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Abstract 
 
With the deregulation of the electric power energy market, providing power quality has become a more 
important concern of both power suppliers and customers.  Customers require better quality with the devel-
opment of digitally controlled facilities.  However, there is not a specific infrastructure to motivate the de-
sign of the power system to achieve a specified level of electric power quality.  This paper discusses a 
power quality interactive - dynamic control mechanism to conceptualize the cost and benefit of power qual-
ity.  The basic objective is to provide an engineering infrastructure and procedure that 'gives the right sig-
nals' to the power supplier and the customer to balance power quality and cost.   A power quality level in-
dex vector is utilized in the proposed infrastructure. 
 
1.  Introduction 
 

With the deregulation of the electric power energy market, providing power quality has become a 
more important concern of both power suppliers and customers.  Customers require better quality with the 
development of digitally controlled facilities [1-2].  However, there is not a specific infrastructure and pro-
cedure to motivate the design of the power system to achieve a specified level of electric power quality.  
The issues of cost of power quality have been addressed from several vantage points:  for example, the cost 
of power conditioning using dynamic voltage boost technologies appears in [3].  The concept of integrated 
and distributed power quality enhancements appears in [4].  In a deregulated power market, power quality 
can be taken as a distinguishing element for which competition in the market may depend [5-6].  A number 
of surveys have been done (especially internationally) relating the value of power quality, how much cus-
tomers are willing to pay for enhanced power quality, and how much industrial users are paying for power 
enhancement equipment (e.g., [7-9]).  The special issues of voltage sensitivity of adjustable speed drives, 
and requirements of the semiconductor manufacturing industry have also attracted a great deal of attention. 
 
 Reliability and social policy have been discussed in the popular press as well as technical litera-
ture.  Reference [10] gives a summary of the complex interactive issues.  These issues include: 
 

• Cascading events:  the potential that small events may cascade into high impact losses and costs. 
• Decision-making:  oftentimes decision makers are skilled at cost control but perhaps less skilled at 

identifying shortcomings and weaknesses in technological applications. 
• Cost equalization:  equitable distribution of costs. 
• Pareto-optimization:  management of conflicting engineering, ethical, environmental, and social 

requirements. 
 
Clearly, low cost is a popular consumer and regulator philosophy; however, the recognition of the long-
term impact of low cost / low quality needs to be addressed.  And, engineering may be brought to bear on 
the proper balance of cost versus quality. 
 
 What seems to have escaped attention is the interaction of the dynamics of power quality require-
ments, costs, and engineering capabilities.  This interaction of costs, viewed as a dynamic system, is the 
main subject of this paper. 
 
2.  Costs of power quality 
 



 The customers of a power system are categorized into industrial, commercial, and residential.  
There are typically many rate schedules within each service category depending on power level, voltage 
level, interruptability, and customer choices.  The monthly power bill has traditionally consisted of three 
main components:  a service charge, the energy (kWh) charge, and the power (kW) charge.  Under open 
access, the electric service charge is composed of two major elements: 
 

• Competitive services 
• Delivery services. 

 
A competitive supplier of the customer's choice may provide the competitive services in a deregulated envi-
ronment.  The delivery service is provided at regulated rates. Table (1) illustrates these charges for a repre-
sentative example of a residential monthly electric bill. 
 
 

Table (1) Representative example of a residential monthly contents and costs of  electric power services 
 

 Element Cost (%) 
Generation of electricity (including sales 
tax) 

33.2 

Transmission and ancillary services  5.7 
Meter    2.5 
Meter reading   1.1 
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Billing    0.8 
 Total competitive services 43.3 

Basic service charge  1.9 
Distribution delivery   43.0 
System benefits 1.2 
Competitive transition charge 6.9 
Environmental surcharge 0.2 
Regulatory assessment 0.1 
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Sales tax 3.4 
Total delivery services 56.7  
Total of competitive and delivery 
services  

100.0 

 
As in Table (1), the service charge consists of the cost of power generation, transmission and dis-

tribution delivery, metering, billing and other service charges.  The largest portion of the example bill is the 
distribution delivery (43.3%), which consists of the cost of distribution equipment for delivering electricity 
into the home or business, including lines, poles, transformers, and substations.  The distribution delivery 
charge is larger than the energy cost (generation of electricity: 33.2%). There are no specified items relating 
to power quality.   

 
The U. S. national costs of service interruptions and other power quality issues have been esti-

mated by various agencies and researchers as three billion [21] to 100 billion US dollars per year [1].  The 
calculation of this cost is highly variable because there is no clear methodology:  the cost may be the cost 
of industrial interruption and loss;  or it may be the cost of equipment to maintain power quality;  or it may 
be the cost of engineering (especially in the distribution sector).  Actual energy losses may also be included 
(for example, active power losses in distribution transformers due to harmonics).  The direct economic 
losses to the nation of power interruptions and  inadequate power quality may be viewed as results of in-
adequate investment [1].  Or these direct economic losses may be viewed as results of customer's failure to 
pay for the required power quality.   To further complicate the calculation, depending on one's point of 
view, power quality costs might be over- or under-stated.  Also note that some customers require real free-
dom from voltage sags and these customers may not be concerned about harmonic voltage content. 

 



A basic issue in setting distribution system rates is that there seems to be no real mechanism to ac-
count for power quality, and to set its proper cost.  The present billing system has to reflect the power qual-
ity component to compensate for economic losses.   The economic losses include: 

 
• Actual industrial production losses 
• Costs of equipment to maintain a specified level of power quality 
• Loss of business due to interruptions in such commercial sectors as financial services 
• Loss of information due to interruptions in information technology businesses  
• Loss of revenue to the utility companies 
• Nuisance of interruptions in the residential sector. 

 
These losses need to be accounted properly between supplier and customer.  The power system has to be 
planned and operated with specified power quality indices, especially for power quality sensitive customers 
such as semiconductor manufacturers.  Table (2) shows the failure costs of representative customers for the 
three sectors of system load [11].  The tabulated data indicate that the main costs are in the commerc ial and 
industrial sectors. 
    

Table (2)  Failure cost of representative customers [12] 
 

Failure cost (1991, US$/kWh) Nation 
 

Year Method Source 
Residential Commercial Industrial 

USA 1985 Actual Loss Survey Subramanian 3.97 - 6.15 10.69 - 24.4 5.79 - 21.85 
Sweden 1986 I/O Analysis  Anderson & Tay-

lor 
0.50 - 31.7 11.5 - 109 5.10 - 31.3 

Canada 1980 Actual Loss Survey Ontario Hydro  13.3 - 26.05 7.22 - 26.92 
 
 
3. The design of a power quality level measure 
 
 
 The design of a power quality level is important to the assessment of the adequacy of the system 
design and investment.  Unfortunately, there is no singe measure that will accommodate all (and sometimes 
conflicting) requirements and considerations.  Table (3) shows some potential measures.  There have been 
numerous discussions on the subject of measuring power quality (for example, [17]), but most of these 
measures relate to the quantification of the severity of a given condition or case.  The indices do not focus 
on cost or the measure of the impact of power quality as viewed by the conglomerate consumer.  The indi-
ces listed in Table (3) are mainly measures of the gross impact of power quality.  Chowdhury and Koval 
[18] relate several of these indices to the impact of power quality on the competitive market.  Typical val-
ues of SAIDI, SAIFI, and CAIDI are shown in Table (4) (calculated in part from [22] and in part from in-
quiries to U. S. utilities).   
 
 It appears that the measure of power quality should be a vector of quantities each of which capture 
a specific system phenomenon.  This approach allows one to utilize the elements of the power quality vec-
tor on a selective basis, using the proper element as needed.  The symbol ? is proposed for this vector. 
 
4.  Model of  PQ investment 
 

In completely deregulated electric market, one can consider the electric power system as the as-
sembly of four entities as in Figure (1).  The generating company (GENCO) has a power quality level of 
?GENCO  which includes measures of voltage magnitude, frequency, reliability, and harmonic content.  The 
energy is transmitted by the transmission company (TRANSCO) which has a power quality level of 
?TRANSCO .  The TRANSCO power quality index includes voltage magnitude (especially sags and other dis-
turbances), and possibly harmonic content.  The main power quality focus has been in the distribution sys-
tem because loads that create power quality degradation face the distribution system first.  The distribution 



system (DISCO) has a power quality level of ?DISCO .  The DISCO power quality level includes all of the 
aforementioned problematic conditions. 

 
Table (3) Power quality indices that capture power quality adequacy 

 
Index Acronym Definition Application 

 
 
System Average 
Interruption Fre-
quency Index 

 
 

SAIFI 

For momentary interruptions: 
(Total number of momentary interruptions) / 
(Total number of points of delivery monitored) 
For sustained interruptions: 
(Total number of sustained interruptions) / 
(Total number of points of delivery monitored) 

System Average 
Interruption Dura-
tion  Index 

 
SAIDI 

(Total duration of all  interruptions) / (Total 
number of points of delivery monitored) 

System Average 
Restoration  Index 

SARI (Total duration of all  interruptions) / (Total 
number of sustained interruptions)   T
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Delivery Point Un-
reliability Index 

DPUI (Total unsupplied energy in MW·min) / (Sys-
tem peak load in MW) 

To assess impact of power 
quality by interrupted energy 

System Average 
RMS (Variation) 
Frequency Index 
Voltage Threshold 

 
SARFI%V 

(Summation of the number of customers ex-
periencing rms < %V  for variation  i (rms > 
%V  for %V >100)) / (Total number of cus-
tomers) 

 
A method to assess voltage 
sags 

Customer Average 
Interruption Dura-
tion Index 

 
CAIDI 

 
(SAIDI)/(SAIFI) 

An average (e.g., in minutes) 
of customer interruption du-
ration 

Percent of operating 
time that system is 
in compliance with 
IEEE Std. 519 
Estimated annual 
energy loss due to 
harmonic load cur-
rents 
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Table (4) Typical values of power quality reliability indices in the United States [23] 
 

 Approximate range Approximate average 
SAIDI 120 per year 50 - 450 per year 
SAIFI 1.3 per year 0.9 - 4.0 per year 
CAIDI 92 minutes 50 - 200 minutes 

 
 

The main question is how to define the ? terms:  it appears that not a single measure is valid for all 
circumstances and to capture all events.  For this reason, a vector of power quality levels is proposed for ?.  
A potential definition for ? is a vector of the indices listed in Table (3).  At this juncture, the definition of ? 
is intentionally fuzzy in order to accommodate most potential power quality engineering procedures. 

 

GENCO TRANSCO DISCO CUSTOMER

?GENCO ?TRANSCO ?DISCO
 

Figure (1) Electric power system controlled by power quality 



 
If it is assumed that power systems are contracted and operated with specified power quality indi-

ces, and will be designed and maintained by proper engineering processes to meet required power qualities, 
each of the elements depicted in Figure (1) can be regarded as a dynamic control system.  This control sys-
tem is 'controlled' by power quality index ?.  The concept of a power quality control and variation as a dy-
namic process is illustrated in Figure (2).   In Figure (2), the required (set) power quality level is designated 
as ?PQ Required, and the actual power quality level is ?PQ Actual.  Other inputs that affect the dynamic character 
of the power quality are the load (L), weather, societal considerations, and engineering decision making.  
The main point of Figure (2) is that power quality is an interactive-dynamic characteristic of a power sys-
tem;  it is controlled by several stimuli;  and there are interactions between costs, engineering, social re-
quirements, and power quality.  Note that the 'signal paths' in Figure (2) are actually information flows 
rather than the usual electrical signals.  
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Figure (2) Conceptual diagram of power quality control system 

 
 In the proposed power quality infrastructure illustrated in Figure (2) the required power quality 
level ?PQ Required is compared to societal and political issues (i.e., popular acceptance of various levels of 
power quality).  This comparison is qualitative and fuzzy;  however the comparison is shown as a summing 
junction in Figure (2).  The resulting level of service, ?'PQ, is compared to the actual level of service ?PQ 

Actual value.  The difference is applied to a block denoted 'power system engineering' that usually represents 
power distribution engineering.  The power distribution engineering process accepts information from en-
gineering decision making.  The result of the entire process entails a cost (labeled 'Costs' in Figure (2)).  
The resulting required change in power quality level is combined with the previous actual level of power 
quality, namely ?PQ actual (i-1).  The result is assumed to be implemented in the power system.  The power 
system itself receives inputs such as the load and various uncertain inputs such as weather and disturbances.  
The output resulting from the model is ?PQ actual  value .  One optimistic interpretation of power quality is the 
total goodness of a power system with the bad traits being eliminated or kept to a minimum.  A power qual-
ity index should integrate system security, safety, reliability, stability, harmonics, voltage services, and 
other system response features.  Measurement methods are discussed in [12];  power quality indices de-
fined by EN50160 [13] and IEC 1000-3-6/1000-3-7 [14-15] may be used in ?.  It may be possible to set 
power quality indices as a normalized vector through the agreement of suppliers and customers as well as 
persons who create the standards. 



 
 In addition to the basic power quality engineering model indicated above, there is a proposed 're-
bate program'.  The rebate program is a consequence of the operational power quality level:  customers 
receiving a low level of power quality may receive a 'rebate' to offset their inconvenience.  This is shown in 
Figure (2) as a block labeled 'i-th rebate program', and this is a contributor to the total cost (shown as a 
summing junction).  Participation in the rebate program generates revenue and this is a negative cost in the 
aforementioned summing junction.  The total cost to the utility is indicated in Figure (2).  Interruptions to 
industrial processes are modeled as a block labeled 'Industrial processes' and the total cost of power quality 
problems is indicated.  In some sense, the total cost of power quality problem is 'fed back' as a societal cost.  
This societal cost is partially a political and subjective matter.  For this reason, the societal block in Figure 
(2) is indicated with dashed input and output paths.  Similarly, the engineering decisions in distribution 
engineering are partially driven by total power quality costs;  therefore engineering decision making is 
driven by a dashed line in Figure (2) from total utility costs. 
  

The process of engineering decision making is important in the design of a power quality engi-
neering infrastructure / procedure.  Power quality engineering contains various planning and operational 
decision making processes.  These processes result in optimal facilities investment solutions to provide 
specified power quality.  If there are errors between existing and desired power quality levels, the engineer-
ing process will produce a series of alternative plans.  Power quality engineering is somewhat different 
from the usual power system engineering due to specialized power quality requirements.  If the require-
ments are simple and confined to limited customers, such as an industrial customer connected distribution 
system, the engineering process can give a relatively simple solution [16].  On the contrary, if the require-
ments are large and system-wide, and the effects of decision making impacts many customers, the solution 
can be obtained from the solution of a multi-objective operational planning  formulation, 

  
Min C (x,y,q,t) 
 

subject to system condition, quality limits, financial  limits, and time limits where 
 
 x :  additional facilities  
 y :  power system variables(operational cost) 
 q :  a series of power quality indices 
       t :  required time to make decision. 

 
Effects on the power system shown in Figure (2) are: 
 

• Load characteristics/variations:  most of the variables in power systems are affected by 
the load characteristics and variations.  These inputs can be modeled in a series of com-
posite loads  when the system is large (e.g., an entire utility company).   

• Disturbances to the power system:  weather, accidents, and facility failures can affect the 
quality of power system.  These could be modeled in statistic variables.  

• Weather effects and load disturbances as well as system capability. 
 
Depicted in Figure (2), the interactive-dynamic mechanism outputs are: 
 

• The system power quality 
• Costs to the utility company:  these include the installation and operation costs of new fa-

cilities that were designed  to assure the specified power quality.  Engineering costs to as-
sess the quality and rebate cost also should be included.  

• The rebate program for power quality has to be considered on a contractual basis.  It is 
important to make this program so that the utility company makes a proper decision mak-
ing on power system investments.  

• Cost of industry and society by the power quality problem:  this output could include the 
undefined and omitted variables in contracts that make undesirable additional costs in in-
dustry.      



 
The required power quality modification is ??PQ is an input to the power system engineering 

block:  this parameter may be taken as an ‘output’  because ??PQ could be decided at the organizational 
level to reflect the variety opinions of society.  To identify the control functions of each block, like decision 
engineering and cost  is not an easy task;  but one can regard control functions as artificial intelligent func-
tions with a limited time constant.   
 
5. Control mechanism / optimal solution 

. 
With the conceptual modeling indicated in the previous section, a power quality control system 

could be analyzed as multi-objective optimization, to minimize the costs and / or degradation of quality.  In 
Figure (2), it is assumed that supplier and customer agree to a specified power quality index '

PQλ .  If unac-

ceptable power quality is  detected , the power system engineering block will process that signal  to produce 
a series of  decisions to achieve the goal of the electric company. This process is depicted in Figure (3). 

 

 
 

Figure (3)  Engineering process for power quality 
 

At the first phase of the engineering process, it is necessary to analyze the power system to convert 
the error (i.e., deviation of actual system ? from required system ?) into engineering solutions.  Several 



kinds of steady state and transient analyses including load flow analysis, fault analysis, harmonic analysis, 
harmonic power flow study, stability analysis and other analyses may be required to identify the causes of 
error and additional requirements to enhance system performances.  With this information, the problem and 
appropriate countermeasures can be placed in one or more of the following categories:  control, operation, 
planning.  

 
To identify the optimum power quality countermeasure, a cost - benefit analysis is needed which 

includes all engineering factors.  Usually a control process is the cheapest and fastest (and perhaps most 
acceptable solution by the top decision makers).  But the application of controls is often limited by the pre-
sent system operating facilities and control generally is concomitant with relatively sophisticated engineer-
ing technologies.  In many actual applications, innovative high technology solutions may give less 'reserve 
margin' to the set power system response.  Operational processes allow additional alternatives to increase 
power quality by adjusting available system facilities schedule (daily, weekly, monthly basis).  The plan-
ning process expands system capability by introducing new facilities, but generally, planning requires large 
budgets and long periods to achieve the desired results. 

  
As the contents of the power quality dynamic - interactive mechanism consists of a series of 

measurements, software processes and data bases, many component elements can be represented by a sim-
ple I/O relation as an artificial intelligence function and / or programs with limited time constants.   For 
example, harmonic voltage quality can be related to the system SSC (short circuit capacity) [19]. These 
types of interrelationships could make the dynamic - interactive system more tractable.  Computer simula-
tion of evaluation of alternative solutions to attain a desired power quality level may be possible.  Figure 
(2) can be treated as a control system which has multi-object optimal solution with respect to power quality 
index.   
 
 
6. Conclusions 
 
 This paper is an overview of a proposed power quality engineering infrastructure.  The main point 
is that decision makers need to balance the issues of cost and quality very carefully:  focus on cost alone 
can produce system response that is unreliable and of poor quality.  Also, it is concluded that the power 
quality engineering process can be represented as an interactive-dynamic mechanism.  This mechanism is a 
starting point for formalizing the engineering process for power quality and potentially securing the proper 
cost to benefit tradeoff.  An engineering process has been suggested for power quality engineering. 
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