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1. Introduction 

The concept of a distributed autonomous power system (DAPS) composed of 

several loosely connected autonomous power systems (APS) has been proposed. In this 

system, generator units will be responsible for “nearby” load and independently 

dispatched but still dependent on outside sources for normal operation. DAPS is being 

driven both by regulatory developments and technology improvements. Regulatory 

changes stem from a desire to introduce competition into the delivery of electric service 

and in turn to create new and better services.  New services will include time-of-use 

pricing, location and price dependent reliability, maintenance functions and reserve 

supplies. Technology developments include both generation and storage technology – 

microturbines, fuel cells, power electronics, batteries, flywheels, etc. – as well as, 

information and communication systems, which allow greater customer control and the 

diversification of services.  

Each APS may be characterized by different capacities, independence of operation 

and quality of service. For example, a residential community may desire a low capacity 

system with relatively frequent interruptions at a low cost. The currently available 

analysis tools provide no good methods for understanding the operation of such systems. 
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As such, this paper poses some important problems in the evaluation and design for 

reliability of a DAPS.   The emphasis here is on the performance measures although 

clearly the end concern is the appropriate algorithms, or “intelligence,” for the distributed 

subsystems to be operated effectively as a whole. 

To narrow the discussion, the interconnected subsystems will be considered 

primarily radial in structure, that is, similar to the traditional distribution system, only 

with multiple sources.  As such, discussion begins from traditional distribution system 

reliability analysis. Note in the extant power system, distribution circuits contribute over 

90% towards customer outage and supply unavailability [Alla79]. The wide exposure to 

harsh elements and the radial structure design, which accepts single point failures for 

lower cost, leads to this result. The expectation is that DAPS could greatly improve this 

performance under appropriate operation of the various subsystems. In the following, a 

general discussion of distribution system reliability leads to the posing of several 

important research questions.  

2. Revisiting Distribution System Reliability 

Power system reliability can be classified into two components: security and 

adequacy [Bill84]. Adequacy is the static evaluation of a system’s ability to supply the 

load. Security refers to the system’s capability to experience contingencies (outages) and 

maintain service to all customers and respect all equipment limits. Traditionally, these 

have been analyzed as separate issues and it is quite possible to have a reliable but 

insecure system (say, in a system where critical contingencies are numerous but occur 

rarely) and vice versa.  In general, adequacy is focused on planning while security is 
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focused on operations. In the traditional distribution system, the security problem is not 

meaningful.  That is in a “single source radial” system, any outage will result in customer 

interruptions and is thus, by the traditional definitions, insecure. In the DAPS 

architecture, security enters distribution systems analysis for the first time.  Note, 

reliability assessment overlaps with measures of power quality. Such power quality 

concerns, while particularly important in a DAPS, are beyond the scope of this white 

paper. In the following, several areas in need of further research to design a reliable 

system are identified.  

2.1 Distribution System Adequacy 

A variety of reliability indices for a distribution system have been defined 

[IEEE96].  These indices can be divided into three categories: single load point indices, 

customer orientated indices, and load orientated indices.  

Single load point indices, which provide service reliability data from an individual 

customer viewpoint, are the average failure rate sl , 
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where n is the set of components whose failure results in an outage at the given load point 

s, il  is the failure rate of component i and ir  is the outage time of component i.  

A recent survey [Warr91] indicates that the majority of the utilities use customer 

based indices to evaluate their service reliability, with the most commonly used indices 

given as System Average Interruption Frequency Index (SAIFI), System Average 

Interruption Duration Index (SAIDI), Customer Average Interruption Duration Index 

(CAIDI), Average Service Availability Index (ASAI) and Momentary Average 

Interruption Frequency Index (MAIFI).  The SAIFI index, given here for reference, is 
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where Ni is the number of customers in section i and NT is the total number of customers 

on the feeder.  Load orientated indices, such as as Average System Interruption Frequency 

Index (ASIFI) and Average System Interruption Duration Index (ASIDI), are similar 

except the number of customers replaced by the connected MW load. 

 

Protection systems  

 Protective devices play a fundamental role in improving distribution system 

reliability. Automatic line sectionalizing devices such as line reclosers, interrupters, 

sectionalizers and fuses will reduce the total number of customers affected for a single 

outage by automatically isolating the faulted section. They also reduce the frequency of 

outages for customers on the source side of these devices, and reduce the duration of 

outages by expediting the task of locating the faulted feeder section. In theory, the more 

automatic devices installed on a distribution feeder the better the service reliability. Still, 
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there are some application limitations, such as, coordination between devices and the cost 

of the installation, maintenance and operation. Also, three phase line sectionalizing 

devices with automatic reclosing capabilities may worsen the MAIFI index.  

Manual line sectionalizing devices, such as switches and disconnects, will reduce 

the duration of interruption by allowing faulted line sections to be manually isolated and 

permit service to be restored to customers on unfaulted sections of the feeder. The 

addition of manually operated line sectionalizing devices reduces the average annual 

customer minute outages but they do not have an affect on outage frequency. Remote 

controlled sectionalizing devices will allow a system operator, or automatic restoration 

program, to identify a faulted section and remotely operate certain switches to restore 

service to customers, further reducing the average annual customer minutes of outages 

but not affecting the outage frequency. A formulation for optimizing the use of all types 

of protective devices is discussed in the next section. 

The inclusion of multiple sources via dispersed generation units requires some 

modification to the above discussion. Assuming islanding (disconnected subsystems 

operating with a balance of load and generation) is feasible, the number of failures that 

will result in an outage for a customer can be greatly reduced. The single load point 

indices given by (1)-(3) (i.e., sl , sr , and sU ) must be appropriately recalculated by 

determining the impact on every customer. The impact will depend on the nature of the 

islanding scheme (including the possibility of a momentary interruptions) and the 

performance of the islanded subsystem. The islanded subsystem may also exhibit some 

form of degraded performance, such as less stable frequency. Clearly, the computation of 

these indices, as well as the customer or load orientated indices, is now more problematic.  
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Further, the SAIFI index (as well as most of the reliability indices) may be completely 

inappropriate as it fails to distinguish between customer types in assessing the 

performance.  

Automatic sectionalizing switches, and to a lesser extent fuses, will now serve to 

isolate not only source-side customers but potentially downstream customers as well.  

The effectiveness of each protective device has increased only if proper coordination can 

be maintained. So, islanding will greatly complicate two other areas of concern for 

protection engineers: the coordination of devices for proper selectivity, and the design of 

automatic reclosing operations when downstream load is energized but not synchronized.  

In summary, the primary problems of concern in protection design are then 

P1: Development of new measures appropriate for system reliability in a DAPS 
that can aid overall protective system design. 
 
P2: Development of short-circuit algorithms for radial systems with multiple 
sources coupled with appropriate techniques for reclosing operations to 
temporarily island and subsequently restore subsystems. 

 

System maintenance 

The utility industry takes various preventive actions to minimize component 

failure rates, which have a direct impact on service reliability. The preventive actions at 

the distribution level consist of routine maintenance on testable and repairable 

components, replacement of none repairable components, tree trimming, installation of 

animal guards and washing of insulators. The maintenance actions can be considered to 

be the general monitoring, testing, and repairing of components that deteriorate due to 

aging and continuous operation. Traditionally, most utilities followed a rigid maintenance 

schedule based either on a fixed time interval, or on the number operations for the 
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equipment, or on a combination of both. Routine maintenance based on a fixed time 

schedule depends on the individual utility practices or the manufacturer's 

recommendations. Non-repairable equipment will be replaced if it fails, or as it ages, if 

the expected failure rate exceeds an unacceptable value.  

Today, due to increased economic pressures, utilities have been forced to reduce 

operation and maintenance costs. Thus, there is a need to perform maintenance at 

minimum cost without jeopardizing system reliability. One of the techniques has been to 

increase the time interval for routine protective device routine maintenance and testing. 

Self-diagnostic capability of new protective devices contributed to the justification for 

this increase in the maintenance interval [Alex94,Kumm93,Kumm95]. Following cost 

savings achieved in the aircraft industry, utilities have considered the concept of 

Reliability Centered Maintenance (RCM). RCM views all maintenance from a system 

reliability point of view, so that, for example, non-critical equipment may receive no 

preventive maintenance, some equipment is maintained at regular intervals and critical 

equipment is maintained based on on-line monitoring. In the power industry, most efforts 

have focused on data gathering and the application of reliability measures has been 

heuristic [Endr97].  

Reliability analyses have been developed which calculate the contribution of each 

line section, and its associated equipment, to the overall reliability indices [Gold87]. Such 

data assists engineers in evaluating the impact of various proposed maintenance 

schedules. A minimum preventive maintenance model has been built for repairable 

devices whose condition deteriorates with time in service [Sim88]. The authors' work has 

sought to add rigor to these techniques. 
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It is important to note that the effectiveness of a maintenance program depends 

fundamentally on the protection scheme. Similar to the formulation for protection system 

design, a binary linear program to optimize maintenance resources has been proposed by 

the author [Soud97a]. The objective is to focus attention on the more critical components. 

The method will identify where resources should be allocated in order to achieve the 

maximum benefit.  

While there has been inadequate understanding of RCM methods for power 

distribution systems under the current structure, numerous complications arise in a 

distributed system. To begin, each of the subsystems may have different ownership. 

Maintenance that may be beneficial for the system may not be cost effective for a 

subsystem. There must be economic motivation to ensure cooperation among the 

subsystems. The regulatory framework should establish market mechanisms to ensure 

adequate maintenance of the system infrastructure. For example, there may be no 

economic motivation to perform proper maintenance on the interconnections between the 

subsystems, if windfall profits can be realized on subsystems that become islanded.  

An important area for investigation will be 

P3: Development of methods for assessing maintenance needs to meet reliability 
targets determined by the market mechanisms while ensuring adequate 
infrastructure. 

 
Value of reliability and other market considerations  

There have been numerous studies for predicting the cost/benefit ratio associated 

with distribution feeder reliability [Goel94, Hort89]. The interruption energy assessment 

rate (IEAR) links customer outage cost to the service reliability indices in order to 

incorporate such costs in the reliability cost/benefit formulation [Goel91]. In [Brow96], a 
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new measure of reliability was developed which includes both utility and customer costs 

referred to as the Total Cost of Reliability (TCR). The protection system design in that 

work was optimized based on TCR.   

In a deregulated system, the market will determine the value of reliability. Still, 

the operation of each subsystem and the rules for cooperation among subsystems require 

guidelines in order to achieve reliable and cost effective designs. The value of reliability 

may turn out to be a complex and dynamic function of load level, customer type, outage 

history in a region, and so on. Accurate load forecasts for the demand area for the APS 

must be coordinated with the system load forecasts which in turn must be coupled with 

the concern for reliability. 

A fundamental research problem in order to design cost effective systems is then 

P4: Investigating the value of reliability and the demand characteristics in a 
market driven system realizing that these may be highly dependent on the specific 
customer, the time, the location and the outage history. 

2.2 Distribution System Security 

Security in a DAPS will depend on the ability of an islanded system to supply 

load. One anticipates that dispersed generation and storage may be of adequate capacity to 

supply a significant part of the load in an area for at least a short amount of time. In 

concept, a radial distributed system could be envisioned that is fully secure with respect 

to all likely single and multiple contingencies.  Still, it seems clear that a more useful 

vision of security will be from a customer viewpoint rather than a system viewpoint. A 

security index for each customer would depend on the specific service connection.  In a 

simple way, indices similar to adequacy could be defined. For example, consider a static 

security rate sl¢ , defined as 
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where Pi is the loading on a section i, Pi
max is the maximum load allowable for that 

section, and component i  is a critical component supplying load point s. Similarly, a 

static system security index (SSSI) could be determined as 
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 A different level of security could characterize each load point, i.e., customer. The 

author is deliberately proposing a security index that is similar to the customer orientated 

adequacy indices.  Security will be of unquestionable importance but must be considered 

integral to reliability to be meaningful for most customers. 

Even more difficult is the problem of dynamic security. Dynamic security is 

traditionally concerned with maintaining stability, i.e., synchronism, of all generating 

units with respect to a specified set of contingencies.  A distributed system with small 

units and islanding capabilities may have an extremely large number of units that cannot 

withstand certain transient events but whose separation will not impact service. A 

distributed system could be designed that could survive a large number of unstable 

events.   

Thus, we have identified two very broad areas that require further investigation  

P5: Development of new measures of static security for DAPS. 
 
P6: Development of new measures of dynamic security for DAPS. 

2.3 Distribution Intelligent Systems for Reliable Performance 

The above areas of concern focus on development of new measures of reliability 
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and new tools for designing systems based on these measures; however, there is an 

overriding difference in design process that cannot be neglected. The APS are not only 

independent in terms of operation but also in terms of the business ownership. There will 

be a significant barrier to optimizing the performance if interests conflict among owners 

of the subsystems. Information necessary to optimize the overall reliability may not be 

freely shared.  

The question arises as to what decisions can be made on the basis of “local” 

information. For example, the decision to maintain a unit in one area clearly depends on 

the condition of equipment in nearby areas. As another example, a controller that 

normally provides effective stabilization for some unit may be ineffective if another unit 

responds in a manner that reduces overall system damping. While each subsystem will 

necessarily operate under greater uncertainty, there must be guidelines to ensure adequate 

information to sustain a functioning system. 

In such an uncertain environment, it is doubtful traditional algorithms for design, 

operation and control will be adequate. Systems are needed that can observe system 

operation, determine the current mode of operation and subsequently select appropriate 

algorithms. This includes systems that will respond to market data as well as physical 

system parameters. In this vein, the author has investigated fuzzy logic stabilization 

control and analyzed stability in terms of general rule structure descriptions of systems 

rather than precise analytical models [Hoan96,Toms97]. This model allows stability 

analysis to proceed even under very limited information. In addition, the author has used 

fuzzy information techniques to perform condition monitoring and maintenance given 

limited and approximate information [Toms93,Toms96]. 
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In general, an important area for investigation will be 

P7: Development of decentralized intelligent decision aids for design and 
operation that are robust in the face of limited and uncertain information.  

 

3. Some Results in Optimizing Distribution System Reliability  

As seen in the above, the number, type and location of the protective devices on a 

distribution feeder have a direct effect on the reliability. In [Soud98a], a technique was 

proposed to identify the number, type and location of the protective devices in order to 

minimize the SAIFI index. In [Soud97b], a proposed technique identifies type of the 

protective devices at the predetermined locations on a distribution feeder based on the 

objective of minimizing reliability indices, such as SAIFI, ASIFI, or by minimizing cost 

while achieving desired performance levels. The developed objective function for SAIFI 

is listed here for discussion purposes 
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where qn is the number of the possible locations on the main feeder or lateral, lqi  is the 

permanent failure rate and  g qi  is the temporary failure rate for section i of q, respectively, 

andNqj  is the number of customers for section j of q including all laterals connected to 

that section. Note, if there is a three phase device at location qk, then the variable 

xqk1 0= , and otherwise xqk1 1= . Here, the subscript 1 is used to represent a three phase 

device and the subscript 2 represents a fuse.  These counter intuitive definitions for the 
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variables x are used to simplify equation (7). Minimizing å qA for all circuit branches 

will minimize the SAIFI index. The above objective function is complex due to the 

multiple interactions among the protective devices. Still, it has been shown to be tractable 

for practical problems. 

To solve this system, the distribution feeder is divided into four categories: a main 

feeder, lateral one, lateral two or lateral three. A lateral one category is short and will not 

be fused. The effect of this lateral on reliability can be included in the feeder section from 

which it branches. A lateral two will only be fused and its effect on the SAIFI index is 

constant. All other laterals are category three. Thus, only the main feeder and category 

three laterals are explicit in the optimization. The constraints for this problem include 

those on coordination, number of devices, economic cost, and various other design 

parameters. In addition, there are constraints due to the reduction of the integer 

programming problem to zero-one linear programming problem. These are detailed in 

reference [Soud98a].  

This work was extended in [Soud98b] by using a goal programming approach to 

optimize the effectiveness of protective devices. The goals are: a) to minimize the SAIFI 

and ASIFI indices by identifying types and locations of protective devices and b) to 

achieve a reasonable trade-off between a decrease in the SAIFI index and an increase in 

the MAIFI index by identifying where a fuse saving scheme should be applied. The 

solution is shown to be a Pareto optimal over the various objectives.   

The majority of faults on a distribution circuit are momentary. The effect of 

momentary faults on customers will depend on the type of the protective device. 

Customers within the reach of an automatic protective device will have a momentary 
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outage with the outage duration dependent on the recloser timing.  Customers on a fused 

lateral may experience a permanent outage unless a fuse saving scheme is applied. With a 

fuse saving scheme, an automatic device clears all temporary faults but a fuse clears 

permanent faults. Thus, the cost of applying a fuse saving scheme is that the number of 

momentary outages will increase [Soud97a]. 

These formulations are extendable to the DAPS architecture.  Clearly as the 

impact of an outage changes due to the possibility of islanding, the objective function of 

(7) must be modified appropriately and as the definitions of reliability evolve they must 

be incorporated into the design decisions. Further, the design is not merely for the 

placement and reach of protective devices but also the reach of each subystem. That is, 

the optimal size of a subsystem to achieve reliable performance. Still the structure of this 

optimization shall be fundamentally the same. Placement of protective devices and 

subsystem boundaries must be carefully designed to achieve cost effective and reliable 

performance.  

The author proposes to study the   

P8: Extension of the optimization of protective device type and location for 
reliability to a DAPS so as to include not only the device layout but also the 
boundaries among subsystems.  

4. Summary of Research Issues 

This white paper has identified several research issues in the design of reliable 

DAPS. These research issues are repeated here for convenience  

P1: Development of new measures appropriate for system reliability in a DAPS 
that can aid overall protective system design. 
 
P2: Development of short-circuit algorithms for radial systems with multiple 
sources coupled with appropriate techniques for reclosing operations to 
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temporarily island and subsequently restore subsystems. 
 
P3: Development of methods for assessing maintenance needs to meet reliability 
targets determined by the market mechanisms while ensuring adequate 
infrastructure. 
 
P4: Investigating the value of reliability and the demand characteristics in a 
market driven system realizing that these may be highly dependent on the specific 
customer, the time, the location and the outage history. 
 
P5: Development of new measures of static security for DAPS. 
 
P6: Development of new measures of dynamic security for DAPS. 
 
P7: Development of decentralized intelligent decision aids for design and 
operation that are robust in the face of limited and uncertain information.  
 
P8: Extension of the optimization of protective device type and location for 
reliability to a DAPS so as to include not only the device layout but also the 
boundaries among subsystems.  

 

 The authors’ work has been placed in the context of these research issues. The 

research directions represent a variety of difficult engineering issues complicated by new 

regulatory structures that will most likely encourage competition over cooperation. Still, 

these areas can be tied together by each the participant’s desire to improve overall reliable 

performance despite the relative independence of the subsystems. The eventual success of 

the DAPS architecture may well be determined more by the system reliability than the 

economic costs. 
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