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ABSTRACT 

With the progress in automation, there is a growing 

demand for reliable stepless variable speed drives which 

have the ability to respond quickly and accurately to 

external speed and torque demands. As a result of recent 

advances in solid state technology and with the availability 

of high power reliable and efficient thyristor convertors; 

the use of thyristors to control large amount of power 

is being made. Due to the complexity of control circuits 

and inability of electronic components to perform consistently, 

reliability of SCR controlled drives has been found to be 

very poor. 

,  ,~~ Generally, the SCR controlled drive systems are 

maintained systems in which the failed equipment is repaired 

and installed or is replaced by a spare. For such systems, 

the reliability function alone does not give the correct - 

picture of systems performance. This dissertation brin s 

,out the availability of drive systems by introducing repair 

rate, installation rate and spares. The calculation of 

the steady state availability has been done by a symbolic 

method. Since all the maintenance facilities are connected 

with cost,the total cost of the system increases by provid-

ing these facilities. The optimization has been done for 

repair rate and number of spares for achieving the desired 

level of availability at minimum cost. 
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In order to illustrate the procedure s  the typical 

SCR controlled drives i.e. one AC and one DC are analysed. 

The failure rate of each subsystem has been calculated 

on the basis of available data. The repair rate, number of 

spares have been optimised to achieve desired availability 

at minimum cost for these drives. 



LIST OF SYMBOLS 

n - number of units in the system. 

P - number of spare units 

- constant on-line failure rate of a unit. 

- constant repair (hazard) rate of a unit. 

- constant installation (hazard') rate of a unit. 

u -, number of installation facilities 

r - number of repair facilities 

K - minimum number of operating units for successful 
operation of the system, 

m - total states in the system 

0 91,2 - three states of unit-. operating, failed, being 
installed respectively. 

S. - number of units having state (j-1), j=1,2,3 when 
system is in state i, i=1,2,...m 

- element of state transition matrix 

Pi  - steady state probability of system-state i. 

Ass - Steady state availability of system. 



CHAPTER I 

INTRODUCTION 

1.1 GENERAL 

As a result of recent advances in solid state 

technology and with the availability of high power, reliable 

and efficient thyristor converters, the use of thyristors(SCRs, 

to control large amount of power is being made. Due to almost 

unlimited capabilities and various useful characteristics, 

thyristors have also been instrumental in the rapid advance-

ment of electric drives technology, both ac and dc. Also 

thyristor devices are fast replacing conventional rotating 

devices. 

A measure of how well a system performs or meets 

its design objectives is provided by the system reliability. 

If successful operation is desired for a specified period 

of time, reliability is defined as 'the probability that 

the system will perform satisfactorily for the required 

time interval'. In general reliability can be defined as 

the probability of successful system operation in the manner 

and under the conditions of intended use. Hence the reliabi-

lity relates to the frequency with which the failures occur 

and is closely connected with system maintainability, 

availability and cost. Due to the recognition of reliability 

as an important factor in all system engineering processes, 

a greater emphasis is being placed in the application of 
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concepts in the system design. 

System definition consists of defining, what the 

system is required to do, what its subsystems are, its 

operating environment s  its attributes, the functional 

relationship between its components and its basic design. 

The main task of the system definition phase, once the 

initial system objectives and requirements are established, 

is to explore the design problem and to identify its elements 

such as parameters, constraints and criteria, consideration 

must be given to system reliability (and perhaps even 

availability) requirements. Preliminary cost, versus effect-

iveness tradeoffs are sometimes performed in the selection 

of optimal design alternative. The reliability concept can 

be best described in simplest term by way of fig.l. 

Any SCR controlled drive in its basic form consists 

of following subsystems-, 

1. Power supply 

2. Control circuitry 

3. Motor, whose speed is to be controlled. 

Mostly, power supply and control circuitry use 

thousands of electronic components like transistors, 

resistors ,capacitors, thyristors and ICS. Although electro- 

nic components are known for their unlimited capabilities, 

they fail to perform consistently and their failures are 

more and are almost always without advance warning. Also, 

as the complexity of equipment in electronic systems increases, 
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one can expect their reliabilities to decrease.Consequently 

systems using electronic components are more susceptible 

to unplanned shut-downs which may have serious consequences 

in terms of cost, consumer confidence and safety. SCR 

controlled drives also display this trait of random failures 

and very low reliability when compared to conventional 

drives:11~. Conventional drives also provide a certain amount 

of warning to the experienced crew before breakdown occurs, 

which is not in case of SCR controlled drives. 

One of the methods for coping with this low relia-

bility problem is to design reliable subsystems using less 

reliable components. Another method to increase reliability 

is by using redundant components. As the experience has 

shown the reliability using less reliable components can 

be achieved only up to a certain level, keeping constraint 

of cost in picture, second method is commonly adopted 

for increasing the reliability. 

Redundancy can be applied at any level in the system, 

i.e. at component, subsystem or system level. It can be 

either active or standby redundancy(These terms are explained 

in later chapters). Therefore because of redundancy a 

system operates successfully even though certain components 

have failed, thus increasing the reliability of operation. 

Hence, redundancy provides more than one means for accomplish-

ing a given task such that all means must fail before 

causing the system failure. Redundancy increases weight, 
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size and cost of the system. 

1.2 REVIEW OF LITERATURE 

The reliability of SCR controlled drives as compared 

to conventional drives is very low and this has been brought 

out by D.R.Kohli and E.Ba.laguruswamy ̀12J . Also due to the 
low reliability of SCR drives.,lot many techniques have been 

developed for improving the reliability of complex systems. 

Constructing reliable circuits using less reliable components 

approach has been made by Moore and Shannon F l . Allocation 
of redundancy on least cost basis to different stages of 

system has been made by Moskowitz and Mclean)-2 . Several 

mthods D,6,8,13Z4fl have been suggested for optimal redund- 
ancy in order to maximize reliability. Reliability of 

special redundant systems considering exchange time and 

repair time has been discussed by T.Ito and C.Kr 1,TAGUCHI E' 1 . 
Also optimal design and optimal redundancy have been brought 

out by R.M.Buston E8. In the recent papers 715-171 methods 
have been suggested for obtaining optimum system availability 

by getting optimum redundancy and optimum component reliability. 

E.Balaguruswamyfl.1] has evaluated the reliability of SCR 

drives and has suggested the use of redundancy optimization 
in order to improve reliability. Very recently a 3 state 
model (operating, failed, being installed)- has been developed 

for evaluation of symbolic steady state availability of 

K out of n 4.G system with spares by Gupta PO O. 



1.3 PRESENT WORK 

Drives in the industries and other uses also are 

mostly maintained systems. Most of the contributions are 

purely mathematical or do not take the maintenance factors 

(repair of faulty subsystems and their installation) into 

consideration. Practically a subsystem which becomes faulty 

leading to shutdown of whole system is either replaced by 

spare or is repaired and installed so that the system starts 

working again. 

Normally, the SCR controlled drives are large 

systems and their many subsystems having high failure rates. 

Only reliability of the system does not give the overall 

picture about the performance of the drive system. The impor-

tance of allowing repair of failed components and its inst-

allation in a system should be obvious when considering 

systems with redundant components. Since repair is possible 

of a failed component without affecting the overall system 

operation then it is desirable to know what the chances are 

of returning this component to either operation or an 

operable state before its lack of operation causes complete 

system failure. The difficulty lies in the fact that system 

reliability does not consider the effects of subsystem 

repairs and their installation. Consequently since it should 

be to our advantage to repair failed systems and components 

as rapidly as'  possible, we need some additional measure of 

system performance that considers effect of system repair. 
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Such a measure is provided by the concept of steady state 

availability of the system. 

The present work presents a method for symbolic 

steady state availability evaluation of SCR controlled drives 

taking spares, failure rate, repair rate, installation rate 

and cost into consideration. Two typical drives, one AC and 

the other DC have been considered. As a first step reliability 

of these two drives has been calculated, based on the 

available data and afterwards assuming both the systems are 

being maintained, which is practically done in most of the 

cases, their steady state availability has been computed. 

As the spare, repair rate and installation rate are directly 

connected with cost and steady state availability, optimiza-

tion for these two drives correlating the spares, repair 

rate and cost has been done, in order to achicve the desired 

level of steady state availability. The symbolic method 

E20 of computing steady state availability taking repair 

rate, installation rate and spares into consideration has been 

applied to evaluate steady state availability of SCR controlled 

drives. 



CHAPTER II 

DEFINITIONS 

2.1 CONCEPT OF RELIABILITY 

'The probability that the system will perform its 

intended function for a given period of time under stated 

environmental conditions', is the most widely used 

definition of reliability. However,the important point is 

that any definition must be useful in making design deci-

sions in the planning of a new system. Historically, the 

reliability has always been considered during the system 

design. However, as systems have become increasingly 

complex, the reliability problem has become more acute. 

The major objective of system. reliability analysis 

is to investigate means by which a reliability requirement 

or a. goal can be achieved in the best possible way. This 

means, a.;g thorough analysis of the relationship of reliability 

with the other important parameters of the system. It means 

selecting a measure of system reliability effectiveness 

which may be quantitatively manipulated to describe the 

consequences of alternate system designs, developing a 

definition of failure which allows for reliability 

prediction and relating the level of system reliability-  

to be achieved to the cost of system design. As shown in 

Fig.2 r 9 ] an important part of disciplined design activity 
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is these studies which enumerate and identify the potential 

effects of cumpoi cnt failure. 

If T is the time to failure of the system, then 

the probability that it will not fail in given environmental 

constraints before time t, or its reliability is 

R(t) = P(T ; t) 

Reliability depends upon environmental conditions 

and is always a function of time. As the reliability- is the 

probability its numerical value is always between zero and 

one. 

As mentioned earlier, reliability depends upon the 

failure rate. In order to formulate the reliability function, 

R(t), let . is the failure rate and is constant. Then R(t) 

can be expressed as 

R(t) = e t = e-t/Tm 

where, Tm  - is known as mean-time-to-failure (MTTF) and 

is a reciprocal of failure rate X. 

At very initial stages of planning a system measures 

of reliability effectiveness must be defined and system 

reliability goal must be developed. The measures of system 

effectiveness are criteria by which alternate design 

policies can be compared and judged. It determines the 

system philosophy with regard to the use of redundant 

equipment and a. maintenance philosophy. Four major measures 

of system reliability effectiveness in use are 



(a.) Availability 

(b) Probability of survival 

(c) Mean-time-to failure 

(d) Duration of single downtimes. 

2.1.1 Availability 

This measure is applicable to the maintained systems 

and will be discussed in detail later. 

2.1.2 Probability of Survival 

The probability of the system survival is a measure 

of the probability that a system will not reach a completely 

failed state during a given time interval9given that at 

the beginning of the interval the system was in fully operable 

state. 

2.1.3 Meam Time to Sstem Failure 

For non-maintained systems MTTF is a measure of 

expected time the system is in operable state before all 

the equipment reach a failed state. For maintained systems, 

MTTF is a measure of the expected time the system is in 

operable state allowing individual equipments to be repaired, 

as they fail given that all equipments were initially 

operable when we began counting time. 



2.1.4 Durations of Single Downtimes 

For some systems duration of single downtimes may 

be the most meaningful measure of system reliability 

effectiveness, i.e. in case of an early warning radar. 

2.2 REDUNDANCY 

From the known failure characteristics of the ele-

ments making up the system, the reliability of the system 

can be calculated. Due to the complexity of equipment in 
Y 

electronic systems, reliability becomes very low and needs 

improvement. One of the first tasks in system development 

is to synthesize a system configuration which is expected 

to meet reliability goals, preferably at least cost. 

Basically following avenues are available; 

(a) Utilize existing equipments and determine their 

best configurations. 

(b) Improve upon existing equipments to improve 

their reliability. 

(c) Design new equipments to meet reliability 

standards. 

(d) A combination of any of these approaches. 

The 'best' policy is primarily a function of the increase 

in reliability that can be achieved for a given expenditure. 

In general, there is more to be gained on the system level 

through the use of redundancy than through other approaches. 
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There is no doubt that redundancy results in increasing 

the reliability of operation, it increases the weight, size 

and cost of the system. 

Redundancy can be applied either at systemllevel 

itself or at component level of the system. Generally, a 

compromise is reached between the two. Redundancy is of 

two types. 

2.2.1 Active Redundancy 

Active redundant system is one which has duplicat-

ing element(s),permanently connected in parallel with the 

main element(s). Hence in active redundancy all the elements 

operate simultaneously for performing the task. An active 

redundant system will only fail when all the units connected 

in parallel have failed. 

2.2.2 'Stand-bar' Redundancy- In this type of redundancy, 
the duplicate element is switched into service when a. 

primary element fails. Replacement of the failed unit is 

done manually or automatically by a spare unit immediately. 

Hence, unlike active redundancy, spare units are not in 

operation until their turn comes to replace the operating 

unit. Also it is assumed that while on stand-by duty, 

spare units will not fail. 
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2.3 AVAILABILITY 

We shall no doubt do our best to achieve the highest 

reliability at minimum cost, but we have to recognise that 

every equipment will break down sooner or later. hen this 

happens, the speed and ease with which it can be repaired 

become vitally important. For any equipment, we can express 

the mean time to repair (MTTR) in a similar way to the mean 

time between failures. Thus we have 

The MTBF telling us, how long on average, an 

equipment operates before it fails, and this we want to 

be as long as feasible. 

The MTTR telling us how long on average, it takes 

to put the equipment right after it has failed and this 

we want to be as short as possible. 

If we are responsible for operating an equipment we 

shall want to know the probability it will be available for 

use. Hence we use a quantity called availability, which is 

defined as 

MTBF 
Av. Availability = - 

MTBF + MTTR 

In the case where we want to use the equipment 

continuously, the average availability expresses the 

probability it will actually be working. An average avail-

ability of 0.80 means that the equipment is working satis-

factorily for 80'/. of time, and under repair including 
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waiting for spares etc. for the remaining 20'/. . 

In the maintained systems the maintenance activities 

take place, when the system has failed, if there is no spare, 

and on the failed spares in case they are provisioned. Since 

the failed equipments will be restored to operation in a 

finite time an additional figure-of-merit of a system's 

reliability is introduced. This figure of me rit,called 

AVAILABILITY, will be employed to determine the probability 

that the system is in an acceptable state at any time 't', 

given that the system was fully operating at t = 0. Also the 

portion of time the system will spend in acceptable states 

is referred to as system's availability. For the systems 

that are to be operating continuously for a long time the 

steady state solutions are usually sufficient. Several meas-

ures of availability in existence are generally categorised 

as below. 

2.3.1 Instantaneous Availability 

It is defined as the probability that the system will 

be available at any random time t. 

2.3.2 Average up time 

It is the proportion of time in a specified inter-

val (0,T) that the system is available for use. 

2.3.3 Steady-•state Availability 

This is defined as the proportion, of time that the 
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system is available for use, when the time interval considered 

is very large. 

In the limit these three measures of availability 

approach the steady state availability. Selection of measure 

for use depends upon the system mission and its condition 

of use. Systems which are to be operated continuously as is 

in the case of SCR controlled drives, steady-state availabil-

ity may be the satisfactory measure. 



CHAPTER III 

SCR CONTROLLED DRIVES AND THEIR RELIABILITY 

3.1 INTRODUCT'IUiv 

In many industries there is a growing need for 

precise and reliable speed drives capable of giving long 

term stability and good reliability. The most popular 

method for obtaining an electrical variable speed drive for 

industrial purposes has for many years been through the 

use of dc motors, although its commutation has been a 

source of constant problem and also requires a rigorous 

maintenance schedule. 

An induction motor makes a very attractive type of 

ac drive, because of its simple construction,ruggedness, low 

capital cost and absence of commutator problems. Many 

conventional methods such as pole changing, pole amplitude 

modulation, stator voltage control, frequency changing, 

rotor resistance control, and slip energy recovery schemes 

have been employed in the past to obtain multispoed or vari-

able speed operation.Despite the simplicity and economy of 

induction motor,its use as a variable speed drive has been 

limited until recently because of high cost and complexity 

of auxiliary equipment. 

With the recent advances in solid state technology, 

advent of SCRS, and the availability of high power, reliable 
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and efficient thyristor convertors there has been a 

rapid development in the technology of electric drives in 

the recent years. Due to continuous reduction in cost also, 

drives with SCR control are becoming very popular. However, 

due to complexity of electronic control equipment and inab-

ility of electronic equipment to perform consistently, 

SCR controlled drives are noted for their low reliability 

also. 

The reliability of an electric drive system is usually 

analysed according to the reliability indices of the consti-

tuent elements. In this case the accuracy of the reliability 

analysis depends mainly on the dependability of the intiail 

statistical data, obtained in service operation of the system, 

on the basis of which objective conclusions can be drawn, 

or more efficient ways of increasing reliability can be 

planned. 

It has been brought out by E.Balaguruswamy~-i1J3SCRs 

controlled drives have lowest reliability when compared to 

conventional drives. D.R.Kohli 1-1 ] et al. have concluded 

that reliability of SCR controlled drive also varies consi-

derably depending upon the type of control scheme used and 

firing circuit of control scheme being the major contributing 

factor towards low reliability. Methods for improving 

reliability have also been suggested. In this dissertation 

taking SCR controlled drives as maintained systems it has been 

suggested to improve steady state availability by introducing 
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repair of failed components and installation of spare or 

already repaired component. By providing spares for selec-

ted subsystems stand-by redundancy has also been introduced. 

As the number of spares and repair rate have direct bearing 

cost and steady state availability, repair rate and number 

of spares have been optimized with respect to the cost in 

order to achieve a certain level of availability. The 

installation rate has very little affect on steady state 

availability and hence it is taken as constant. In order 

to illustrate the suggested method two typical SCR controlled 

drives i.e. one ac and dc have been taken. After brief 

description of each drive,on the basis of the available 

data, their reliability and logic diagrams have been 

evaluated. Thus after evaluating the reliability,weFker 

subsystems from the point of view of reliability have also 

been pointed out. 

3.2 SLIP POWER CONTROL DRIVE :WOUND ROTOR MOTOR 

Due to advances in solid state technology the use 

of schemes which employ stator voltage control, frequency 

changing, rotor resistance control and slip energy recovery 

are becoming more popular. Out of these:the best is slip-

energy recovery sczeme.The schematic diagram of this scheme 

is shown in Fig.3. Also schematic of a subsystem of this 

drive, 3V line commuted inverter is shown in Fig.4. 

The slip energy scheme utilises the slip energy 
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available at the slip rings instead of dissipating it in 

external rotor resistances. The recovered slip energy is 

either added to the main motor shaft itself or returned to 

the supply, thus resulting in constant horse power and cons-

tant torque drives. In the constant horse power drive slip 

energy is supplied to the auxiliary rotating machine. In 

constant torque drive the slip frequency of recovered energy 

is first converted to supply frequency and then recovered 

energy is returned to the supply. Control of speed is achieved 

by charging the firing angle. 

The schematic shown in fig.3 is of constant torque•

drive. The main components of. this drive are 3V controlled 

rectifier bridge, filter circuit, and 3V line commuted inverter. 

The slip energy is extracted from the rotor and returned to 

the supply at a rate fixed by the supply voltage and inverter 

firing angle. The control of speed over sub-synchronous region 

from zero to rated speed is achieved by varying firing 

angle of thyristor. This drive has got close loop control. 

incorporated in it and uses tachogenerator as the sensing 

element. 

In order to evaluate the reliability of the above 

mentioned drive, reliability logic diagram is first prep-

ared for the scheme. It may be seen from the schematic 

diagram that failure of one equipment causes either the 

failure of the entire system or the loss of desired per-

formance .,,rhich is inadmissible. This assumption has been 
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kept in mind while preparing the logic diagram. Thus 

we find that it is anon-redundant series system, where 

system will be down by failure of any one equipment. 

The logic diagram of the scheme is shown in fig.5. 

The failure rate data of various electronic and 

electrical equipments is given in Appendix A.The drive 

system has been divided in sub-systems as shown in the 

logic diagram. With the help of available failure rate data, 

the failure rate of subsystem has been calculated. A typi-

cal calculation for failure rate of control and firing 

circuit is shown in Table 3.1. The circuit diagram of firing 

circuit is shown in Fig.5. The calculated failure rates of 

subsystems are shown in figure 6. It may be seen that failure 

rate of firing and control unit is maximum and thus it 

is the major contributing factor in the low reliability 

of SCR controlled drives. Being series non-redundant system, 

failure rates of all the sub-systems are added for evaluation_ 

of reliability. 

.. Total 	= 2.10825 (for 104  hr)  

Since R(t) = et 

Hence, R(104  hr) = e-2.10825 

0.1215. 
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Table ,.1 

Calculation of Failure Rate 

Control and Firing Circuit for One Phase (Fi 	) 

Component 	ni 	~`i 6 
for 10 hr. 

Small trans- 	3 	0.200 	0.600 
formers 
Resistors 	36 	0.600 	21.600 
Variable 
resistors 2 x.000 6.000 

Transistors 10 0.610 6.100 
IC 4 4 16.000 

Diodes 6 0.200 1.2000 

Capacitors 4 0.600 2.400 

nixi = 33.900 

Failure rate of subsystem for 3 phases = 53.900x3 
= 161.700 for 

106 hr. 
.. Failure rate for 104 hrs. 	= 1.6170 

z 
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3.3 THYRISTORIZED  R"VEISING ROLLER DRIVE USING D.C.MOTOR 

D.C. motors have generally been preferred over 

other types in large number of drive applications due to 

its adaptability to control of its speed and torque, ins+ 

of its disadvantages due to continuous commutator problem 

and tight maintenance schedule. Compared to other types of 

conventional drives, SCR controlled drives are most promis-

ing due to high efficiency, low weight and quick responses. 

However, again due to complexity of electronic control 

circuit, reliability of system becomes very low. 

Control systems for solid state dc drives include 

three essential portions; 

(a) Thyristor firing circuit 

(b1  Speed and current sensing means 

(c) Reference, comparison and amplifier circuits. 

There is a vide variation in the circuits and the 

hardware used to accomplish these functions depending upon 

the type of drive and the manufacturer. 

3.3.1 Firing Circuit 

Solid state firing circuits use capacitors as 

the source of firing energy and release it through some 

type of solid state device which breaks down and conducts 

at threshold voltage. The choice of one type over the other 

depends upon the required range of control, the length of 

pulse and the relative cost. 
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x.3.2 S 	.ensin 

Except for some FHP drives 9  all solid state dc 

drives employ some feedback (closed-loop) -Wans'of speed 

control. The speed setting dial controls a reference 

voltage. This reference voltage is compared by the control 

system with a voltage proportional to speed. The difference 

is the error voltage wiich is amplified to control the 

firing circuits in a direction to minimize the error voltage. 

The speed regulating ability of the drive depends upon the 

fidelity of speed sensing signal. The most accurate drives 
are built using pulse or digital speed signal and reference 
techniques. 

3.3.3 Current Sensing 

A signal proportional to the line or armature current 

is required on almost every dc drive system for following 

reasons , 

(a) to develop IR compensation signal when armature 
voltage speed sensing is used. 

(b to monitor possible misfiring of the thyristors 

in reversing drives. 

(c) to use for regulating current, torque or acceler-- 

etion when the motor is called upon to make change 
in speed. 

Three techniques are used for current sensing 

(a) resistance shunt in armature circuit. 



- 

(b) a dc transducer is armature circuit. 

(c) current transformers in a.c lines to controlled 

rectifiers. 

3.3.4 Schematic and Reliability Evaluation 

The schematic of the thyristorized reversing roller 

drive using d.c. motor is shown in fig.7. This typical 

drive is installed and is used in blooming mill of Lenin 

Metallurgical Works USSR. The reversing drive inclides 

two sets of thyristorized three phase fully controlled 

rectifier bridge in inverse parallel connection. The 

schematic reveals the present realization to be a so-called 

reversing drive with loop current control. The firing angle 

of the bridge,opersted in inverting mode is adjusted by 

the control so that the loop current presented by a 

reference signal should be maintained.. The other bridge 

supplies the motor with terminal voltage corresponding 

to speed reference voltage. The control is of the sub-

ordinate current control type.The motor accelerates or 

decelerates with a current adjusted to the current limiting 

reference voltage. The maximum current permitted by the 

limiter is 2.8 times the rated current. Circulating current 

type reversing drives have advantage of no dead zone as 

compared to drives with no circulating current, but control 

is somewhat more complicated. The other advantage is 

that current and speed transients are almost independent 

of load. A drawback is the bulk and substantial weight of 



O~ 
Z O 
(M F 

c O 

LU
U 

0 
Lli 
N z 
O 
o 
I) 
W 

_ c 
p-o 

N 

 

P- 
z N 
wcxj  c 
cx 
cx 
D U 
U 

 

No 

0 

  

U 

W 

o-  D 
L 

cx 
w f cx 
0 w U, 
z 
a 
cx 

iif r IH 
cx 0 

iEJ 1 

::TT;1th:
±1 Q 3 U 

I 	 N 
w 
J 
0 



-23- 

smoothing reactors included in the circuit. 

Reliability studies on the same drive have been carried 

out by A.S .LENOVICH fl.O ] et al. y which happens to be the first 

soviet thyristor drive. After collecting data based on 

18 months experience they have brought out histograms for 

the probabilities of failure, no fault operation, fault flow 

parameters of thyristor and thyristor fuses. . Certain methods 

to decrease the failure rate of thyristors have also been 

suggested. As such reliability characteristicsof entire drive 

system have not been studied by them. 

After studying the system it can be pointed out straight--

way that it is also a. series non-redundant system in which 

failure in one component will result in failure of complete 

system or deterioration in performance which is inadmissible. 

The logic diagram of drive system is shown in figure 8. Again 

for each subsystem, the failure rate is calculated based on 

available data. Calculation of failure rate X for current 

monitering circuit has been shown in table 3.2. The failure 

rates of all other subsystem for l04  hr. after calculation 

are shown in fig.8. 

Now adding all the failure rates of subsystems (being 

non-redundant series system) 

Total failure rate . = 3.6915 

Since R(t) 	= e t 

Hence R(l04  hr) = e-3.69l5 

= 0.0 49 
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Table 3.2 

Current Monitoring Circe 
Calculation of.Failure Rate 

Component 	
ni I(for i6

n11 
 10 hrs j 

Current transformers 6 0.200 1.200 

Diodes 12. 0.200 2.400 

Resistors 2 0.600 1.200 

Total 	ni~,i = 4.800 for 106 hrs. 

Failure rate of two sets of current monitoring 
sys tern for 104 hr. 

= 2x0.0480 
= 0.0960. 
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The computed reliability of this drive system is 

very poor. Compared to the ac drive also the reliability 

is very low but this is due to the duplication of electronic 

circuitry as the drive is reversible. 

After computing the reliability of both the drives 

it is clear that me:~or cause of low reliability is the 

firing and control circuit. Although a. good firing circuit 

has been taken in both the schemes as suggested by 

PIittle , V.N. 188 y f'iring and control circuitry needs cont-

inous improvement in order to achieve higher reliability, 

keeping cost as constraint. 



CHAPTER IV 

METHOD FOR SYMBOLIC STEADY STATE 

AVAILABILITY EVALUATION 

4.l  INTRODUCTION  

Steady state availability is defined as the 

proportion of time that the system is available for use when 

time interval considered is very large. The steady state 

availability of a system with constant transition rates can 

be calculated by solving a set of algebraic equations der-

ived from the system state equations. Also, if the steady 

state availability of a system having fixed configuration 

is to be evaluated for several failure, repair and installa-

tion rates, these algebraic equations must be solved repeat-

edly. A method Ll 3 has been suggested recently for comput-
ing the symbolic steady state availability of a k-out-of n:G 

system with no spare which avoids these repeated calculations. 

For any given set of faj.lure y repair and installation rates, 

the steady state availab!J.ity is evaluated simply by subst-

ituting the numerical values of these rates in availability 

expression. Further this method has been extended by 

Gupta E20: to accommodate sparestAs the redundancy is to be 

taken in account in both the drive systems discussed earlier, 

method taking spares into account is followed. It is presumed 

that number of spares for any subsystem in the drive is 

not going to exceed three for achieving a particular level 
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of availability. Thus the steady state availability 

expressions have been derived only upto three spares. 

In this method firstly, the states and transition 

matrix of the system are generated (in case of large systems 

it is done with the help of computer). Then intrees are 

evaluated from the state transition diagram of the system 

and with the help of them, expression for steady state 

probabilities are determined using Shubert's formula.Froin 

steady state probabilities the expression for steady state 

availability is determined. 

In order to evaluate steady state availability of 

complete drive system, every subsystem of the drive is taken 

as a small system and then the expression is developed. 

4.2 SYSTEM MODEL 

(a) The system is K out of n,.G system with spares. 

(b) Units and spares are identical and each in the 

system is in one of the three states (0,1,2) 

(c) When a unit fails it is removed from the operat-

ing site and repaired. After repair it is ready 

for installation. 

(d) Repair is perfect viz, it returns a unit to likea 

new and damages nothing, but it does take time 

and it costs. 

(e) All transition rates are constant. 
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(f) Repair and installation facilities are limited. 

(g) [;t is sufficiently small time so that only 

one transition can take place. 

4.3 GENERATION OF STATE TRANSITION MATRIX 

An algorithm to generate all possible states of 

the system is worked out and evaluation of state transition 

matrix is done. The transition diagram of a unit is shown 

in figure 9. 

For this system, 

m = (q+l)(q+2p+2)/2 	 ... (4.1) 

where q = n—k+l 	 ...(4.2) 

Sit, Sit  and Si3  units in the system state i are given by, 

Sit= 	x for i = x(q+l)+l, x(q+l)+2 ,... (x+l) (q+l) 

and x = 0,1,....p-1 	... (4.3) 

p+y for i =  

(y+l)(2q-y+2/2+p(q+l) 
and y = 0,1,...q. 	 ... (I I', 

 

(q+1)'5i2+1)+(n-q)-i, i=1,2,...p(q+l) 
ti 	 . . . (4.5)     S11= 

	

	 _ 

p(q+l)+(n—q)+(Si2 p+l; (2(q+l)+P—Sim'/`—j' ... (4.6) 
for I = p(q+l)+l, p(q+l)+2 ,...m. 



t 
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!i+p-Si2(q+2,-1,  i=1,2,...p(q+l)  ... (4.7) 
S . 
 i-q(p-l)-Si2-(S12 P+l)(2(q+l)+p-Sit)/2y 

i = P(q+l)+l, P(q+l)+2,...m  ... (4.8) 

The state transition is derived with the help of 

above equations 

Xs~i  if Sj1 = n-q and i = j+q+2 for j_1,2,...p(q+li 

i. = j+q+p+l-S .2 	for j=p(q+1)+l,p(q+l)+2 ,•..m. 

in(S G ,r) if Sj2=0, i=j-q+l for j=q+2,q+3,...p(q+l~ 

i=j+S j2-(q-+p+l) for 

. • . (4.9) 

Ymin 7 (n-S l) , Sj3,u] , •i =j-1 for j= 2 ,3...m. 
0 otherwise. 

m 
I - 

aii
silmin( 'Si2 ,r)+mint (n-Sil) 'Si3, 

 = 	= 	if Sil K. 
 jl 

j/i 	-(i min(Si2Sr)+Y minlj,Si3,u) if Si1='-1 
... (4.10 

A single state or group of states of the desired 

characteristic can be determined as follows: 

Let the state of a system which is having N0, N1 and 

N . units in.0,l,2 respectively is required. Let the state be 
the ith state of the system, then from (4.5) and (4.6) 
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r 
(q+1) (Nl+l)+(n-q)-N.o 	if Nl 	(p-1)• 

(4.11) 

4.4 AVAILABILITY EVALUATION 

The state transition diagram is drawn with the 

help of transition matrix which is a diagraph. All intrees 

of this digraph are generated by algorithm given in Ql J. 

Let Vi be the class of all intrees corresponding to node i 

and an intree is denoted as f(V,Q),where V is the set of 

nodes and Q is the set of branches in the intrees. The 

steady state probability corresponding to the state i of 

the system [2.0O is, 

p.
1 

= C 	
i(i,j) 

jT a. 	 ... (4.12) 
£1  cQ ~J 

where C is a normalizing constant determined from 

Pl+P2+ ... + Pm = 1 	 ... 

(i,j) is the branch connecting between node i and j. Thus 

by knowing the steady state probability vector of the system 

we can determine the symbolic expression for S.S. availability 

of the system. 

4.4.1 S.S. Availabilitywith Zero Spare 

Consider a 1-out-of.l:G system with nil spare unit. 

There is a single repair and installation facility. For 
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1 

N 

FIG. 9 _TRANSITION DIAGRAM OF A UNIT 
WITH ZERO SPARE UNIT 

r 	- 	 r 

FIG.10 _TRANSITION DIAGRAM OF A UNIT 
WITH ONE SPARE UNIT 
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this system, 

m=3, q =1 

The matrix S obtained is, 

ri  0 0 

S= 0 1 0 

0 0 l 
The state transition matrix comes out to be 

Y  0  
µ 

The transition diagram (a digraph) corresponding to 

transition matrix A is shown in Fig.9 in which branches are 

designated by numerical numbers and nodes represent system 

states, 

Sets Oi, 	i = 1,2,3 obtained are 

= (1,3) 

(3,2) 
- (2,1) 

The steady state probabilities obtained are 

Pl  = C Oly) 

P2  = C(U(') 
P3  = C(,\Y) 



1 where 1 = p Y+~. (;a+-Y 

SS availability is given by 

ASS = P1 = CIaY. 

4.4 .2 Steady State Availabi litY~ with, oneSpare 

Considering again 1-out-of-1G system with one 

spare and single installation and repair facility.For this 

syste,zm, 

m-~59 q =1 

The transition diagram for this arrangement is 

shown in fig.l0. 

The matrix S obtained is 
0 

( 1 0 ' 1 

0 1 1 

S= 1 0 

0 2 0 

o 0 2 

and the state transition matrix A comes out to be 

F 
o _i  

0 -Y 0 	pa 0 

A= 0 0-- .p.-x 	Y 0 

X 0 0 	--p.--Y µ 

LO G ), 	0 -µ 



Sets Ali , i = 19 2 0 ...5 obtained are 

_ 	 `1,2 ,4 9 7 ) , 	(l,2,6,7 ) 

-~ _ E(6,3,7,1) 
	

(6,397 ,5).1 
$3 - [ ( 4 939( 9Z I 

7r'4 - l (39 7 9l9 2 i 9 
	

(3, .,2 ,5) 

The steady state probabilities obtained are: 

Pl = C F µ`Y+µ3Y+µ2Y2 j 

P2 = 

P3 =C[LY2 J 

P4 = C 	2 Y+7{12Y j 

P5 C E 2Y2 

where 
1/C = xl (µ 2+µY+Y` ) +~, (µ +ms=µ 2 Y+taY j + i Y+µ 2Y2 

The steady state availability Ass is given by 

Ass = P1+P3 = 

4.4.3 STEADY STATE AVAILABILITY WITH TWO SPAP,ES 

For 1-out-of 1-,G system with two spares and 

single installation and repair facility, 

m = 7, q =1 

The transition diagram for such system is shown in 

figure 11. The matrix S obtained is, 



U 	 ., 	 u 

Y 

p 	 N 	- 	 r  

FIG• 11 - TRANSITION DIAGRAM OF A UNIT WITH 
TWO SPARE UNITS 

r 	 p 	- 	r 	 r 

FIG. 12 _TRANSITION DIAGRAM OF A UNIT WITH 
THREE SPARF UNIT 
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1  0 	2 

0 03 

1 1 	1 

S = 0 1 	2 

1 2 	1 

o 30 

The state transition matrix comes out to be, 

-, Y µ 0 0 0 0 

0 -Y 0 µ 0 0 0 

0 0---. Y µ 0 0 

0 0 -12 Y 0 µ 0 

0 0 0 0 -p.-Y Y 0 

0 0 ), 0 0 -µ-Y l.L 
0 0 0 0 ~, 0 -µ 

	

Sets di p 	i = 1,2,....7 obtained are 

1[J1 = .L (1p4,8,6,11,1V) (lp2,493,11,10) i \19L 9~~9V911,10) 

\- ,2 ,4 ` 9 8 9111 \19'49( 99911% 91192'959 7 9v911i 

1̀9 2 95 9 7 99911; (194,896,11,7 ) 1 

7r ) = l,, \4 9J9'- SF 9 9,11 9149~9H,6 pZ1p1OJ 9\4 9398 92 9 119( ) 9 

	

C 	

(4
93 892,n,1o) J 

7F'4= E(3 192 ,799,11) ,  (398 919 6 9 119( ) ,(3,8,1,6,11910) 

(3,8,12, 1,7) 9(398,1,2911,10) 
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= , 	(9VS11 5 ?3,lI i 

V/6 = E (10., 99695,1) J 

07 = r- (10 g9,6 j5 9391) 

The steady state probabilities obtained are:- 

pl = 

p2 

p
3 

= C 2µ2.Y2+~µ
3YG+1 µ2Y5 j 

P4 = C 3µ2Y+2X2 Y+ ,µ4Y+XµjY2 ) 

p5 = C E µY3 

p6 = C EXS=Y2+~Lµ2Y2 -~ 

p7 = C 1.1 5Y3 

where, 1/C = 5 (µ,+µ2Y+µY` +Y3) 

+A(4µ4Y+µ5+3µ3Y2+µ2Y3)+µ~Y+2µ4Y2+µ3y3 

The steady state availability is given by, 

Ass = Pl+PS+P5 
r, 

= CYE(+µ;(µ+Y)~
..
_~IaY(~,~2µ+Yj 

4.4.4 STEADY STATE AVAILABILITY WITH THREE SPARES 

For 1-out-of 1-C system with three spares and single 

installation and repair facility, 

m = 9 9 q = 1 

The transition diagram of the system is shown in 
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figure 12.The matrix 'S' otuained is, 

1 	0 	3 

o 	o 	4 

1 	1 	2 

0 	1 	3 

S= 1 	2 	1 

0 	2 	2 

1 	3 	1 
0 	3 	1 

1 0 	4 	0 

The state transition matri x evaluated is: 

A=I 

-1% Y µ 0 0 0 0 0 0 

0 -Y 0 µ 0 0 0 0 0 

0 0 -µ-2. Y µ 0 0 0 0 

~ 0 0 -Y-µ 0 µ 0 0 0 

0 0 0 0 --X-µ Y µ 0 0 

0 0 ~, 0 0 -Y-µ 0 µ 0 

0 0 0 0 0 0 ~-µ-~. Y 0 

0 0 0 0 /% 0 0 -µ-Y µ 

0 0 0 0 0 0 ~, 0 -µ 

Sets ~ly i = l~',~,~„ 9 obtained are 



Sets 	Y a =19 2 ,39• • • 9, obtained are 

Y/1 = E(1, 8,6,'741,13 ,15),(1,4,8,6,1240 ,15 41),  

(19 498,6 9 10,12915914) 9 (1, 2,498, 12, 10,1,11) 

(1,2,8,12 910 915,14) 9 (19"'95,8,12 ,10 ,15,11), 

(1,2,5,842,10,15 ,14), (192949798912,15,14) 9 

1̀92 9 4 9 7 99912,15,14) 9 	(1,2,4,7 ,8,11,12,15), 

(1,2,4, ,8,11,13915) , (1,2 9 4 9 7 9 9,11912915) 

(1929497 99,11913915) 9 (1,2,5,7,8,11,12,15), 

19 2 95 97 9 S 9 11 9 13 9 15 i 9 (1,2,5,7,8,1143,15),  

(19295,7,8,12 ,15 ,14) 9 \  92 95 9( 99911912,15 j y 

\19 2 959 7 ,9 911913915% 9 (1,2,5,7 ,9,12 ,15,14. 

_ E (2 939497 9991-1 914,16) 	394 97 99 911,12 915) 9 

(2 9394,7, 9, 11,13915 ) 9 ( L', ,49? 98911,1,,15 ) 9 

(2,3,4, ,8,12,14,15) , (2, ,L ,7, 	11,12,15), 

(2,3,4,8,10,11,12915) 9(L'9~9498,10 ,12. 9 14915) Y 

(2 ,3,4,7,8912 ,14,15 ) 9 (2 939L~- 9r ,8911,12,15 .j 9 

(3,4 9 697 9 8,11913 ,15) 9 3,496,' 98911, 12, 15), 

394Y6Y( 98,1G.,1L.~.915! 9 (3949698,10,11912,15) 

3,4,698,10 912,14 45 • 

(59J98 Y1912 5 10 915 911): 15,,8,1,12,10,15,14), 

(5Y( 939 91912 91.3914) 9(597 ,3,9,11,1,12 ,15) 9 

(5,7 ,3,9,11,1,13915) 9 (597, ,8,1,12,15 ,14) 9 

97 , 98 ,1 9 9 1G lJi 9 	J 9? 9 98 9 	9191 915 ) „~y 



Z 

1~1, = 	
\19G S~`i 7 99S1G. 9 1LE9~-~i y\~ Y~ 9 %9 ( 19 911912 915 

(192 9 S17y9711 Y1%9 ~~i 91192 7397,8,1191.3915 i 9 

\19J969r Sv 91191 3-5 9 (19" 9397 98 ,119 	y15) 9 

1̀,9 9397 9 8 9 12, 9 14 15 j' 9 `1929398910yll,l2,15) 

(1929398910 912,14915 	193961? 98S11yl2y15i 9 

1̀9396, 98 9 12,14- 9 15% S 119396 8U 10 911,12,15 9 

1i396SV 9 l0 4G_ 9 1L} y 15 i J 

V5 = 	(9~6 .12 5S1593914 91 9 (991196 9 12 95 9159391)9 

(9 ,119 691393 915 :'391)1 

w6 ! 1~ \19395 6 791l1 45 ) , (19395,7 91191245) 9 

\ 19 95 969 7 912 914915 / I 

9~7 = E (13 910 915 ,99695 9.' l 

lip " 1-,(193959699910 91.'514) i \19395 9690910 914 915% .,,i 

E (19595 9 699 910 913,14 % 

The steady state probabilities obtained are 

pl = c  

+3µ 
6y

2+3µ5y +pkµ yLi. 

r. 
P2 = C 4ta4+3.11 +

472 
l~ 	~1L3Y+3~R~~+2'•iµ Y--~tL~Y2] 

P  

n 	r 	r 
P !C Lx4µ33i+-"~ It+y+3~`.~3y,~~,x~:1~4Y~+~.I~ bY+2 ,µ3Y2+Xµ4Y3 

p5 = c 	2Y

r ~ 

?~2~i Y3+x2µ2Y4 
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P 6 = C 3Y2+x 2µ4Y2+x 2µ 3y3 

P7 = C CX 3µY4 

P8 C +µY3+X4Y4 

99 = C 4Y4 

where 1/C = P1+P,,+P3+P4-+P3+P6+P7+P8+P9 

= E 4µ3Y+X4 y~+3X4Y4+3h3µ+4%3f14Y+2 ,3µ3y2 

+X3tj2Y3+ .3µy4+4~`µ6+6~~
.~~3Y+6%2l~4Y2+/•2µ3Y3 

-;-5W6Y+8.µ5Y2+4 ,µ4Y3+ 3Y4 

+µ7Y+3lt6Y2+311553+l,4Y4 6:i. 

The steady state availability is given by, 

Ass = Pl+P3+P3+P7 

+ 	 j 
Thus we have got four expressions for steady state 

availability with zero spare, one spare; two spares and three 

spares . S i~iiply by putting the values of failure rate , repair 

rate and installation rate steady state availability can be 

calculated for different number of spares.These expressions 

have been utilised in further chapters for evaluation of steady 

state availability of SCR controlled drives. 



CHAF i'ER V 

STEADY  STATE AVAILABILITY  EVALUATION AND OPTIMIZATIOI  
OF REPAIR AND NUKBER  OF SPARES FOR MINIMUM COST 

5.1  INTRODUCTION 

The different expressions of S.S. availability 

obtained for various number of spares take into account 

the failure rate, repair rate and installation rate but the 

cost is not included. The failure rate of equipments as 

calculated is constant, because the calculations have been 

carried out based on available data collected from past 

experience. The repair rates and installation rates of 

components are directly proportional to the cost. The higher 

repair and installation rate will be,higher will be the cost. 

Similarly inclusion of spares or incrase in their number s  

increases cost.Also the increase in repair rate and number 

of spares results in increase of SS availability. IIowever, 

the variation in installation rate has got negligible effect 

on S.S. availability. In order to achieve a particular level 

of S.S. availability, repair rate and number of spares have 

been optimized for the least cost.The installation rate has 

been assumed constant due to aforesaid reason. 

Reliabili-by should be ,improved upto the point where 

the cost of improving it further is greater than the cost 

of buying more effectiveness by simply buying more systems. 
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This is the OPTITNM RELIABILITY because the cost of a.clbiev-

ing a given level of effectiveness is a minimum at this 

point. 

Improvement in the reliability of the system 

results from changEs in subsystems. The payoff in system 

reliability due to a given change in a. subsystem is deter-

mined by the way the system works and the conditions under 

which it will be used. The priority of changes that may be 

made to improve the reliability of the subsystems depends 

also upon-. 

1. How much of an improvement is made, and. 

2. How much the improvement costs. 

5.2  RELIABILITY AND MAINTENANCE  COSTS 

The cost of achieving any desired reliability 

and the subsequent cost of maintenance are related to each 

other roughly as sown in Fig.l3jJ . Consider first the 

cost of achieving reliability. At A the reliability is very 

low and, since presumably neither the designers nor the 

production unit care much about it, the amount spent on 

reliability is also low. Indeed the reliability could be 

appreciably improved, without spending much, merely by 

taking a little more care. Hence cost. riseslittle as 

reliability is improved. If we go on improving the relia-

bility, however, we gradually reach the situation where all 
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obvious things have been done, and from now onwards we 

s'.all have to spend increasingly more to achieve a given 

reliability improvement. If we were unwise enough to demand 

an impossible reliability of 1.09costs would sweep away to 

infinity beyond B. 

However, when reliability is low, maintenance costs 

from all the breakdowns are inevitably high, as shown at 

C. As the reliability improves , the cost of maintenance 

falls until at Dy as reliability approaches 1.00, main-

tenance costs approach zero. By getting reliability and 

maintenance costs together we get curve EF and find that 

there is particular reliability Rm  for which the overall 

cost is a minimum. 

5.3 ALLOCATIONOF REPAID. RA:.E AND INSTALLA  

These two rates come under maintenance activity 

of the system and are responsible for bringing back the 

system to the working condition, thus increasing avail-

ability of the system. By introduction of these two 

facilities the tot:u.L cost of the system also goes up. 

Having developed the system configuration (redundancy 

pattern) 5  a range of values c<<n be specified for repair 

and installation rates that wo.,.ld satisfy a system 

availability requirement. 

5 ,4 COST--CF SUB SYSTEM, SPARE  REPAIR AND INSTPLLA`J.•ION 

For the drive systems the cost of each subsystem 
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has been taken on unit basis. On each sub-system the type 

of repair, its cost, and time taken in repair, installation 

can vary from fault to fault. However for the 

purpose of calculation, the cost of subsystem and the rate 

of installation are shown for each subsystem in Appendix B 

and C. Further it has been taken that out of the system 

cost it can be repaired 5 times whereas installation of 

subsystem at the rate shown in Appendices will cost equal 

to the subsystem cost. Understandably, the cost of the 

spare of subsystem is taken equal to the cost of sub- 

system. 

5.5 STEADY STATE AI i ABI LITY _ [ITH NO SPARES AND NINT_~•NN 
REPAIR AND IN `C'ALLATIOiv RATE ' ! • 	 -~f 

Let Al C,2•••• An is the steady state availability 

of the subsystems l,~ 9.. .n forming the system. Then steady 

state availability Ass of the systems is given by 

Ass = A1XA2xA3x....xAn 

Thus for calculating steady state availability of 

SCR controlled drive, firstly SS availability of sub-

systems is calcula..ed and then SS availability of drive 

system is evaluated. For low repair rate of subsystems 

and without any spare SS availability of two already 

considered SCR drives is calculated. 



-44- 

5 p 5 ,1!_ SUP POWER CONTROL DRIVE 

For the driven  failure rate,-installation rate, 

low repair rate, and corresponding SS availability of tub-

systems without without any spare are as below; 

S.No. Sub-system 

1. Motor Protection Circuit 

2. Motor 

3. Rectifier and filter 
circuit 

4. 3V line commuted 
invelr 

5. Comparator 

6. Control and firing 
circuit 

7. 3V Auto transformer 

8. Tachogenerator 

Failure Install-Repair 
Rate 	ation Rate 

(104  hr) Rate 	(104hr) 
(10 hr) 

0.175 
	104 	5 

0.00625 1.5x103  1 

0.024 0.5x104  2 

0.276 0.25x104  3 

0.0482 0.5x104  5 

1.617 	104  

0.037 2x103 
 

5 

0.0023 104 
	

1 

Ass 

0.9661 

0.9937 

0.9881 

0.9156 

0.9904 

0.8284 

0.9926 

0.9997 

Thus the SS availability of the system is 

Ass  = 0.966lx0.9937x0.9881x0.9136x0.9904x0.8284xG.9926x0.9997 

0.7040 

5,5,2 Reversible D.C.Motor Drive 

Similarly for this drive failure rate, low repair 

rate, installation rate and corresponding SS availability 

of subsystems are as be low. 
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S.No. Sub-system 

1. Transformer with 
protection 
circuit 

2. Filter circuit 

3.. Current Monitoring 
Circuits 

4• Comparator 

5. Trigger units 

6. Thyrister bridge 

7. Motor starter 

8 Motor 

9. Tachogenerator 

Failure Installa- Repair 	A 
Rate 	tion Rate Rate 	ss  

(104hr) (1.04hr) (104hr) 

0.02 2x103  2 0.9901 

0.042 0.5x104  2 0.979 

0.024 104  2 0.9765 

0.0482 104  2 0.9540 

1.617 104  8 0.680; 

0.084 0.25x104  2 0.9596 

0.0025 104  2 0.9987 

0.0625 1.5x103  1 0.9937• 

0.0023 104  1 0.9997 

Thus the steady state availability Ass  of system is 

Ass  = 0.9901x0.97 9x00.97 65x0. 9540x'0.6803 
x0.95 96x0.9987x0.9937x0.9997 

= 0.5843 

As seen the SS availability of drive systems is very 

low and thus needs improvement. This can be done by increas-

ing repair rate of subsystems and providing spares for sub-

systems having high failure rates. However, this should be 

done at minimum increase in the cost. Thus in order to 

achieve SS vai.lnbility of the order of 0.96(app.) opti-

mization of number of spares and repair rate for minimum 

cost is carried cut. Installation rate has been taken constant. 
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5.6 OPTII`1IZ1,1ION OF SPI:UEiESL AND R 	R'-,TE 

In order to achieve reliability of the order of 

about 0.96, the optimization of spares and repair rate 

has been done for minimum cost. Reference is made to 

table 5.1 and 5.2. Starting with zero spares and minimum 

possible repair,rate SS availability and cost of each sub-

system is calculated. In the end total cost of system 

and S.S. availability is evaluated. Keeping the criteria t et 
- 	1-A 

subsystem which has got max•costs, has been given priority 

in increasing S.S. availability. The increase in SS avail--

ability has been done first by increasing the repair rate. 

But beyond 5, the cost of repair rate increases the cost of 

spare. By adding an spare unit SS availability of sub-

system also increases tremendously compared to increase in 

repair rate.Thus while p has been kept below 5, spare has 
been added to increase SS-availability. 

The optimization has been done by direct search 

technique, Wherever desired level of SS vailebility has 

reached with min. cost s  these values of repair rates, 

installation rates and number of spares have been taken 

and are recommended for maintaining these two typical 

drive systems. 



I f t 

91 

0 0 0 
it? 67 In 

ai T) 

o  D Q 

CT, O - -  
' ? Q'l ,  

C~  o- 

~4J 

c 	 S 

M I 	I- 
_ 	f 1 f 1 

`gyp.  

o a t 1 i S 3 

t 0 c o 

- 	~ 	F 
S 

;  = 

of 
,-1 

 

47 

_ 1 t~ 

i 

S> 4S 

c ~ SLY 

( _ 9-1  i 	t I !n 7 

! 	1 



yi 	d
• 

\iT:\ 	k 
14 

.t  r f 

I. 
C 	_ 	 7~ 

."tea  `~  ;  t ~➢  ~ '  '  1 _ 

SF =1 

I: 

ry 

n  ~ Cry 

o  ?~ 

' 	r 11 



CHA FTER VI 

C O N C L U S I O N 

Reliability is a serious concern to the system 

analyst. When the system is at design stage  the reliability 

should be spelled out so that required reliability may 

be achieved by various means. In case of maintained systems 

the availability gives the better idea about systems 

performance. iith this in view the availability analysis of  

SCR controlled drives was undertaken. 

The reason for low reliability of SCR controlled 

drives is electronic control circuitry. The reliability of 

drives can be improved to a very large extent by improvement 

in t'-ais department only. However, as most of the commercial 

drives are maintained. systems, effects of repair, installation 

of subsystem and, their spares have been considered. It has 

been seen that availability increnscs considerably at a very 

marginal increase in cost. The calculation of SS availability 

has been done by a symbolic method. The SS availability 

for the complete system has been calculated and it has been 

found to be very low. Now in order to improve it either 

repair rate has to be increased drastically or spares have 

to be provided in case of subsystems having very low SS 

availability. It has been observed that increase in repair 

rate for increasing SS availability should be done by keeping 

cost factor in mind. ht a certain stage the cost of higher 



REFERENCES 

1. C.E.Shannon and E.F.Moore, 

Reliable circuits using less reliable relays, 
Journal of Franklin Institute; Pt.l P.191 and Pt.2 p.281, 
Sept. and Oct.1956. 

2. F.Moscowitz and J.B.Mecleen 

Some Reliable aspects of system design 
I.R.E.Trans. on reliability and quality control, pp.'7-35 
Sept.1956. 

3. J.R.Hanne, 
Optimizing Simplo circuits 
formance by failure modes 
AIEE Trans. on Applications 
May 1962. 

4. L.Abraham, J.Fersten, 

for reliability and per-

and Industry, Vol.81,pp.78-84, 

AC motor control with thyristor converter 
IEEE Trans. on Industry and General Applications, Vo1.IGA-2'. 
No.5 pp.334-40 Sept.October,1966. 

5. A.P.Jacobe, G.W.Wa.lsh 
Application considerations for SCR DC drives and associated 
power systems 
IEEE Trans. on Industry and General Application Vol.IGA-4 
No.4, pp•396-404 July-August 1968. 

6. P.N. Gare and Taylor 
Optimal redundancy for reliability in series systems. 
Operations research ; Vol.17, pp.838-847, Sept/Oct.1969. 

7. T.ITO and C.Kavoaguchi 

Reliability of Spacial Redundant Systems considering 
exchange time and repair time. 
IEEE Trans. on reliability Feb.71 ,pp.11-16,Vol.R.20 ,No.l. 

8. R.M.Burton and G.T.Howard, 
Optimal design for system reliability and gy~teni maintainability 
IEEE Trans. on Reliability,May 71,pp.56-60 ,Vol.R.20 , No.2. 

9. K.B.Misra 
A method of solving Redundancy Optimization Problems, 
IEEE Trans. on Reliability, August 1971,pp.117-120 ,Vol. R-20 , No.3. 



w 

repair rate will incr~,ase the cost of providing spare 

whereas the SS availability with extra spare, and low repair 

rate will be much more than SS availability with higher 

repair rate. The installation rate has small effect 

on SS availability. The excercise has been carried out to 

optimize the repair rate and number of spares for achi:ving 

desired SS availability at minimum cost. 



-50- 

9. J.Sharma and K.V.Venka_teswar^n 

;. direct method for maximising system reliability 
IEEE Trans. on Reliability Nov.71. 
pp.256-25 9, Vol.R-20, No.4. 

10. :°;.S . Lenovic:. et al. 
Reliability of Large reversing thyrister drive 
Electric Technology (U.S.S.R.) Vol.•G_, pp.138-149,1972. 

11. E.Bslaguruswnmy 

ME Dissertation; Reliability Analysis of SCR drives, 1974. 

13. D.R. Kdbli, E.Balguruswamy 

Reliability of statically controlled drives 
Electronic and Reliability, Vo1.14., pp.287 to 297. 
Pergamon Press 1975. 

13. K.K.Aggrawal 
Redundancy optimization in general systems 

IEEE Trans.on Reliability Dec.1976. 

14. F.A.Tillman et al. 
Optimization techniques for system reliability with 
redundancy-1, review. 
IEEE Trans.on Reliability Aug.1977. 
pp.148-155 ,Vol.R.20 , No.3, 

15. F.A.Tillman of al. 

Determining component reliability and redundancy 
for optimum system reliability 
IEEE Trans.on Reliability Aug.1977. 
pp.162-165, Vol.R-25, No.3. 

16. Sasaki et al. 

System f,vailobility and Optimum Spare Units 
IEEE Trans.on Reliability August 1977. 
pp.182-188, Vol.R.25, No.3. 

17. P.W.Backer, 
The highest and lowest priority achievable with redundancy 
IEEE Trans.on Reliability l,ug.1977. • pp.209-213, Vol.R-25, No.3. 

18. V.N.Mittle 
Steady State and Transient :`analysis of a Static Slip 

• Energy Recov`ry Drive 
Ph.D. Thesis-l978. 

Er I LJBR~"d 
,,......M OF U€i.. , ~ 



-51- 

19. H.Gupta and J.D.Sharm=, 
A method for symbolic steady strto aveilebility evnlua-- 
tion of k.-out-of n%G system 
IEEE Trans.on Reliability Vo1.23, Apr .1979. 

20. H.Gupta 
A method for symbolic stedy state availability evaluat- 
ion of k--out-of noG sys .;cm with spares 
Proc.RELC~iMEX 1979 Conf.2529 Soot. 1979 Poland. 

21. John G .Rau 
Optimization and probability in systems engineering 
Van Nostrand Reinchold Company--Now York 1970 (book) . 

22. G.H.Sandler 

System reliability engineering 
Prentice Hall Inc. (Book ),Inc,1963. 

23. R.Caplow 
-, Practical approach to reliability. 
BBL London (Book) 

24. John Do and.Continho 

Annals of reliability and maintainability 
Vol.4, Practical techniques and application. 

C. M.Ramamoorthy 

fin introduction to thyr~ters and their applications 
East West Press, New Delhi-Me dras l977 (Book )  

26. J.M.D►Murphy 
Thyrister Control of AC Iiotor 
Pergamon Press, Oxford England (Book) 919'75 . 

27. Prof.Cosaki ,F et.al. 
Power Electronics (book; 
Akademiai Kiado, Buclapest 1975, printed in Hungry. 

28. Werninc,k 
Electric Nutor Handbook (book). 
McGraw-Hill Book Co.pany (U.K.;Ltd.9 1978. 

29. lh.Kusko 
Solid State D.C. Motor Drives, 
The MIT Press, England , 1969. 

30. A.M. Polovko , 
Fundamentals of Reliability Theory (Book") 
Academic Press ,1968. 

31. R.A.Millerma.ster 
Harwood's Control of Electric Motors (book; ,Printed in USA 91970. 



-53- 

1PPENDIX B 

SLIP POWER CONTROL DRIVE 

S.No Sub System 	 IInstallation ; Cost of 

1
E Rate for 	Sub- 
104 hr 	System 

1. Motor Protection Circuit 104 1 unit 

2. Motor 1.5x103 20 unit 

3. Rectifier and filter 0.5x104 20 unit 
circuit 

4. 3 	line commuted invertors 0.25x104 2 unit 

5. Corp, r-~tor 0.5x104 0.5 unit 
6. Control and firing 

circuit 10 1 unit 

7. 3 	auto transformer 2x103 10 unit 
8. Tachogenerator 10` 0.2 unit 



:PPEiiDIX-I_ 

FAILURE DATA 

S.No. 	Component  

1. Thyristors 

2.  Transistors 

3.  Diodes 

4.  Resistors 

5.  Variable resistors 

6.  Capacitors 

7.  Small transformers 

8.  Pulse transformers 
9.  Motors 

10.  Tachogenera.tors 

11.  Fuses 

12.  IC silicon, digital 

13.  IC silicon, linear 

Failure Rate 
for 106  hrs. 

0.500 

0.630 

0.203 

0.600 

3.000 

0.600 

0.200 

0.150 

o . 625 

0.230 

0.500 

Failure Rate Percent 
for 103  hrs. 

0.01 

0.03 

Sources ,. 1. I:EE Conf.Pub.No.53 y pp. l46-153 
pp. L29-436 

2. Tf[erninck 178 
3. Polovko IL3GO 
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APPENDIX C 

'EVERSIBLE ROLLER DRIVE 

S.No. 	Sub-System Instt llation i Cost of 
Rate for 	Sub- 

hr 	Sys tem 

1. Transformer with protection 
circuit 

2. Filter circuit 

3. Current monitoring circuits 
4. Comparator 

5. Tri,-Ze1 unit 

6. Thyrist0 r bridge 

7. Motor starter 

8. Motor 

9. Tachogoner?tor 

2x103 	10 units 

0.5x104  0.5 units 

104  0.5 units 

104  0.5 units 

104  1 units 

0.25IdO 22 units 

104  0.5 units 

1.5x10= 4.0 units 

10 4  0.c. units 
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APPENDIX -D 

INTREES GENERATION 

All intrees of the digraph are generated by properly select- 

ing and deleting the branches. 

MORE NOTATION 

Matrix B 

h, if h-branch of the digraph is connected between 

b - I  nodes i and j and is directed towards node i ij   
10 

Matrix b' at :i_-itor; -i,ion is derived from matrix Bl-1  by 
deleting me column(s) and row(s) in which entries 
correapon(_ing to the bra. ches of the et ui-2  
are present. Initially B = B2  = 'reduced matrix B' 
by deleting column corresponding to root node. 

Matrix C; It consists of row(s) of B1  corresponding to the 
node in the.set v,T1-1.  Cl is a row vector consisting 
of the elements of the row of matrix B1  correspond-
ing to root node. 

Matrix D.l  A It ie obtained from Ci  by deleting the columns in 
which the entries corresponding to the branches 
belonging to the set Q1L  are present Dl - C1. 

ul  set of branches connected at iteration i. 
Wl  set of nodes from which the branches €:u' are com-

ing out in the digraph. 

Ql  set of branches selected to form a intree so far. 

Ql  Ql -Uui  

Fl  vector whose h-element f 
=' 

	There y is the 
j=1 

number of the rows in the matrix B1. All the ele-
ments of this set must be nonzero. If any element 
of this set is zero s  corresponding choice will not 
give any intree. Zero entry indicates that the 
out-degree for one of the nodes beco;es zero at 
this iteration. 
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Vh 	set of nonzero entries in the h-column of the 
matrix Di 

V1 V1xV l ...  R 	rV1, V2 ,... , 	Vl_lx Vi,...  
multiplic^tion of sots taking (y-1)) sets at a tii~ie j 

z= (1,2) , z 7 = (3,4) , then zxz' = E (1,3) s (194) , () , (2 ,4) 
ym columns in the matrix Di 

Q' I = Elements is the set nQl 

An algorithm to determine the intrees of an oriented graph 
corresponding to a root node can be written as follows - 

Algorithm 

h = 1, yh- 1 

1. Find Bh 
2. Calculate Fh, if any element of Fh is zero, go to step 9. 

Otherwise go to next step. 

3. Find Dn and set Rh, say 
h 	h 

R = (rh,rh ,...,r7 ... r ) 

4. IfRRh is empty, go to Step 9. Otherwise  go to next step. 

5. Find set Ur` which is equal to r , 
6. Find set 1h and 
7. If 1Qh1<<m-1 go to next step. Otherwise write Qh which 

corresponds to an intree, and go to step 9. 

8. hrh+l and yh = 1, go tos 'cep 1. 
9. h-h-1 
10. If h 1 stop. Otherwise go to next step. 

1• yh& yh+1 

2. If yh> mh go to stop 9. Otherwise go to Stop 5. 

For finding intrees, it is not necessary to draw the digraph 

corresponding to the transition matrix. Numbers are 

designated for the non-zero entries of the transition matrix. 
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except the diagonal entries. Then B is defined as 

biJ 	1. 

h , if aid  0 and it is designated by h 

0 , otherwise 
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