word-lengths 
It should also be added that rounding rather than truncation will result in better digital 
system performance. 
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CHAPTER S 

CONCLUSIONS 

8.1 General Comments 

The simulation of the model in analogue form was described in Chapter 2. This was 
necessary for comparison and validation of results from the digital simulation. In Chapter3 
a related project was described inter-linking parallel microprocessors, each performing a 
different task. Chapter 4 explained in more specific terms the use of a Motorola 6800 mic-
roprocessor in a small digital simulator. Chapters 5 and 6 then presented an account of 
the hardware and software organization used for simulation. And finally some t-st results 
together with a simulation run were presented in chapter 7. 

In general the step load frequency response of the system, whether in an analogue or 
digital form of simulation, has resulted a frequency variation as shown in Figure 8.1, 
where range A to B covered the first second (or 4s in real time) following a generation 
trip. The parameters of importance during the initial transient are, size of generation 
deficit, system inertia, governor gain and the time constants of the governor and high 
pressure value. The magnitude of the frequency excursion is decided by what rectification 
action the plant can provide i.e.longer time constants and smaller governor gains slow 
down the generating plant response causing a large frequency drop. In range B to C the 
rate of recovery from the initial frequency fall depends upon how quickly the generation 
deficit can be restored, the two halves of the generation-load balance are both involved. 
The generation pick up is still largely controlled by governor gain and plant mix. From 
C onwards it remains steady. The magnitude of the plateau is almost totally dependent 
upon the governor droop characteristic. 

As a discussion for using assembly language rather than a high level language, it 
should be emphesized that in real time provessing and control (like the simulation ex-
plained here) generally involved are high-speed analysis and reaction to random inputs, 
coordination of correclated functions being performed simultaneously, and detaied control 
of external devices. And assembly language is the most commonly used level of computer 
language for microprocessor control and real-time applications due to 

a) In contrast to machine language, it provides a balance between readibility and 
capability to control computer functions. 

b) In contrast to high-level language, it generally executes faster, and it requires 
less memory space. So at the start of this project since the power system section 
had already applied for a grant to purchase an expensive developing system, to 
save time before the grant was approved it was decided to get a relatively cheap 
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microcomputer kit and commence the modelling of a very small power simulator and 
use the already available 6800 Motorola cross assembler at Imperial college computer 
center. 

Digital simulation as presented in this project, has inherent a number of inaccuracies 
and limitations. Sources of these may be briefly summerised as, firstly the simplified 
power system model chosen and secondly the inaccuracies which have arisen from the fact 
that data handling is limited to a work-length of eight bits, although there are some 
ways of over-coming this by considering data as a 16 bit word-length and employing two 
registers in storing half in one and the other half eight bits of information in the 
other, say ; 

Data Information 
Varies from 
0000 to FFFF 

but this method would be more tedious from a programming point of view and would obvious-
ly use more instructions and take longer to computer. 

Also the programming method which was described in this project works in an inherent 
fashion, (for simplified explanation see Figure 8.2) where outputs of blocks 1 and 2 will 
not be updated unless the program makes nl and n2 complete cycles respectively where nl 
and n2 depend on the delays required by each block before they could increase or decrease 
output to a new value. It is possible to make use of interrupts after some internals and 
at each interrupt, output of a certain block is up-dated to a new value. In that case the 
advantage would be that delay time is independent of programcycle, but this method could 
be slower from a computing point of view. 

i 

So tho theme of the thesis has boon the use of the inherent solution of equations 
in important areas of a power system simulator, namely, generator model, governor model, 
reheated turbine model, combined response of generators, generation cost and generator 
synchronisation. Although only two generating units were represented in this study, the 
program structure is written in a generalised form to handle any number of generators. 

Each complete execution cycle of the program takes about 16 ms with two generators 
running, which compares With a reduced time of 13.6 ms for a single generator. For this 
inherent programing method it is difficult to state the maximum number of generators 
that could be represented, but knowing the time taken for each generator unit (=2.4 ms) 
it was possible to add a delay loop at the end of the program to represent an extension 
to 6 generators. The step responses were tested and it is possible to extend the number 

Data : XXXX XXXX 

Stored in 
Accumulator A 

XXXX XXXX 

Stored in 
Accumulator B 
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generators to match the size of C.E.G.B. mini-analogue simulator. 

Priority should be given to eliminate errors and truncation noises described in 
chpater 7. These can be improved by ; 

(i) making a slight change in the method used for simulating first order lag blocks 
of ; 

( L_) 
1+ ST 

and briefly this means, instead of having variable steps of incrementation as used here: 

Variable Steps of 
Incrementation 

Figure: 8.? Method used 

it is more accurate to use fixed steps of incrementation but variable time internals as 
shown in Figure 8.4 ; 

Variable Intervals 
of Time 

Incrementation Figil£e : 8.4 Method Recommended 

This error is particularly observed at-the moment, when a generator is ordered to 
reach a target generation so in the early steps of incrementation large steps of gene-
ration will be produced, which is a source of error, Figure 8.3. 

(ii) A simulation of the system was run with a daily load input stored not not the 
magnetic tape but digitally on the microcomputer's RAM. That is, different points of this 
curve were quantised exactly by hexa-decimal numbers and they were stored at different 
addresses. As expected a less noisier frequency response was achieved but because of 
truncation the response was still not free of noise. Figure 8.5 illustrates such a res-
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ponse. Note that with this simulation only zero time load of 3330 MW was matched and in 
the following instants, generation v&s V.ett err.51sr.t at 333-MM. Aisr rt is r-n-lier.t tinut 
as the variation of the step load become larger, the amount of noise becomes more visi-
ble. . Comparing the frequency response of this system at regions (a), (b), (c) and (dj 
proves the above point as regions (a) and (c) with smaller variations in load produce 
a response with less noise. 

(iii) To make frequency response less noisier it is better to introduce rounding 
off rather than truncation as is done in this project. 

(IV) In recent months Motorola has introduced an up-graded version of their eight 
bit microprocessor (MC6809) which can handle 16 bits of data hence a more accurate data 
manipulation could be achieved. 

Finally, the original contribution in this project is the software program which 
is written for a mini-digital simulator in assembly language. 

8.2 Suggestions For Further Work 

The work reported in this thesis has aimed at developing a simple dynamic power 
system simulator which only deals with real power and frequency variations. Although the 
simulator has not reached an entirely satisfactory state, it is felt that an insight into 
the problems has been achieved, there-by making it easier to approach a closer represen-
tation of an actual system. In addition to what has been recommended to reduce the level 
of noise and error in the present digital system there are some further suggestions for 
further development : 

(1) Addition of different generator sets with different characteristics say; 30MW, 
60MW and so on, which would make the system simulation more flexible and capable of hand-
ling almost any type of typical dally load curve. 

(2) Addition of a number of gas turbines or pumped storage plants which have a gover-
nor free response and are very useful in recovery of sudden frequency fall. 

(3) The use of a double trace X-Y recorder so that frequency and cost variations 
could be recorded simultaneously. 

(4) Adding an option for coupling to a second section of a network; an arrangement 
for creating a generation/load imbalance in order to facilitate power transfer. 

(5) For larger power system simulators there are newly presented multiple micropro-
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large mainframe digital computers and are available at a fraction of cost. 
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SYSTEM REPRESENTED BY SIMULATOR 
The plant parameters of the network detailed below together with certain 
characteristics are produced to the customers' specific requirements for closer 
identification with the system concerned. 

GENERATORS Six sets constitute the active Steam Generation of the Primary 
System, they have individual displays, controls and characteristics. Facilities include 
arrangements for synchronising and tripping the Generators manually, a choice of 
running with or without a Governor Response Characteristic and an option of 
responses associated with time functions. 

Controls enable a Generator's output to be pre-set and the value indicated on the 
main display. The rate at which a Generator is loaded and deloaded by a Turbine 
Driver is automatically simulated by the equipment. 

Built in Boiler response characteristics include Boiler Lag, Boiler Droop, Automatic 
Boiler Firing, Low Frequency Auxiliary Failure and Over Pressure Steam Release. 
Simulation of an operator's action to prevent combustion instability at low levels of 
generation is provided by an automatic shutdown feature. 

The Unit Cost allocated to each Generator represents the cost per MW at full load. 
This is made up of two components, a no load constant when the Generator is 
synchronised and an incremental cost proportional to the generated output. 

BASE GENERATION represents high merit plant required to operate at full load 
throughout a period of simulation. Five blocks differing in capacity are available for 
connection to the system in various combinations. 

The output is reduced when the Frequency rises above the standard operating value, 
simulating overspeed governor response, also after an appropriate delay at very low 
system speeds simulating auxiliary feed failure. 

Generators Gas Turbines 

f?/9f9f 
/' /' / 

99999 
////'/' 

GAS TURBINES Five units are provided with a built in start up delay and have 
automatic loading and deloading facilities. Cost levels operate as a direct function of 
MWoutput. 

VARIABLE LOAD is used to represent the changing load pattern, it is 
continuously variable over its range and derived either manually or from a pre­
recorded programme. 

The effect of frequency variations on the magnitude of load is simulated by a fixed 
characteristic and operates over the entire frequency range. 

BASE LOAD Selectable blocks of load with a frequency dependant characteristic 
are available for connection to the system. These compliment Base Generation in 
magnitude and can be connected in the same way. 

ADDITIONAL GRID NETWORK is designed to operate in conjunction with the 
Primary Network and can be of comparable size or larger. 

Representing a complete multi-generator network it operates automatically, 
simulating the combined effects of machine characteristics and manual intervention 
to changes in System Frequency. It allows for study of tie Hne working and 
demonstration of system disturbances. 

Facilities include: An option for coupling a second section of network, of running with 
or without Spinning Reserve Generation and an arrangement for creating a 
generation/load inbalance in order to facilitate power transfer. 

Simulated responses and characteristics include: Frequency Dependent Load 
component, Generation Low Frequency Droop (with delay), Steam Release, 
Convertible Steam Energy Reserve, Combined Governor characteristic varying in 
response with System Frequency, Reserve Generation response varying to 
Frequency Deviation and High Frequency Generation shutdown. 

Base Generation ADDITIONAL GRID NETWORK 

99999 f?/ 
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GENERATORS 
Number of Units 
Output Accuracy 
Pre-set Accuracy 
Max. Gen. at Low Frequencies 
Automatic Trip Operation 
Governor Accuracy 
Governor Response 
U nit Cost Accuracy 

. No Load Unit Cost 
Manual Loading 
Manual Deloading 
Boiler Lag 
Boiler Energy Reserve 
Output Synchronisation 

GAS TURBINES 
Number of Units 
Load Time, Zero to Full Load 
Deload Time, Full Load to Zero 
Start Up Delay 
Output Accuracy 
Cost Accuracy 

BASE GENERATION 
Number of Selections 
Dead Band 
Over Speed Governor Response 
Low Frequency Output Droop 
Low Frequency Droop Delay 
Unit Cost 

TOTAL GENERATED OUTPUT 
Output Accuracy 

BASE LOAD 
Number of Sections 
Load Frequency Characteristic 

VARIABLE LOAD 
Programme Replay Accuracy 
Manual Control Accuracy 

AREA DEMAND 
Output Accuracy 

GRID SIMULATOR 
Prequency Dependent Load 
Generation Low Frequency Droop 
Generation Output Droop Delay 
Reserve Gen. Pick-Up Rate 
Simulated Manual Reduction 
Steam Release Gen. Reduction 
Effective Steam Energy Reserve 
Governor Response 

Price on Application from 

GE 1\1 E RAL S P-E(;I 1-1 ~A 1 I U 1\1 

6 
Within 1 % relative to rated output 
Within 2% of reading reI. to full scale 
Reduced by 2% per Hz. below 48Hz. 
Between 3% & 5% of rated output 
Within 4% 
Operating between 48.5 & 50.5Hz. 
Within 2% of rated cost at full load 
10% of full load cost 
40 minutes ± 8 minutes* 
40 minutes ± 8 minutes* 
Zero to full load in 30 minutes ± 6* 
4% of full load output MWhrs. 
8% to 10% of full rated output 

5 
2 minutes ± 30 secs.* 
2 minutes ± 30 secs.* 
2 minutes ± 30 secs.* 
Within 2% 
Within 2% of rated cost 

5 
48Hz. ± 0.5Hz. to 50.1 Hz. ± 0 .5Hz. 
Maximum 30%/Hz. 
2%/Hz. below 48Hz. 
12 minutes to final value* 
Not costed 

Within 2% of total generation 

5 
2%/Hz. 

Within 3% of recorded value 
Within 1 % of display reading 

Within 2% after frequency correction 

2%/Hz. 
2%/Hz. 
12 minutes to final value* 
8 minutes minimum* 
4 times capacity of Reserve 
10% maximum 
1 MWhr. per 200MW of Generation 
Maximum 25%/Hz. at 51 Hz. 

TRANSFER 
Output Accuracy 
Pre-set Accuracy 

COST 
Output Accuracy 

FREQUENCY 
Long Scale Accuracy 
Short Scale Accuracy 

CLOCK 
Manual Update Rate 
Clock Rate 
Display 
Format 

Within 1 % of the scale reading 
Within 2% of the scale reading 

Within 1 % of the sum of the costs 

Within ± 0.025 Hz. 
Within ± 0.125 Hl . 

0 .8 seconds/digit (real time) 
4 times faster than normal time 
4 digit 7 segment L.E.D. 
24 hour 

ANALOGUE DISPLAY INSTRUMENTS 
Movement Moving Coil 
Scale 240 0 89mm 
Accuracy 1% 

POWER SUPPLY UNIT 
Input Voltage 
Stabilized Voltages Protection 
Power Consumption 

SIMULATOR CONSOLE 
Dimensions 
Weight 

CHART RECORDER 
Type 
Number of Pens 
Chart Drive 
Chart Drive Control 
Chart Speed 
Chart Width 
Dimensions 
Weight 
Input Voltage . 
Power Consumption 

180-250 or (90-125) 50Hz. 
Electronic Crowbar self restoring 
20W 

630mm W, 242mm H, 350mm D 
18kg 

Flat Bed 
2 (Disposable fibre tip) 
Digital stepper motor 
Automatic (from Simulatod 
20mm! minute (real time) 
297mm 
440mmW, 170mm H, 310mm D 
10kg 
220-240 or (110-120) 50Hz. 
70W 

TAPE RECORDER (subject to availability) 
Type Cassette 
Number of Tracks 2 
Tape used BASF C90 
Dimensions 282mm W, 95mm H, 240mm D 
Weight 3kg 
Input Voltage 220-240 or (110-120) 50Hz. 
Power Consumption 8W 

NOTE: Times specified * refer to simulation time scale 

MOKO ELECTRONIC SYSTEMS LIMITED 
6 FRANT ROAD, TUNBRIDGE WELLS, KENT TN2 5SH ENGLAND 
TELEPHONE : TUNBRIDGE WELLS (0892) 26658 Ext. 6 



Module Construction The Simulator is 
constructed of individual units which are easily 
removable. If changes in the simulated Power System 
are required it is a matter of replacing the appropriate 
modules and not a case of the Simulator becoming 
obsolete. 

Analogue Display Each System Variable 
drives a high accuracy clearly marked analogue 
display, affording the operator maximum awareness of 
system conditions at a glance. 

Chart Recorder Specially manufactured for 
use with the Simulator the Chart Recorder has no 
external controls, operates automatically, reliably and 
accurately. Felt tip pens are completely dependable 
and easily replaced as is the self aligning non­
sprocketed chart paper. 

System D i a g ra m , Above each pair of 
display units there is a section of system diagram 
showing the configuration of the respective plant 
simulated below. Details of specific parameters such 
as MW capacity, cost rates and governor 
characteristics are given. 

Digital Clock The digital clock indicates 
simulation time which operates four times faster than 
real time. It can be pre-set, started, stopped, triggered 
automatically and used for measuring normal or event 
time. 

Load Programmes The tape cassette is 
convenient for recording load programmes and has a 
capacity for two independent programme simulation 
periods of a few hours. Load curves can be simply 
transcribed from chart paper to magnetic tape and 
replayed as often as required. 

Selectable Variables Two rows of push 
buttons allow the System Variables to be connected to 
the Chart Recorder for the purpose of making hard 
copy records of system events. 

Simulation Results The Chart paper is 
specially printed for the customer to suit their 
individual scaling requirements. Results of a load 
programme can be over traced using different coloured 
pens in order to carry out a direct performance 
comparison. 

Control Simplicity To achieve ease in 
operation with maximum flexibility, controls have been 
kept to the minimum but with as many characteristics 
and responses as possible reproduced automatically by 
electronic simulation . . 

Electronic Circuitry Modern technology 
has made it possible to produce hardware of 
convenient size for processing complex simulation 
problems and at the same time it provides first class 
reliability. 



EXAMPLE OF APPLICATION 
The Simulator can be operated in various modes and used for many purposes. As an example of one application a brief description of general training in load despatching is 
given below. 
Students can work on the Simulator individually or in small groups. They first spend time manipulating the plant noting system characteristics, individual generator responses, 
the interrelating effects of the variables and continue by deriving and varifying basic power equations. In this way Simulator operating familiarity is also obtained. 
The Supervisor will record a load curve on magnetic tape and provide the student with a similar curve which serves as a load estimate. From this curve the student prepares his 
first Generation Loading schedule with the basic consideration being to meet the expected load with maximum economy. 
The programme is replayed and with the aid of the digital clock the student loads the plant accordin~ to his schedule. Minor changes will be implemented to account for the 
deliberate errors introduced in the estimate, these show up on the instrumentation. The student now learns to 'anticipate power requirements, maintain a steady frequency and 
log his actions. The Supervisor gives advice as the programme progresses and notes events of interest for later discussion. On completion an overall summary of performance 
is made backed up by hard copy results of system frequency and cost, recorded on the chart recorder. . 
Progression is then made by repeating the same load curve with the aim of improving results or advancing to a new one of a more challenging nature. In order to create greater 
realism the supervisor will at this stage start to impose operatin~ restrictions that are normally encountered in practice, i.e. (minimum generator loading, frequency deviation 
limits, spare generation requirements, Qenerator synchronization time commitments, minimum time for generator turn round instruction) at the same time he will be looking for 
greater economy with the most secure set up. Later generators will be tripped and outputs restricted at random to simulate plant failure, tie line working will be investigated 
by the connection of the Additional Grid Network. 

SUPPORTING INSTRUMENTATION 
Supporting the displays and controls associated with the simulated Power Plant (described above) are the following variables 

COST The active generation of the Primary Network is summated and displayed TI M E This operates at the accelerated rate of four times in order that programmes 
as a single variable representing the overall instantaneous cost level. simulating periods of two or three hours can be replayed within a convenient time. 
It is possible to plot this value on the Chart Recorder and equate the total cost for a For this reason all other system responses involving time are scaled to the same 
given period of time. A direct minute by minute cost comparison between two factor. 
attempts at loading a common programme using alternative running arrangements When load programmes are replayed the clock is driven directly from the magnetic 
can be made by backwinding the chart paper and over-tracing the first result with the tape which provides an automatic stop/start facility and ensures accurate 
second. synchronization between the load curve and the time displayed. 
SYSTEM FREQUE NCY This is displayed in two ranges in order that deviations . 
of several Hertz can be adequately covered and critical observation of the normal DEMAND Vanable Load and selected ?Iocks of Base Load are frequency 
operating range easily made. corrected and summated to resolve the Pnmary Networks total effective demand. 

Continuous monitoring is available with the Chart Recorder and performance TOTAL GENERATED OUTPUT The MW output of Generators, Gas Turbines 
comparison can again be made by over-tracing results. and Base Generation of the Primary Network are summated and displayed in total. 



Why a Power Simulator 
SAFE, FAST, INFORMATIVE TRAINING FUEL ECONOMY FREQUENCY STABILITY 

PERFORMANCE ANALYSIS DEMONSTRATION METHOD STUDY RISK REDUCTION 

In recent years world wide awareness of the forthcoming limitations in fuel resources have led to unprecedented cost increases 
necessitating power utilities to operate under conditions of maximum fuel economy whilst simultaneously satisfying consumer 
demand and achieving the highest degree of frequency stability. 

To these ends the Loading Simulator provides a new and powerful aid for training engineers in the science of power system control 
and economic load despatching. It further offers scope for studying alternative operating procedures, analysis of actual system 
events and demonstration of control problems. 

Direct training on a live system has always been operationally limited and hazardous, economically costly, educationally 

uninformativeandvery, very slow. The Simulator creates an invaluable link between the theoretical teachings of the classroom and 
the practical realities of controlling a major power network. Learning becomes easier and unbelievably rapid. 

Performance can be accurately monitored on the Simulator and precise comparisons made between differing approaches, applied 
to repeatable load curves. Such comparisons are to a great extent impossible to make directly on power networks due to daily 
variations in plant availability and consumer load. 

The action of a control engineer in the event of an extreme or unusual system conditio.n is critical. Often on these occasions even 
experienced engineers become indecisive, making serious errors purely due to the unfamiliarity of the situation. The Simulator can 
be usefully employed to minimise such risks by covering these areas of operation at the initial training stage and by 
regular refresher courses. 

Why a MOKO Simulator 
SELF-CONTAINED EASY TO . USE CUSTOMER BUILT FLEXIBLE RELIABLE 

Built to meet customers' personal plant requirements the MOKO Simulator is a self contained portable unit operating independently 
of a main processor. The design concept comprises control simplicity with comprehensive facilities provided by internal electronic 
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i «:. v 4 1 GOVERNOR RESPONSE 
i J: i T s " LOM PRE SUPE ITAGE OUTPUT 
Ff F i Z: II GOVERNOR INPUT 
FC L Z: 0 HIGH PPEZUPE STAGE OUTPU 
Ff E ? 0 HIfH PPEZUPE STAGE INPUT 

TOTAL GEMEPATIC1M A F T E R D E L A Y A T 0051 
TOTAL IJ IN 11 DEMAND AT O 0 ? £ 
PENH J RED Iflfiil FOP THE SYSTEM AT 00:? 5 
TO; At. GOVE PA OF RE I POM IE AT 0 0 5 4 
GFHEFAl.. '.CRATCH &'EGI ITER'S FOP 
GI ME RH 7OF Z NO: 1•£« 3«..AT 0 06 0 0 06 \ 
ALIO ZCPATCH P E G : I T E R I AT 
0 0 7 I' « 0 011• 0 0 D4 • 0 " DG« 0 0 D? 

(IPG i£ 0 0 • i 

IMITIAt I Z AT I OA THE P. I.A.I 

(86); 



1 5 INULA71 MO TDF'DLA f 18:3 2 AN L-•2 2-A 2 CEMPLER PAGE 3 

01 01 0 "A" I MPIJ7 « •p"aU7PU7 IH 30 04-07 "PIA" 
01 03 0 * 

01 0 3 0 3 0 0 0 7F 3 0 07 C LP i-;: I.' 'J 7 DI'P A 7 3004 
01 04 0 3 0 0 3 7F 3 0 04 C1. P 73 I'I 04 ALL L I HE 2 INPUT FOP " H" 
01 0 J 0 3008 y, SC LDA A* : '7SC OUTPUT PEGI2 7EP AT 
0 I 08 0 3 0 0=3 £7 3 0 0 7 1 7 M M * I'I 11 R* 

!• •:• 11 I.I j 
3004 i.IITH PUL2E ON "f* EAI 

o i o r o 3 MOP 7F •'3 0 Ci 7 LLP 1 :'• ii •»7 DDP AT 3008 
01 030 300E 38 FF I_ DM M 7 I F F . ALL LINE" 
0 1 09 0 3 C' 1 0 £7 3 008 2 T A A •;.•-: 0I I8 . OUTPUT FOP "£"2 IDE 
0 1 1 0 0 3 01 3 38 04 L I.' M M 7 :• 04 OUTPUT PEG I STEP AT 
01 1 1 0 3 017. £7 3 0 0 7 2 i A A '7 U 7 3008 
01 13 0 V 
LI 1 1 :• CI * "A" "£" APE OUTPUTS IH 3010-13 "PIA" 
01 1 4 0 3013 ?F 3011 L LP '73 II 1 1 DDP AT 3010 
0 1 1 J Ci 3 01 P »f. FF L DA fi 7 IFF HLL LI NEC HPE 
0 1 1 3 Ci 3 01 E' £7 3 ij; o I t M • I i.i ; o OUTPUT FOP "A" 
C' 1 1 7 0 303 0 38 04 L I'M M : 7 it 4 OUTPUT PEG 12 TEP 12 
0 1 1 3 0 3033 £ 7 3 Til 1 2 I A A '7 :v i11 1 A 7 3 01 0 
I.'I 1 1 '3 0 3037 7F 3 01.3 CLP lb a I 3 DDP AT 3073 
i j 1 3 0 0 3 03 3 38 FF LDA H 7 7FF . ALL LIHEC APE 
013 1 0 3 03A £7 3013 2 I A H 7 :: 11 1 el OUTPUT FOP "[:" SIDE 
01330 3 03 Ei 3 8 SC L DA A 7 73C OUTPUT REGISTER AT 
01 3 3 0 3 03F E7 3 013 2 7 A hi •73 i"U 3 3013 PULCE FOP TINEP 
0 1 34 0 * 

01 37- 0 F'ND GENEPA TOP ND: 1 DEMAND GEHEF'ATI OH AFTEP D 
0138 0 © 

01370 3033 3 »f. 3 '"J LOOP! LDA H 7 7 3 I'I 
01 33 0 3034 C 8 01 L DM F: 7 '7 Ci 1 SPECIFIES GENERATOR HO:1 
01330 3 0 38 F7 3 0 08 2 7 A F: •73 Ci C18 
01 3 Ci 0 3 0 39 4 H MUL7P1 DEC A 
01 " i Ci 3 0 3A 38 FD DUE NUL7P1 DELAY REQUIRED TO UPITE 
01 3.3 I.I 3 0 38 i" 8 3 0 LDA £ 7 7 3 0 
0 1 2 0 3 0 2E £8 3 004 LI" A A •70 04 
01 34 0 3 04 1 7A DI GI DE C D DE L A Y R E Q U I R E D TO READ 
0 1 ? 7 0 3 043 38 FD DUE D I G I 
Ci 1 3 3 0 ME HAVE rn PE'MD AND M P I T E TMICE 
01 7 0 304 4 38 3 0 LDA M 7 7 2: Ci 
0 1 33 0 3 04 8 C 8 01 LI'H D 7 '7 0 1 SPECIFIES GENERATOR ND: 1 
0 1 3 3 0 304 3 F 7 3 0 08 2 7 A F: '73 0 08 
014 0 0 3 04 E: 4 A f 1 1 DC C A DELAY PEOUIPED TD MPITE 
01 4 ; 0 3 CMC 38 FD DUE HI 
014 3 0 304E r 8 2: Ci L DM F: 7 7 2: 0 
C' 14 2:0 3 I'I II £8 3 0 04 LDM A '73 0 04 
014 4 0 307 3 7 H DO DE C P DEL A i" PEOUI.PED TO READ 
0 1 4 7 0 3074 38 FD DUE D 0 
I.' 1 4 rf. 0 
I'I 1 4 7 Ci 3078 97 7F 2 7 A A •7 7 F STORES TARGET GENERATION 
0 1 4 3 0 V 
0 1 4 '3 0 * PROGRAM 7 EJ i GIVE 7ENEPA7IDN PECFON2E 
Ci 1 7 0 i'.I 3 073 Ei 8 7C LDA E: 77C PRESENT GENERATION 
01 7> 1 0 3 I'I 7 h 1 0 2 DM 017-3 0 3 07E: del el DM 1 GP 7 
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3IMULftTI M 0 7 0 P 0 L R M83IRM CPQ£ I - R I I E M D L E P P R G E 4 

17.30 3 07 D 4 0 MEG R 
17.4 0 3 0 7 E 1 8 7 R I-
177.0 3 0 7 F 74 L I 'P D 71ME C0MS7RM7 
17 8 0 3 0 8 0 74 L I P D-
X... O 3 031 7 4 L I P D 
17- SO 3 0 8 3 74 L I P F 
1 7 ? 0 3 08 3 D7 7 E I 7R E: X.7E IMCPEMEN7RL GEMEPR7 
18 0 0 3 0 8 7 DE 4 0 L D: : 14 0 
181 0 3 0 8 7 03 DE:: 
I P 3 0 3 0 8 3 DF 4 0 . I .. 14 0 
I P 30 3 0 3 H 3 8 41 DME H 7 Y E 7 R P P R D P R I R 7 E D E L R Y 
184 0 3 0 8 C C E 0 0 4 3 L D!-L 1 0 0 4 3 
187 0 3 0 3 F I«F 4 0 ».'••. 14 0 
188 0 3 0 7 1 '48 7D LDR H 1 7 D 
1 8 7 0 3 0 7 3 D8 7 E LDR E: Y 7 E 
IP-3 0 3 0 7 7 1 0 I DM 
1 8 3 0 3 0 7 8 3 3 0 3 DH; J1 DPRMCH I F 
1 7 0 0 3 0 7 3 3 0 07 DPR C • HI 7 1 7 R P G E 7 P E R C H E D 
1 71 0 3 0 7 R 3 7 7G J1 I TH H 1 7 C 
1 7 3 0 3 0 7 C D8 ? F L DR D 1 7 F 
; * 0 3 0 7 E 1 0 I DR 
1 74 0 3 0 7 F C.C 3 3 DH I RITC 
177 0 3 031 3 8 7 F CONS 71 LDR R 1 7 F 
1 ""V. I'I 3 0 3 3 3 0 3 8 DPR • U7 
1 7 7 0 3 0 3 7 4 4 GR7 L . P R 7 I M E C 0 N S 7 R H 7 
17-30 3 0 3 8 4 4 L I P H 
1 7 3 0 3 0 3 7 44 L I P R 
1:300 3 0 3 3 4 4 L I P H 
131 0 3 0 3 3 18 7RD 
133 0 3 03R t>7 7 E I 7 R E: 1 7 E IMCREMEM7RL GEMEPR7 
* *• i*i 3 03C DE 4 0 LD'! 14 0 
134 0 3 0 3 E 03 DE: : 
1 3 7 0 3 0 3 F DF 4 0 . 7: : 14 0 
1 33 0 3 031 3 8 1R DUE H 7 Y E 7 R P P P D P P I R 7 E D E L R Y 
1 3 7 0 3 0 3 3 C E 0 0 4 2 L EC: • 1 0 0 4 3 
1 3 3 0 3 0 3 8 DF 4 0 TM 14 0 
133 0 3 0 3 8 3 8 7D L DR R 1711 
13 0 0 3 0 3 R D8 7E LDR D 1 7 E 
' 31 0 3 03C IE: RDR 
133 0 3 0 3 D 3 7 ? C I 7 R R 1 7 C 
13 30 3 0 3 F 18 7RD 
134 0 3 0 R 0 3 8 7 F LDR R 1 7 F > or •"> 
i r1 _> U 3 0 R 3 1 0 I DR 
1 ? 8 0 3 0 R 3 3 3 04 DH I f I7C 
137 0 3 OR 7 3 8 7 F LDR R 77F 7 R P G E 7 P E R C H E D 
133 0 3 OR 7 3 0 03 DPR GU7 
J Q fi 0 3 OR 3 38 7C H7C L DR R 17C 
3 0 0 0 3 ORE: 3 ? 7D • U 7 I 7R H 17D IMPU7 7 0 7HE S Y I 7 F M 
3 0 1 0 * 

3 0 3 0 • D : I P L R Y P P E I EH7 7 R L U E OF GEMEPR71DM MO: I 
3 0 3 0 3 0 R D 8 8 7D H 7 Y E 7 LDR EL 17D 70 DE D M P L R Y E D - R E 
3 0 4 0 8 0 R F C 8 £ O L DR E: ? 1 I: 0 
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1 s i n u l r t i m o t o r o l a m 8 8 i a m c r o s s - r s s e m l l e r p a g e 

SOTO SOLI E:7 8 0 i S i t r r i s o i s 
SO 8 0 S 0 L 4 t r r p r d e >: [: d e l r v r e q u i r e d t o m r i t e 
s < j r o SOLT S 8 f d LME HMR 
S 0 8 0 S 0 F: 7 8 8 i*i L DM H 7 11 o 
so so S O L S c 8 f d LDH L • IF D c h o o s e s s - h m o : C. ' 2 r m p l e * 
c." i 0 0 SOLE: f 7 8 01 0 ~ tH E: IS 0 i 0 
S i i 0 SOLE 4 r h o l d 1 d e c h d e l r v r e q u i r e d t o m p i t e 
S1SI) SOLF S8 f d F.riE HOLD! 

Si 10 v I.IE h r v e t p r e a d a m d m p i 7 e t m i c e 
S i 4 0 S OC 1 S8 7 d l d r h i 7 D • 

S 1 T 0 SOC 3 C8 I fi L 11H L' 7 i I 0 

SI 8 0 SOC T l 7 8 0 1 2 I TR ft 38 0 1 S 
S1 7 0 S OC 8 t r r o d e c I: d e l r v r e q u i r e d t o m r i t e 
S i 8 0 S OC s S 8 f d LME R 0 
S I 8 0 S OC L 8 8 30 - L d a H 7 i 10 
s s o o S t'«C D c 8 f d l D m F: 7 3FD c h o o s e s s . h . m o • c." 7 a m p l e 
SS i 0 S OC f f 7 8 01 0 r TR F: SS 0 i 0 
s s s o SODS 4 r h i d e c h d e l r v r e q u i r e d t o ' - ' r i t e 
SS 30 SOD 3 S 8 f d LME Hi 
SS4 0 SO DT 8 8 I 0 L D h h 7 x 0 
SSTO SOD 7 c 8 f f L D m I: 

7 iFF' h o l d 7 r l l 
S S 8 0 SODS f 7 8 01 0 I T h F: 38 0 i 0 r e a d i n g s 
SS7 0 SO DC 4 r Li d e c h d e l r v r e q u i r e d t o m r i t e 
S S S O 
Z' 7* 'ZJ 

SODD S 8 p d l m e Li 

^ ~ • L" 
S 30 0 

• I*, 
* p e r d i S 0 m m g e m e r f l t d p 

S ISO SODF 3 0 L D h R 7
 r-10 

S I 10 SOEi f A OS L D h F: 7 t »"i3' c h o o e e s g e m n o : c i m p i j t 
S 14 0 S 0 E 3 f 7 8 0 0 8 . 1 ft F, 3-1 0 08 
S 3 T 0 S 0 E 8 4 r riULTPS d e c a d e l r y r e q u i r e d t o m r i t e 
S I 8 0 S 0 E 7 s 6 f d l m e m u l t p s 
S170 ' SOES c 8 2:0 l d r l 7

 v 10 
S ISO SOEE: l 8 8 0 0 4 l d h r 3 8 0 04 
c I SO & o e e t r d i g i & d e c l d f l r y r e q u i r e d t o r e a d 
S4 00 & o e f £6 f d l m e d i g i s • 

S4 i 0 * m e h r v e t p PFRD amd m r i t e t m i c e 
S 4 S 0 s o f j 8 8 3 0 l d r R 3 10 
S 4 I 0 S 0 F 3 c 8 o s Dm L 7 3 OS c h o o s e s s . h . n o • cl s a m p l e 
S'44 0 s o f t f 7 8008 ' . TH i: 3 8 0 08 
S 4 T 0 S 0 F 8 4 r m s d e c h d e l r v r e q u i r e d t o m r i t e 
S 4 8 0 s o f s 3 8 f d l m e m s 
S4 70 s o f e : c 8 2:0 l d m e: 7 3 1 0 
s ' 4 s 0 s o f d e:8 S 0 04 l d m a 1 8 0 0 4 
3 4 3 0 S i 0 0 t r d s d e c l d e l r v r e q u i r e d t o r e a d 
ST 0 0. 

* i i 
S1 0 i s 8 f d l m e d s 

STSO S i 01 s 7 8 f • TH a 38F s t o r e s t r r g e t g e m Cm 

s t 4 0 » p p p g r a m t p f i - p v i d e g e n e r a t i o n m o : 2 
s t t o s 1 0 t . d 8 8 c L D h L 3 8 c p r e . e n t g e n e p r t i o n 
s t 8 0 Si 07 1 0 1 LH 

(89) 
An 



I S I M U L A ! I MOTOROLA NESS AM CF'DI Z - A S S E M B L E R PAGE 

d 1*1 r--1 . d c* l". r* -

d 0 
0 E G i 
'' d E 
Ud G 
d r;. 4 r-

• ^ t 'Jd r;, 1 
OE x 
c » - •Zt 

. c 7 0 
0 7 1 
V'r * u 
i'i 2 

i 
4 

OE * 
<— 

I.' d * 

OE i r 
OE * 

OE i 
v u. 0 
OE 1 
OE d 
OE J 
i.i d i* 4 r-u 
OE 

• - , —» 
1 

OE x 
i.'E •Z4 

— E 0 
"i 1 

Ow 4 E 
d •Zt 

i_i 0 4 
OE •ii r* 
7 •u G 
OE •Z4 7 
d •Zi •z-
OE Zt E 

l'l i'l 
ii 1 

II 3 ! 1 E 
i.i 

11 * 0 4 
ii ~ 0 r* 
0: OG 1*1 s 0 — 

1*1 1 11 X 

OA 4 0 
OE: 
in" i * C4 
0 [i 0 1 
OE 01 
OF 01 
i 0 Ei r 
ie ie 

14 OR 
I C DF 

GE 
4E 

x i 
I E 
i c 
I E 

d* 
CE 
DF 
EG- 1 

0 DG GE 
E I 0 

E E OE 
or 
G C 
GF 

4E 
4 1 
04 IA 
4 E 
GD 

xti 
i_ i 71 
E E OG 
E E: 1 0 
E C E E 
E E EG 
3 0 E 0 
3E 4 4 
:-=:•: oi 
34 01 
3C 01 

I G 

GF 
EG 

JE 

CONST 
GR73 

PHI 
MEG H 
7 A E: 
l:P E= 
MI'JP 
MOP 
HIJP 
: 7 A F: 
l p:: 
lit:: 
. i . . 
PHE 
l p : : 

. i : > 
LDA A 
L.PA L: 
1 PA 
PHI 
PPH 
I 7 A A 
LPA P 
1 PH 
PHI 
LPH A 
PPH 
L : R A 
urip 
h o p ' 
MOP 
TAP 

GP 

•I.GE 
74 E 
74 3 
MTYE7E 
: 1. ii 4 1 H 
• 4 E' 
G P 
tt 
JE 
r.nn: TE 
7 go 
•7t.F 
MTCE 
•7GF 
• U7E 

d 1 D7 GE I 7 A E: iGE 
d DE 4E LLC: •74 E 
d lh OE PF.:: 
c DF 4E . 1 • 74 E 

3E EG I A PMF HTYFT 
d 4 0 CE 04 1A L P . ; • '7 h4 1 
d 4 3 DF 4E . 7., •74 E 
d 4C •̂ G GD L I'M A •7 TP 
d 4 7 DG GE L DA E: "7 EE 
d 4E IE: H F H 
d 4 A E7 EC 1 i H A •7 EC 
d 4C 1G 7 Hp 
c 4 D EG GF L I 'M A •7GF 
d 4 F I 0 : PH 
d CO d d 04 PHI MIC E 
CZ r E G GF I PA A I ' • F 

OU7E d C4 E 0 OE I T " 
I ' • F 
OU7E 

d CG E T* MICE L Pn A '7r- C 
d CE E7 GD 0U7E * I I RL H •7GD 

T IME CONSTANT 

INCREMENTAL G E N E R A T I O N 

A P P R O P R I A T E DELH" 

ERANCH I F -
7 A F G E T PEA'" HE D 

T I N E CONSTANT 

INCREMENTAL G E N E R A T I ON 

A P P R O P R I A T E DELAY 

Ei I 

TARGET REACHED 

INPUT TO END I E 7 

I F L A Y F R F " E M 7 VALUE OF I E 0 MM S E T 

(90) 



S I M U L A ! I MOTOROLA MGPIAM C P Q : 7 - A S S E M B L E P PAGE 

3 08 0 z> GH 6D NT YE 7 c' L DA H 86 D 
3 i 0 0 8 f 6 3 0 Ll'M B 7 8 3 Ij 
z-1 1 1.' u GE B7 8 01P T A A 88 o; p 
c 1 c' I.I c 6 i GA ANAP DEC D AMAP J' i Z' u 6P P6 FD BME AMAP 
3 i 4 0 C 64 86 3 0 L MM H 7 8 3 I'l 
Z' 1 'J c 66 C 6 FB i_ DA D 7 IF D 
3 I 6 0 c. 8.8 F7 8 ij 1 0 I 7 A D 88 0 1 0 
% 11 i.i u 6B 4 A HOLD c d e c H 
Z• i v 'j c. 6C P6 FD BNE MOLDP ' 
3! 8 0 v I,IE HA VE TO FEAD AMD 
3P 0 0 c 6E 86 6D LDA A i-D 
:;cl 'J c. 7 0 C 6 30 L Dh f: 7 7 3 0 
jCC V c i c B7 8 01 p I T h A 7 ::: 'J 1 c 

c 
—> rr i J GA AP DEC D 

3P4 0 c 76 P6 FD DHL Hp 
- - r- — 8 8, 3 0 L DA A 7 I- 3 ij 
3 P 6' J c c 7A C 6 FB L D m D 7 IFF: 
- . ; . — | - | c 7C F7 •p ij 1 0 I TA B 88 0 1 0 
CC |j c 7F 4 A HP DEC A 

3P8 0 c 8 0 P6 FD BME HP 
3 3 i J 0 c C'C. 88. 3 0 L DA A 7 7. 3 0 

i I.I c 84 C 6 RF L DA f: 7 IFF 
Z' c c 8 6 F7 8 01 0 : T A B 88 0 i 0 

- • c 8*8 4A LP DEC A 

3 34 0 c 8 A P6 FD DUE LP 
-. r- J*. ¥ 

3 361 * FI MD TOTAL GEMEPATID 

Pi PC BD P6PE 
¥ 

¥ 

J:P I i'MI 

34 0 0 ¥ 

34 i r.i ¥ 

34 P0 
34 3 0 

¥ 

* READ TOT a l l o a d PEGU 
34 4 0 ¥ 

34 GO c 8F 86 '3 0 LDA A 7 8 3 0 
34 60 c 81 l" 8. 0 0 LDA B • j i.i " 

34 7 0 ;C '88 F 7 8 0 06 S 7 h B 7. R 0 0 6 
34 8 0 c. 86 4 A MULT P 0 DEC A 
34 8 0 c 87 P6 FD BME f 1IJL TF-0 
3G00 C- •c 8 C 6 3 0 L D m f: ; ; ;; . i 
* • f * i"I 
Z- 1 c. ?B B6 8004 l. DA A 88.li 04 
r t"i c 8F GA DIGI 0 DEC D 
r ij c. 8F P6 FD DUE T' I G I 0 
3G4 0 ¥ ME H A V R TO READ AMD 
r-( c~t c A1 86 •c i'I i , a h • i i • 
— |"| A 3 C 6 0 0 L DM B • 7 11 ii 
-.r- — I-I c AG F7 8006 : TA D 86 i.i '16 r' i"l c A 8 4 h MO DEC A 

^ lj c A 8 P6 FD BME flu 
36 00 c AB C 6 3 0 LDA B : 3 0 

(91) 

TO BE B L S P L A Y E D -GEM HQ:±> 

B E L A Y P E G U I P E D TD M P I 7 E 

C H O O S E S S . H . HO: 3 • I A M P L E > 

D E L A Y P E G U I R E D TO M P I T E 

I P I T E T M I C E 
TO BE D I S P L A Y E D 

D E L A Y P E G U I R E D TD M P I T E 

CHOOSES: S . H . MO: 3 SAMPLE 

D E L A Y P E G U I R E D TO M P I T E 

HOLDS A L L 
READING'S 
D E L A Y P E G U I R E D TO M P I T E 

S U B R O U T I N E 
MHSCH S E T 
I S S Y M C H R O M I S E D 

S P E C I F I E S I N P U T - T O T A L LOAD 

D E L A Y P E G U I R E D TO M P I T E 

D E L A Y P E G U I R E D TO READ 

IF' I T E T I . I ICE 

S P E C I F I E S I N P U T ! - T O T A L LOAD 

D E L A Y P E G U I R E D TO M P I T E 



1 3 T M U L R 7 I MDTCPDLFT M88IRM C P O I 5 - R 5 " E M E L E P P R G E 

0381 0 3 RD E 8 8 0 04 L DR R '13 0 04 
0 3 8 3 0 i— BO 7R D1 DEC E: D E L R Y P E C U I F E D TO 
0 38 30 C. E; I 3 8 F D DME DI 
0 384 0 u E 3 8 7 8 2 * TH R I' 8 2 T O T R L LORD DEMRMD 
0 3 8 7 0 C E 7 D8 81 - LDH L: 31 7 0 7 R L G E H E P H T I C J M 
0 3 8 8 0 t_ E 7 1 0 : DM • •LORD - G E M E P H T I O M 
0 3 8 7 0 c. B 3 C.C 0 7 DHI G P T 2 15 LORD > G E M E P H T I 
0 3 8 3 0 c BR 4 0 MFC H 
0 3 8 3 0 c BE: 1 * THE: 
0 3 7 0 0 c EC 8 8 8 0 L D H H • 3 3 0 . 
0 371 0 c. E E 10 : DR 
0 3 7 3 0 c E F 3 0 0 3 B PR P E C 
0 37 30 c C I C 8 8 0 G P 7 2 LDH F: • iSO 
0 374 0 c. C 3 IE RBH 
0 3 7 7 0 c C4 37 C' Z' P E C I TR R 'I'O 3 P E C U I R E D If (PUT TO 
0 3 78 0 dp 

0 3 7 7 0 v MR IM PPOGPRM 
0 3 7 3 0 
0 3 7 ? 0 * I I MULRTI OH OF THE L Y I TEM I F ( E P T I R 
0 3.x 0 0 C 8 8 8 F 2 ' L DR R IF 2 E P P O P If (PUT 
0 3 :31 0 c. C 3 D8 F L LDH D IF 1 P E F E P E N C E L E V E L SO 
0 3 8 3 0 c. CR I 0 : BR 
0 33 3 0 c CD 3 3 », J 

c . x BHI L O O P S 
0 334 0 c. CD 4 0 MEG R 
0 3 3 7 0 c C E 18 7> 
0 3 8 8 0 d C F 7 4 L . K D DIVISI Of (= 
0 3 8 7 0 c. DO 74 L I P D T I M E COMSTRMT 
0 3 3 8 0 c Di 01 HO P 

0 3 8 3 0 c DS 01 HOP 
0 38 0 0 'C D 3 D7 F 7 I TR D I F 7 If(CREMEf(TRL VRLUE 
0 381 0 c. D7 DE 0 0 L D: : r 'J 11 
0 3 8 3 0 d D7 03 DE:-: 
0 3 8 3 0 c D3 DF 0 0 . R. I »J 0 
0 3 8 4 0 2 DR 3 8 H i BME LOOP 4 R P P P O P R I R T E D E L R Y 
•'<387 0 u. DC- C E I j 01 0 LD : R I 0 0 » 0 
05380 c. DP DP n o I : ' ' j. ii I.I 
0 3 8 7 0 3 Ei 8 8 FO LD-I R I F ij 
0 3 8 8 0 c. E 3 D8 F 8 L DR B IF 7 
0 38 ? 0 c. E 7 IE RBR IMCFEf1Ef(T MITH -VE 
04 ij 0 0 c E 8 31 Fl) CMP R • IF 0 
04 0 1 0 c. E 3 C. j iT. il BL I LOOP 3 3 TOP 
04 3 0 c. E R FO LDh R " iFO RMY 
04 0 30 c EC 2 0 I E DPR LOOP 3 OVER FLOM 
04 04 0 c. E E 44 LDC3P2 L I P H T I M E C O M I 7 R H 7 
04 07 0 c E F 44 L I P R 
04 08 0 c. FO 01 MOP 
04 0 7 0 d Fi 01 MOP 
04 OS 0 c F 3 18 TRB 
04 08 0 c. F 3 D7 F 7 I 7H B IF 7 IMCPEMEMTRL V R L U E 
04 I 00 c F 7 DE 0 0 LD : : 0 0 
04 I 1 0 c F 7 08 DEL: 
04 I S O c F 3 DF 01 J I TO: !• U 'J 
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1 S I M U L A ! I I 1070PDL A M P ? : Mil C R D S S - A S S E M D L E P PAGE 

4 1 ? 0 
4 1 4 0 
41 GO 
4 1 3 0 
i ro 

4 1 3 0 
4 1 ? 0 
4 3 0 0 
4 3 1 0 
4 3 3 0 
4 3 30 
4 3 4 0 
4 3 G 0 
4 3 3 0 
4 3 7 0 
4 3 3 0 
4 3 3 0 
4 3 0 0 
4 31 0 
4 3 3 0 
4 3 3 0 

34 0 
4 3GO 
4 3? 0 
3 r o 
330 
3 3 0 
4 0 0 

44 10 
4 4 3 0 
44 30 
4 4 4 0 
4 4 G 0 
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0 6 P 4 0 E EC C C G E 0 L O U P ec LI'h I : I-E 0 R E F E R E N C E L E V E L 
0 6 P C 0 E 3 C E 1 0 : i-h 

O G P G 0 E EC F C ll 0 4 DHI E: 3 T A P I Mb C h F E O F 
0 6 P P 0 E G O 1 4 0 ME b A 
o g p g o E 3 D E I T i < C m N E G A T I V E 
OG-P R 0 G 3 D 3 E 0 0 4 i-f-h F-4 
0 6 g 0 0 E 3 DC 1 6 13 TAE: s i g n i n 

0 6 e i 0 E 3 D G •3 G* g 0 LDA A : g e o 

0 6 E E 0 E 3 D E 1 0 I I:A I N T E G R A T I O N 
0 6 E 3 0 E 3 D E DG E F T 4 LL'H T •7EF bDVEFMOR OUTPUT 
0 6 E 4 0 GSDt 1 0 : DA 
0 6 E C O E 3 DC- ll u I E I'M I L Q D P E e 
0 6 3 6 0 E E D E 4 0 MEb A 
0 6 3 P 0 E 3 D F » 6 7 A t 
0 6 E E 0 E 3 E 0 C 4 D I V E E l : r f: T I M E C O N S T A N T 
O E E E 0 G E E 1 01 D I V 4 E NOP 
0 6 E 0 0 E 3 E E 01 D I V E E h u p 

0 6 EL 0 E 3 E 3 D P E G I 7 A t 7 EG i n c r e m e n t a l v a l u e 

0 6 E E 0 E ' E E C D E 1 c LD:: '7 1 C' 
0 6 E 3 0 G 3 E P OE DF::: 
0 6 E 4 0 E 3 E E E G i'c d u e L O O P S o A P P R O P R I A T E D E L A Y 
N G E C 0 E E E h c e 0 0 OC L D : : 7 j. ij fi o c 

0 G E 6 0 E E E D D F 1 E '7 I C 
O G E P O E 3 E F E G E F LDA A IFF G O V E R N O R O U T P U T 
O G E E O E E F 1 DG E G LDA L "7 E G I N C R E M E N T A L VALUE 
O G E E 0 E E F E 1 0 : tA I I G H H A S A L R E A D Y 

0 P 01) 0 E E F 4 G1 OE CMP A * '7 og: P O S I T I O N 
OP 01 0 E E F G C c. I F F:H1 l u h p e 

O P O E O E 3 F > : 'EG o e L DM A 7 mx' L I M I T 
0 P 0 3 0 G 3 R A E O I T tF'A LLJ O P E •Zt 

OP 0 4 0 E E F C 4 4 L D D F ' e e L : P A T I M E C O N S T A N T 
• i P OCo E E F D 01 D 1 V M E HOP 
u p o g o E E F E 01 D I V I e e h u p 
or oro E 3 F F 16 I M D 
0 P OG 0 E 4 0 0 DP EG I TA t •7 E G 
0 P OE 0 E 4 OE DE 1 E LD:: '71 cl 

0 P 1 0 0 E 4 0 4 0"E DEM A P P R O P R I A T E D E L A Y 

O P I 1 0 G 4 0 C E G 1 C o n e L O U P E 0 

0 P 1 E 0 E 4 0 P c e 0 0 OC LDV • '71 • u u l 

0 P1 3 0 E 4 OA DP 1 C' _ 1 . 1 '7 1 E 
OP 14 0 E 4 OC EG* E F LDH A I C.'F G O V E R N O R O U T P U T 
OP I C O E 4 OE DG E G L DA t TF.G I N C R E M E N T A L V A L U E 
0 P IG- 0 E 4 1 0 I T ADA 
OP 1 PO C 4 1 1 X 1 E E CMP A 7 7 e e P O Z I 7 I 0 N 
0 P 1 G 0 E 4 1 3 c Z< OG i-.L : l m i l p e •zt 

0 P 1 E 0 e 4 1 c g' G- e e l d m A 7 7 T E L I M I T 
O P E 0 0 e 4 1 i 1 G L O U P E * 7 At 
O P E 1 0 E 4 I E DP E F : i m D 7f F G O V E R N O R OUTP I . I T 
O P E E O E 4 1A E O OE T P A LGGP: 1 
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S I M U L A ! I MOT • R D L A M83S HM CROSS-A 

o "ISO 54 iC DF 1 c LDDP3 o IT:: 31 5 
I J "34 0 54 IE 3 8 E4 LDDP3 1 l. D h A I E 4 
o "30 0 5450 4A DEC A 
o "380 54 51 37 E4 S TA A 3E 4 
o "570 545? 4 

A 01 CMP h 
7 r i j 1 

o "330 c'4 cO t i 58 BLS • LDDR 33 
o "530 5 4 c i 88* EE L DA h 

7 PEE 
0 0 0 545? E'D 50B7 J : P I M I 7 15 
o "?.io 343C X i j , E7 L D h A 

7 7E7 
Ij "350 545E BD 30C4 J S P I M I 755 
Ij "330 54 31 38 14 L DA A 7 71 4 ' 
o "34 0 54 33 BD 30 DI J : P I H I 7 35 
o "3G0 54 33 38 08 LDH A " P m t-. 
o "380 54 33 B7 53F0 S 7 h A 7.5 3F 0 
Ij "370 54 3 B B7 54 OD S TA h P54 OD 
0 2:? ij 54 3E 3 8 EF . L D h h PEF 
Ij "3?0 544 0 C 8 04 L D h r: 

7 P04 
o "4 00 5445 F7 5 3E1 S T A P D I V4 5 
Ij "4 i 0 5440 C 8 44 L P h B "34 4 
0 "450 544" F7 S3FD : I A B r« I V 1 43 
Ij "450 54 4 A 7E 5 3CC JMP LDDP30 
o "4 4 0 544 D « 

<;• A 0 0 LDDP3 3 CMP A • P 1 • 
Ij 4 G 0 54 4 F C I 4 3 DEO Lnop 34 
ij 4 3 0 5401 ? 8 EE i _ r « m h PEE 
o "470 5403 C8 8.0 l d h B 

7 P3 0 
o "430 5400 10 S P h 
o "430 5408 cc OC PHI • • r-

. , r_ 
Ij "GOO 5403 4 0 MEG A 
ij G10 540? A * TAP 
0 "030 540A 44 L S P h ' 

0 "G30 54 OF 04 L I P B 
Ij "04 0 54 OC 04 L I P B 
n "GGO 54 OD IB APR 
ij "080 54 OE 18 TAP 
0 "070 54 OF 88 80 LDH A 7 3 3 0 
Ij "030 5481 10 : B A 
Ij "030 5485 30 08 BRA :••••: 5 8 

•j " 3 0 0 3484 1 8 K50 TAP 
Ij "810 5480 44 LIP A 
Ij " 8 3 0 5488 04 LIP B 
Ij " 8 3 0 548" 04 LIP B 
0 "84 0 5483 IB h p h 

0 "800 348? f 8 8 0 LDH B : 7' 1.1 
Ij " 8 3 0 54 8 B IB APR 
Ij " 8 7 0 54 8C 37 E 3 X 5 8 I 7A A 7 E 3 
Ij " 3 3 0 54 8E 8 8 EC L D h h 

7 PEC 
o " 8 ? 0 54 70 BD 50B7 J I R I'LL LIE' 
Ij "7 00 54 7 3 3 8 E 8 L D h A 7 7'EG 
Ij "71 0 54 70 BD 50C4 J I P I HI 7 35 
Ij "750 54 73 8 8 18 L D h A 7 P 1 8 
Ij " 7 3 0 54 7A BD 50 D1 J' P IN I 7 35 
07740 54 7 D 8 8 0 3 L I'M A 

7 P 0 : 
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E N B L E P PAGE 10 

F L A G : MHA7 STAGE " 

H IGH P R E S . COMPLETED ? 

MO: THEM I N I T I A L I S E AMD GO 

D I F F E R E N T DELAY T I M E 

D I F F E R E N T T I M E CONSTANT 

GOTO S I M U L A T E HIGH P P E 3 . I 7 A ' 
Y E S 5 THEM DD LDM P R E S . S T A G E 

7 0 GDES TO 
THE R E H E A T E R 

70 GOES TO 
THE R E H E A T E R 

LDM P R E S . I N P U T 
I N I T I A L I S E AND GO 

D I F F E R E N T DELAY T I M E 



S I M U L A ! I ND TDPDLA f 183 7 AM C P O I I - H 7 7 EMDLEP PAGE 18 

0 7 7 7 0 24 7F D7 33F 0 S 7 A A T3 3 C 11 
0 7 7 6 0 3 4 3 3 D7 34 00 1 " A A 384 0P 

0 7 7 7 0 3 4 3 7 9 6 E3 LDH A 3E 3 

0 7 7 3 0 2 4 3 7 C 74 Ll'H B 7 T74 D IFFERENT TIME CONSTANT 

0 7 7 9 0 3 4 3 9 F 7 3 3E3 : T A D D I V 3 3 

0 73 0 0 34 3C C6 44 "* LDA D. • 1-4 4 

0731 0 34 3E F7 3 ?FE S 7 A [: DI V 133 

0 7 3 3 0 3 4 9 1 7E 3 3CC JNP LOOP 37 GOTO SIMULATE LD'-t P R E S S . 

0 73 3 0 3 4 9 4 9 8 EE LOOP34 LUA A TEE OUTPUT OF HIGH P R E S . 

0 7 3 4 0 3 4 9 6 C8 3 0 L DA [: 7 8 8 0 ' REFERENCE LEVEL 

0 7 3 7 0 34 93 1 0 : DA • 

0 736 0 3 4 9 9 3 3 14 DH 1 Pi 1 

0 7 3 7 0 3 4 9 E: 4 0 MEG A 

0 7 3 3 0 34 9C 44 L I P H 3 7 GOES STRAIGHT THROUGH 

0 7 3 9 0 34 9 D 44 L : F A 

0 79 0 0 34 9E 18 TAD 

0791 0 3 4 9 F D7 D7 S TA E: 3 D7 

0 7 9 3 0 34 A1 9 8 EC L DA A 3 EC OUTPUT OF LOI.I P P E Z . 

0 79 30 34 A 3 C 8 8 0 LDH B 7 i x I'l 

0 7 9 4 0 3 4 A 7 1 0 : DA 

0 7 9 7 0 34 A 6 D6 D7 L DA E: x. D7 
0 7 9 6 0 34 A3 IE: ADA 

0 7 9 7 0 34 A9 16 TAD" 

0 7 9 3 0 34 A A 3 8 3 0 LDH A 7 3 3 0 

0 7 9 9 0 34 AC 1 0 I DA 

03 0 0 34 AD 3 0 OF DPA F' 13 

03 01 0 34 AF 44 P l l L IR- A 

03 03 0 34 BO 4 4 ES P A 3 7 GOES -STRAIGHT THPD'JGH 

03 0 3 0 34 E: 1 9 7 D7 I TH A 3 D 7 

0304 0 34 E: 3 D6 EC LDH B 3 EC OUTPUT OF LOM PRE -. 

0 3 0 7 0 34 B 7 8 8 '2 0 LDA H 7 33 0 

0 3 06 0 34 F: 7 1 0 I DH 

0 3 0 7 0 3 4 D 3 D8 D7 LDA E: 3D7 
03:03 0 34 DA IB ADA 
U-3090 34 DB C 8 8 0 LDA B • 3 8 0 
031 00 34 DO ID ADA 

0311 0 34 DE 9 7 ED F 1 3 I TA A 3ED GOVERNOR RESPONSE GEN N O : 2 

03:; 0 34 CO 8 6 EF L DA H 7 3 E F I N I T I A L I S E AND REPEAT ALL 

031 30 34 C 3 DO 37E: 7 J I P I M I T 1 3 
0314 0 34 C 7 8 6 E6 LDA A 7 3E8 

031 7 0 34 C 7 DD 3 7 C 4 J I P I'll T33 

031 6 0 34 C A 8 6 1 -1 
1 c 

LDA A 7 8 1 3 

031 7 0 34 C C DD 37D1 JSP I f 11 T32 
031 3 0 34 CF 8 6 OC LDA A 7 in; D IFFERENT DELH'i T INE 

031 9 0 34 Dl D7 2 3F 0 I 7 A '"1 32" ":F 0 
033 0 0 34 D4 D7 34 0 D I 7 A H 334 OD 

0331 0 34 D7 8 6 0 3 L DA A : 7 0 2 I N I T I A L I S E FLAG 

0 3 3 3 0 34 D 9 9 7 E4 I 7 A hi IE 4 

033 3 0 34 DD 8 8 I'I i L DA hi • I- 111 
0334 0 34 DD D7 3 3E1 " 7 A hi D : V4 D IFFERENT TIME CONSTANT 

0 3 3 7 0 34£ 0 D7 3 3E3 _ i A A D I V-Sv 
0 3 3 6 0 34E 3 D7 3 3 F D 7 7 A A PI VI 13 

(100); 



S I N U L R 7 I no TOPOLA M63I AM CPO: : - A 1SEMBLEP PAGE 11 

0 387 64 E 6 b? 6 3 F E I 7 h h D I V I c. 
iiM 
08 38 - TO TRL G • V EPMDP PE IPOM I E I I AT 0084 
u c : c ¥ 

0831 64 E 8 7e 6 6 8 6 EX 3 jr IF- I YM6 l.iHICH I E T MOP! IMG 
08 38 84 EC C 6 3 0 _ L DH E: 7 38 0 P E F F P E M C E L E V E L 
08 3 3 64 E E 10 : BA 
03 34 64 E F C «1 16 DM I DG 
08 3G 64 F 1 4 0 MEG h 

03 36 64 F £ 87 06 7 Ft A 3D6 • STORE EPF-DP 
0 3 37 64 F 4 86 3 0 L I ' m i-j 7 33 0 
0 3 38 64 F 6 06 EE: L OR D TEE: GDVEPMDP PES POM I E GEM c 
0 3 3 ? 64 F 3 1 0 I L h 
034 O 64 F 8 D6 D6 l l ' h E: 3 0 6 
0 34 I 64 FE: 11: ADA 
0848 6 4 F C 44 L I P A TD F I N D AVEPAGE 
084 3 64 FD 16 7 RE: 
034 4 6 4 F E 8 6 8 0 L D h A 7 3 30 P E F E P E M C E 
034 G 6 G 0 0 1 0 : DA 
034 6 6G01 6 0 OC BP A B6 
0 34 7 8G0 3 8 7 D6 E:G I 7 A h 306 t 

0 3 4 3 6 GOG 8 6 E B L r » h A i LB GDVEPMDP PESPOM I E GEM c 
084 8 6 G 0 7 1 0 : DA 
0 3G 0 6 G 0 3 06 D6 L L"R D 3 0 6 
03G1 6 G 0 h IE: A f-'H 
03G8 6G0E: 44 L I P A TD F I N D A V E P h G E 
03 G 3 6G0C C 6 8 0 L D m E: 7 3 3 0 P E F E P E M C E 
0 3G4 6 G 0 E IF: ABA 
03GG 6 G 0 F 8 7 34 06 I TA A 334 7D7AL GDVEPMDP F E I PON I E 
06G6 6G1 1 8 6 LOR h 3;:: .•: INPUT TD THE I Y I T E M 
03 G 7 6G1 3 C 6 8 0 L D h E: 7 1.8 0 P E F E P E M C E 
08G8 6G1G 10 IDA 
03 G 8 6G16 c c. 1H r.-H i X 1 i 
066 0 6 G 1 3 4 0 MEG R 
0 -3 6 1 6 G 1 8 8 7 D 3 I 7R A 3 11 3 I TOPE EPPQP 
0366 6G; B 86' 8 0 L f'H A 7 18 0 P E F E P E M C E 
0 36 3 6G1 D DC. 34 L. DM B 334 GDVEPMDP P E S P D M I E 
0364 6 G 1 F 1 0 IDH 
036 G 6G6 0 4 * 

l n THE: 
0366 6G61 8 6 0 3 LDh R 30 3 
0>:67 6G6 3 1 0 I ' A 
036 3 6G64 C u 06 "Phi X 1 c' 
0 8 6 8 St- -cGCr- 4 0 MEG A 
037 0 6 G 6 7 C6 '3 0 L DM B 7 38 0 
067 1 6G68 IE: A D m 
0> 76 6G6H 6 0 ID DPR X I 
037 3 6G6C 1 6 • •« I c TAD 
0374 6G6D 36 3 0 L I'M A 7 33 0 
03 7 G 6 G 6 F i o : DM 
0 3 7 6 6G3 0 6 'j j i fl-H . .' I 
0 3 7 7 6G36 8 7 D 3 X1 1 ! 7 A H 3 0 3 S T D P E EPPOP 
0 373 6G34 8 6 34 L DA A i-84 TD7RL GDVEPMDP PEIRDM I E 

(101); 



V :F1»JLFI71 MOTOROLA M88SAM C PO 7 7 -AS SEMDLEP PAGE 

379 0 
83 0 0 
381 0 
3330 
33 3 0 
384 0 
3370 
8380 
3 37 0 
333 0 
339 0 
39 00 
391 0 
3930 
39 30 
394 0 
3970 
3980 
3970 
39 30 
3990 
? 0 0 0 
9 01 0 
9030 
9 0 3 0 
9 04 0 
9 070 
9080 
a n r n 

37 38 C 8 8 0 LDA D 7 33 0 
37 38 i 0 S DA 
3739 4 • 

I * TAD 
37 3h 98 D 3 LI'H A 8 D 3 
c 7 L 1 0 . : DA 
37 2 D c c. 07 DHI • :: 14 
37 3F 4 0 MEG A 
374 ij 1 1- TAD 
374 1 8 8 3 ij L DA A 7 33 0 
374 3 1 0 : DA 
3744 8 0 0 3 DP A 
3748 C8 8 ij ::i4 L Dh D 7 38 0 
374 3 ID ADA 
3749 97 F3 !! i 3 7 TH A 3 F 2 

R E F E R E N C E 

EPPOR INPUT OF 3VI 

TOTAL COST C A L C U L A T I O N 

EN 

34 E: 98 7C 
34D 44 
34E 97 7B 
37 0 98 8C -r- * * -'C 1 1' 
37 3 43 
374 ID 
377 D8 7E: 
377 IE: 

LDA H 37C GENERATOR NO:1 
L I P A 
I TA A 3 7 D 
LDH A TGC GENERATOR MO:3 
TAD 
HLL H 
ADA GEM3 7 7 I M E S NOPE 
L PH E: 37 D 
ADA TOTAL COST 

• TOTAL COST TO DE D I S P L A Y E D 

HOLDS- A L L 

3030 3773 •••8 3 0 LDA A • r 3: 0 
3 090 377A C 8 FF LDA D • 3 EF 
91 0 0 877C F7 301 0 7 T A P r o 0 i 0 
9 i 1 0 377F 4A Ill 4 DEC A 
913 0 378 0 38 FD DUE 1.14 
9 1 3 0 3783 97 7 fl 3 TA A i 7 D 
914 0 3784 C8 •;•: 0 LDA D ' r S 0 
3 I 7 0 3788 D7 801 2 I TA A B 

3 3 01 2 
9 1 8 0 8789 7 A M 0 DEC 

A 
B 

3 1 7 0 378A 38 FD DME i.I n 

313 0 378C 88 0 LDA H • 3 3: i j 

319 0 378E •38 F7 l DA D • 3 F7 
9300 3770 F7 301 0 3 TA P 3o 01 i1 
9310 3773 4A Ml DEC A 
3220 3774 88 FD DME l . l i 

33 30 * READ AMD m p I IE T l.l 
334 0 3778 98 7D Lit A h 3 7 P 
9870 3773 C 8 ": i ' i l DA p • i* :: 0 
3380 37 7A E-7 301 c. I TH A 3o ij 1 8 
9370 377D 7 A M3 DEC P 
3330 377E 38 FD DME 1.12 
383 0 3730 38 i i l.. I'M A • I I ' i 
9 3 0 0 3733 C8 F7 LDH E: • \ F 7 

DELAY R E Q U I R E D TO MRJTE 

CHOOSES S . H . MO:4 

DELAY R E Q U I R E D TO M P I T E 

DELAY R E Q U I R E D TD M P I T E 

CHOOSES S . H . HO:4 

(102); 



I S I M U L A 7 I MOTOROLA M88SAM C R O S S - A S S E M B L E R RAGE 

0 3 3 1 0 £ 0 3 4 F 7 8 0 i 0 I TA E: •73 01 0 
0 3 3 3 0 5 0 3 7 4A 1.13 DEC h 
0 3 3 3 0 £ 0 3 3 5 8 FD B'it III S 
03 34 0 £ 0 3 A 7E 3 0 3 5 JM'P LOOP! 
0 3 3 0 0 ¥ 
0 3 3 8 0 ¥ 

0 8 3 7 0 ¥ 

0 ? 330 * SU BROUTIMES 
0 3 3 3 0 ¥ 

034 00 £ 0 8 D B7 5 5 8 A IMITi S T h h 7553A 
034 1 0 £ 0 3 0 B7 5 5 AO I 7 h h I S S A O 
0 3 4 5 0 5 0 3 3 B7 3 5 BD S7A h 755 B D 
034 30 5 0 3 8 B7 5 5 C 3 S 7 A h '7SSC3 
0344 0 5 0 3 3 R T : 
0 3 4 0 0 3 0 3 A B7 £ 5 3 4 IMIT5 S Th A •75534 
0 3 4 8 0 5 0 3 B B7 5 5 h c S 7 h h •755A5 
0 3 4 7 0 5 0 AO B7 5 5 B1 7 7 h A '755 PI 
0 3 4 3 0 5 O h 3 B7 5 5 BF STA A 755 PF 
0 3 4 3 0 5 0 A 6 33 RT S 
0 3 0 0 0 5 0 A 7 B7 5 3 3 8 IHI T 3 S 7 A h '75338 
0301 0 50AA B7 5 5 3 E I 7 h h •7553E 
0 3 0 5 0 5 0 AD B7 5 3 B 3 S TA h •755 PS 
030'3 0 5 0 BO B7 5 3 BB I T h A 755 PP 
0304 0 5 0 B 3 B7 5 5 CD I TA h •7SSC D 
0 3 0 0 0 5 0 B 8 3 3 R T : 
0 3 0 8 0 R.RR.? C _> B I B7 £ 3 BE I H I 7 1 S : T A A •753DE 
0 30 7 0 SOB A B7 S 3 F 4 : T h A '75 3F4 
0 3 0 3 0 5 0 BD B7 54 1 1 : 7 A h '7C'4 I I 
0 3 0 3 0 SOC 0 B7 54 1D S7A h '754 1 D 
038 0 0 5 0 C 3 m F T : 
0381 0 SOC 4 B7 £'3E8 IMIT55 STA A '7S3E3 
0 3 8 5 0 5 0 0 7 B7 3 3 F 8 S 7 h A '75 SF8 
038 30 SOC A B7 54 00 STA A 754 00 
0384 0 SOC D B7 3 4 1 3 17 A A '754 1 3 
0 3 8 0 0 SODO 33 F T : 
0 3 8 8 0 SOD 1 B7 £ 3 E A A Mi i85 S 7 A A •75 3EA 
0 3 8 7 0 50D4 B7 5 3 F £ STA h '75 SF5 
0 3 8 3 0 SOD 7 B7 £4 07 S 7 h A '754 07 
0 3 8 3 0 SODA B7 54 OF S 7 A h '754 OF 
0 3 7 0 0 50DD B7 5 4 5 1 I 7 h h 75451 
0371 0 SOEO •33 P 7 S 
0 3 7 5 0 ¥ 

0 3 7 3 0 • SUBC NUTI HE CHECK 
0374 0 ¥ 

0 3 7 0 0 * L I U I T S OF FREQUENCE 
U3760 ¥ IJP'RER L I MI 7 8 A IM 
0 3 7 7 0 * LDl.lEP Li MI 7= 78 IM 
0 3 7 3 0 ¥ 

0 3 7 3 0 5 0 E 1 81 3H SUB CMP h : 33 A 
0 3 8 0 0 5 0 E 3 Cil 07 PHI R5 I 
033 I 0 SOEO 81 7 8 CMP A 7 '7 78 
0 3 3 5 0 5 0 E 7 5 3 0 3 PL : R S I 

DELAY R E Q U I R E D TO W R I T E 
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SIMULRTI MO TOPOLR f 1831 h f l CPOS 

08 8 -30 8CE9 7E c c 11 JMP C HECK 
088.4 0 8CEC 3 8 3 0 P81 LDR h 

7 33 0 
0887 0 
0888 0 • Ifll TIRL I SE RLL P 
03370 np 

09330 27EE 97 EO S Th h - T E 0 
083 30 27F 0 97 El S Tm R •I E 1 
0 3300 8CF8 97 E8 S Th R 3 EE-
0331 0 87F4 97 E 3 S 1 R h IE 3 
0332.0 87F8 97 EE ! T hi h TED 
0 33 3 0 27F3 97 EC I T h R iEC 
0 334 0 8CFR 97 ED S TR h 3E D 
0 3370 8CFC 97 EE S TR h 3EE 
0338 0 27FE 97 EF S TR h 3EF 
0337 0 88 0 0 97 FO S Th h 3p Ij 
0333 0 8808 97 Fl I Th h 3F1 
03390 8804 97 F8 S TR h TF8 
1 0000 88 08 97 F 3 "TR h 3F 3 
1 o 01 0 8803 97 FE S Th h i f f : 

1 0020 88 Oh 97 FC • S TR h t r c • • 
1 0 0 3 0 88 OC 97 FD S TR •1 3PD 
1 004 0 88 OE 97 FE S TR hi 3pE 
1 0070 881 0 97 FF : TR h IFF 
I 0080 8818 97 31 I TR R "i 1 
1 0 0 7 0 8814 97 r. S Th h i'OC.' 
1 0 03 0 8818 97 S Th h i o 3 
1 ij 09 0 8813 97 •34 S TR h 334 
11 j 1 0 0 281R 4F LLP h 

1 011 0 881 B 97 EC S TR h •TEG 
10180 881 0 97 E8 S T H h I EE 
1 01 -3 0 88 IF ?? E7 S T h h TE7 
1 ij 14 0 8881 97 ES S TR R 3E8 
1 017 0 2883 97 FC I TR r T FC 
1 0180 cl cl 7 97 F8 S 7 m R TP 8 
1 01 7 0 8887 97 F7 : t h r 3P7 
11 j 13 0 8889 97 F3 : t r h 3F 3 
1 019 0 888 B 7E 8 0 z c. JMP LOOP 1 
1 02 0 0 888E :38 3 0 SYH1 l d h h 

7 3 3 0 
1 081 0 83 30 C 8 0 3 LDH B 7 3 ij 5 
1 0220 8838 F7 8008 S TR D 33 0 08 
1 08 3 0 8837 4R Cl DPI: r 
1 024 0 8838 88 FD BME C 1 
1 0270 8833 C8 3 0 l i ' m F: 7 i 3 0 
1 0230 88 3R B8 8004 l d h h 381» 04 
1 0270 88 3 D CR C2 DEC D 
1 0230 88 3E 88 FD DME C 8 
1 0290 dp 

1 0 3 0 0 * PERD HMD I.I P I TE Till 
1 ij 31 0 4 

1 L'I 38 0 884 0 98 3 0 l d h h 
7 3 3 0 

1 0 3 3 0 8848 C8 • j 3 L D hi B 7 3 03 
1 034 0 £84 4 F7 3 0 08 s t h {• 3 8 01 • H 
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F 'HGE 

: : ' . I I T H I N L I M I T S 

F E F E P E M C E 

T EPS-

GOT • S T R P T O F P'F D G F H M 

4 T H IF ( P U T 

"OH" OR "OFF" 

4 T H IF ( P U T 



1 SINULA!I MOTOROLA MGG.HM C PO: I - A " : EMDLER RAGE 

03 CO EG4 7 4 A C 3 DEC H 
0 EGO 'EG4E EG FD DUE F }: 
0 3 R 0 EG4 A CG 3 O LDA D : J 0 
0 3 30 EG4C DG GO 04 LDA A I E 0 04 "DM" DP " O F F " 
0 3 ? 0 E G 4 F OA C4 DEC T: 
04 00 EGCO EG FD DME C4 
041 0 ¥ 
04 EO E'GCE 9 7 cr ' 

J I 
I TA H .* r- • STORE AT ADDRESS 

04 30 EG 04 E B OG DM: . i ERAMCH I F "OH" 
044 0 E'GOG GG GD L. DA H 7GD 
04 CO EGOE 97 C: I I 7 A A I'M 1 TOTAL G E N E R A ! I ON 
04 GO EGOA E 0 30 E; R A 
04 70 * SET NO: E "•RR OR M O F F " 
04 8 0 EGOC EG '3 0 J 1 L DA A 7 '7 3 Ij 
04 GO EGOE CG 04 L. DH F: 

7 7 0 4 OTH INPUT 
OCOO EGG 0 b? E 0 OG I 7 A A 'i E 'j i j G 
OC I 0 EGG 3 4A CO DFC A 
OCE 0 EGG 4 EG FD DUE CO 
0C30 E'GGG C G 3 0 LDA F: 7 7 3 ij 
0C4 0 EGG 3 EG EO 04 LDA H I E 0 04 "ON" OP " O F F " 
OCCO EGGD OA C G DEC f: 
OCGO EGGC EG FD DUE C G 
0 C 7 0 ¥ 

0C'30 * READ AMD U p I T E T l.«l I CE 
OCGO ¥ 

OGOO EGGE EG 30 LDA A 7 '7 3 0 
OG 1 0 E G 7 0 C G 04 LDA F: 7 I"L4 OTH INPUT 
OGEO E G 7 E D7 GOOG : 7H A 7 E 0 O G 
O G 30 EG 70 4A c r DEC A 
0G4 0 EG7G EG FD DUE C 7 
OGOO E G 7 E CG 3 0 L DA F: 7 -7 30 
OGG 0 EG7A E:G E 0 0 4 LDA "7E 0 0 4 "DM" OP " D F F " 
0G70 EG7H OA C E DEC E: 
OGEO E G 7 E EG FD DUE C G 
0G80 ¥ 

0 7 0 0 EGEO 97 OE ST A A V STORE AT ADDRESS 
0 71 0 E G E E EF: OG DM I C DRANCH I F "DM" 
0 7 E 0 E G E 4 GG rp LDA A '7 7 D 
07 30 EGEG G7 V i : 7 A H 7 -J 1 TOTAL GENERATION 
074 0 E G E E EO 07 DPA - *> 

07C0 EG 3 A GG 7D - C L DH H 77 D 
07G0 EG EC DG GD L D A D •7GD 
077 0 E G E E IE: ADA 
OR SO E G E F G7 6 

* i I IA A '7 C: 1 TOTAL GENERATION 
078 0 EGGI '39 R 7 : RETURN 
0 3 00 ¥ 

i j x i 0 * "UDP0U7INE I YNE 
0 3E0 ¥ 

0 3 3 0 EGGE G G 01 SYNE LDA A •7 o o c; F L A G 
034 0 EGG 4 EE: 10 I M I : 4 DPMMCH I F "ON" 
OEO 0 E'GGG G G F T 1. I'M A ;RD GOVERNOR RE I R O N : E 
OEGO EGGE C G E 0 L D A D : 7 3 0 

(105); 

•in 



SIMULA!I MOTOROLA 11631 AM CPOI I - A I " E M B L E P RAGE 

0370 869A 5 0 : BA COMPARE 
033 0 669 B u C 03 F'H: C 9 
0330 6690 4 0 MEG A 
03 0 0 669 E 1 6 TAB 
091 0 669F 36 3 0 L BA A T 330 REFERENCE 
0960 66 A i 10 - I BA 
0 ? 3 0 66A6 7E 6G0F .IMP B6 C DMTIMUE 
09*1 0 66HG C 6 3 0 C 9 LDA B 7 33 0 
09 GO 86A7 1 B ABA 
0960 66 A 3 7E 6G0F JMP B6 . COM7IMUE 
0970 66 A B 96 r- 34 L DA A .* V 

I' 1 093 0 66 AD SB 14 BMI - c~ 1 BRANCH IF 
099 0 66AF 96 EB LDA A •I E E: 
1 'J U U 66 Bl C 6 3 0 LDH B 7 I 3 0 PEFEPEMCE 
1 01 0 66 B 3 1 0 : BA COMPARE 
1 060 66 B 4 66 07 BHI _ i 
1 0 3 0 66 E 6 4 0 i IPG A 
1 04 0 66B7 16 TAB 
1 0G0 66 B3 36 3 0 L DA A 7 33 0 REFERENCE 
I 060 66 BA i o : [ h 
1 070 66 BE: 6 0 0 3 BP A I 6 
1 030 66 BD 6 3 0 'j- r LBA B 7 33 0 PEFEPEMCE 
1 030 66 BF IB ABA 
i 1 0 0 86 CO 7E 6G0F r- '2' JMP B6 CONTINUE 
11 I 0 66C 3 96 FB SG L DM A •i f r: 
116 0 86 CG 7E 84 EC JMP r, RETURN 
11 30 END 

(106); 



S I M U L A ! I MOT ORDLA MG8 3AM 

SYMBOL TABLE 

L O O P ! 2 0 32 MULTP1 2 0 38 I > I •? I 

JI 2 OTA CONST 1 8 081 GF'7 

M7YE7 2 0 AD AMA 8 OB 4 HULL ! 

Li 2 0 DC MULTP8 2 0E8 D I G I 8 

J 8 
.—, < —» 
CLCi COM572 8 1 8 E GR7? 

M7YE72 2 i 5A ANA8 21 8 1 HDL D8 

L 8 2 1 3 ? NULTPO 8 1 8 8 I> I G I 0 

A P 7 2 21C1 PEC' 81C 4 LDDP8 

AMAO 2 2 1 8 HDL DO u l l u A 1 

LDDP4 2 2 4 ? Bi 0 224 C c 
V 8 2 8 E DROOP 8 8 7 0 LDDF'7 

f i 2 2 3 5 D I V 8 888C D I V4 

[i IV14 2 2 A 8 D I V I 3 cc h H L 0 0 P 8 

L O O P 1 3 2 2 F ? x s 8 31 0 ;•A 

P2 8 3 8 A l-1 1 8 335 E: 1 8 

M84 2 ? DC .. c 2 3C 8 DROMR, 

B? 2 ? D 5 B4 8 3 D 3 D IV88 

L D 0 P 8 3 2?FC D I V I 4 8 8 3F P D IVIS , 

LOOP31 24 i E L O O P ? ? 24 4 0 • • -.r-

P I 1 24 AF • F 1 2 84 BE Bl 3 

B8 2 5 OF V 1 8 358C ill 1 

'.14 2TTF (J IJ 8 5 8 8 Ml 

IMI 71 2 5 8 D IN I 7 2 8 5 8A : H : 7? 

I M I 7 3 2 2 5 D1 SUB 85E1 F'8-i 

C 8 8 8 ?D f }: 884 7 C 4 

r A 8 8 8 B 8 8 75 r 3 

3YM2 8 8 3 2 C8 8 8 A 5 S4 

8 8 C 3 

CF'D7 7 - H . 7 EMBLER PAGE 

804 1 Ml 804 B DO 8 0 5 ? 

8 035 . MTC 8 0 A 8 • U 7 8 OAB 

8 0 BE AO 8 0C3 HI 2 0D2 

8 0EE N£ 8 OF 3 D8 81 0»!' 

8 1 38 MTC 2 8 1 5 8 • U 7 2 8 1 5 3 

8 1 8 B A 2 8 1 7 5 H£ 81 i F 

81 8E MO 21A 3 D1 21 B 0 

8i E e L D 0 P 3 £2 OC CHECK 8 8 1 1 

888C HO 8 8 38 L 3 8 8 4 0 

8 85A 
• « 4 

. . i 8 8 8 8 14 8 8 8 3 

8 8 78 L O O P 1 5 CCi'O Bl 8 8 8 1 

8 8 3 D D I V 3 8 8 3 E LOOPS 8 8 H 3 

88C 3 LOOP 10 8 8 C 3 L O O P ! 1 88CA 

8 1 8 L D D P 1 4 8 34 0 RI 8 35 B 

8 38E i.uC 8 3AE ! 18 1 8 3B8 

8 3C4 L D D R 2 7 23CA L 0 0 P 3 5 8 3CC 

8 I E 0 D I V 4 8 8 ?E 1 D1V88 L. jEc 

8 3FE L D D P 2 8 841 7 LODF'3 0 24 1 C 

84 84 !!88 2 4 8 C LOOP34 8 4 8 4 

84 E 8 18 84 EC F5 8 5 0 ? 
•. i—. 
C u. 

: : i4 8 5 4 8 . . 1 8 5 4 8 
• r — 
C i 

1,18 2 5 7 D I.I:-: 8 5 8 7 

8 5 A i IM I 7 1 8 8 5 B 7 IMI Tee 85C 4 

85EC :YMI 8 8 8 E C 1 2 * 35 

884 F . i 885C C5 8 8 8 3 

88 7 D c 8 8 8 A . c 8 8 3 1 

8 8 A B C 1 8 8 BD - 8 88C 0 

(107); 



APPENDIX : C 

"Timing" Procedure of Software Program 

Refering to Section 4 . 3 . 2 , the principal of the method used here can be 

described as follows : 

In establishing (CB2) on PIA (8010-8013) as output, this can be used to 

produce a pulse, i . e . CB2 goes low on first low-to-high E transition 

following an MPU Write into Output Register B; returned high by the next 

low-to-high E transition. 

So through-out the program where ever an output is written into output 

register at address 8012 a pulse is produced. Therefore to measure 

run time at any segment of this program it is simply to measure time 

between two pulses at start and finish of that segment on a CRT. 

(108); 
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