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Abstract—In this paper, the objectives and detailed analysis of
the multistage distribution expansion are presented. The problem
is modeled as a directed graph minimum edge cost network flow
problem. This new formulation details a multistage framework
within a single mathematical program while addressing several
deficiencies of previous approaches. The accuracy of a single
step approximation of the objective function, without using the
conventional linearization techniques, is discussed. Each of the
constraints is introduced in terms of industry standard practices.
Detailed numerical results for practical study cases are provided
in a separate paper.

Index Terms—Power system planning, distribution expansion,
multistage planning, mixed integer mathematical programming.

I. INTRODUCTION

D ISTRIBUTION expansion planning is a difficult practical
problem with a more than 40 year history of continued

efforts and contributions for improved solutions. Despite the
attempts for demand containment, there will be a continual
need for distribution expansion in the foreseeable future.
Deregulation, while it complicates planning and may lead to
varying patterns of growth, is unlikely to halt growth in demand
and the need for system expansion. Since the first publication
in 1960 [1], various heuristic and mathematical techniques,
some of which integrate reliability and other objectives, have
been proposed for this problem. Detailed categorical analyses
of the previous contributions, significant deficiencies, and areas
in need of further development have been presented in [2], [3].

There are two overall approaches to the problem: single stage
and multi-stage. In a single stage approach, the full expansion
requirements are determined in one period. Multistage refers to
expansion of the system in successive plans over several stages,
representing the natural course of progression in development.
The multistage approach, due to the interdependency between
stages, is far more challenging to formulate but the solution of-
fers a more useful result. Still, the vast majority of the develop-
ments have addressed the problem by a single stage approach.
Here, the discussion will focus on the relatively few multistage
approaches to the expansion problem [4]–[16].

A decomposition multistage method was first proposed in
[13] but not fully implemented. The first fully implemented
multistage formulation was limited to small size problems due
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to the inclusion of many decision variables that have in fact been
standardized by the utilities [5]. A more general formulation was
later developed to include a complex set of voltage drop con-
straints [7]. Other techniques, which can be described as pseudo
dynamic algorithms, have been proposed by [6], [8]. In this type
of algorithm, the horizon stage is considered first using a static
model identifying the set of expansion elements to be used for
the entire planning period. A series of concatenated single stage
algorithms are employed for the intermediate stages. Such ap-
proaches do not offer a true multistage solution. Similarly in [4],
[9], [10], the approaches employed a set of static algorithms for
different parent algorithms in order to achieve the multistage ob-
jectives.

A sparsity based Mixed Integer Linear Program (MILP) for-
mulation was presented in [11] in which explicit voltage drop
constraints were implemented using a linearization technique
requiring a significant number of additional integer variables.
A five phase multistage heuristic method was proposed in [15].
The quadratic model, which does not consider existing facili-
ties, voltage drop, or reliability, uses the same pseudo dynamic
strategy as [6], [8]. The emphasis was acceptability of a near op-
timal compromise solution in the interest of CPU time, similar to
the arguments found in the evolutionary technique approaches
analyzed in [2].

A true multistage formulation within a single mathematical
programming for which global optimality can be guaranteed has
not yet been developed for this problem. Instead, various linear
and nonlinear decomposition techniques, or other heuristic
techniques, have been proposed as multistage approaches (see
[2], [20] for more discussion). A fundamental question may be
whether these various multistage approaches can find the global
optimum. The answer for the heuristic techniques is uncertain
as discussed in [2]. As for the decomposition techniques, the
question can only be answered with certainty if an approach
that guarantees global optimality is developed and the solutions
compared. This is rarely practical.

Due to the growing demand for more reliable service, several
recent studies have addressed the impacts of unreliable service
and attempted to quantify the cost of reliability as seen by the
suppliers as well as their customers [4], [17], [18]. Although the
efforts have better illuminated the significance of reliability and
have quantified some of the expenses, the cost of reliability still
remains a crude estimate. Further, comparison of this approxi-
mate cost against the precise installation and maintenance costs
of the switching and the protection apparatus is not accurate.
Thus, inclusion of any component of reliability is best formu-
lated as separate objectives.
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In summary, there are several deficiencies in the develop-
ments to date:

• the literature reveals some confusion about practical dis-
tribution objectives,

• voltage constraints are either neglected or inappropriately
applied,

• variable routing and size options between nodes have not
been properly addressed,

• a true multistage approach that guarantees global opti-
mality is yet to be developed,

• commonly considered upgrade possibilities have been
completely ignored.

• reliability is either ignored, or incorrectly quantified and
integrated with other costs.

This paper introduces a directed graph minimum edge cost
network flow modeling for the problem while defining all pa-
rameters for cost optimization. The single objective, single stage
model is then properly extended to a multistage formulation
within a single mathematical program. Discussion on the con-
sideration of upgrades, system reliability, and social/environ-
mental impacts can be found in [27].

II. PROBLEM DEFINITION

The primary goal of the distribution expansion is to supply
the demand safely, reliably and economically. Both substations
and feeders need to be expanded simultaneously. A detailed de-
scription of the problem, design criteria, and assumptions has
been presented in [3], [20]. The commonly sought single ob-
jective optimization would be to minimize the total fixed and
variable costs at all stages ensuring that

• every demand center is served for all stages,
• voltages are within guidelines at every node for all stages,
• all elements operate within their capabilities and opera-

tional constraints,
• all expenditure is within the budget for every stage.

A. Fundamentals

The expansion problem is modeled as a minimum edge cost
network flow problem having multiple arc alternatives between
any two vertices (nodes) defined on a directed graph
where and are the vertices and arc sets, respectively. Here,
to allow multiple possibilities in routing and size for the arcs
(links), denotes a set of pairs of vertices for which multiple
arc routing options each having multiple size options may exist.
Specifically, for any pair , at most one arc routing
option from a set , having at most one arc routing size op-
tion from a set is allowed. This allows variable multiple
routing options, each with multiple size options. Suppose that
the directional flow from vertex to vertex in the th
possible size of the th possible arc routing option is bounded
below and above by and . Note that the total link
possibilities between nodes is given by the product of the
two sets and . Associated with some vertices there exist
external flows, so for each denotes the external
supplies or demands. If then there is no external supply
or demand at vertex . Suppose also that if th possible size of

Fig. 1. Possibilities of link jp.

the th possible arc routing option is chosen for , then
the cost is given by

(1)

where and are cost coefficients representing flow
independent and flow dependent costs, respectively. Now let

be the binary variable which takes the value
1 if the th possible size option of the th possible arc routing
option is chosen, and takes the value zero otherwise for

, and . The above description leads to
the following mathematical model:

(2)

(3)

(4)

(5)

As an illustration, Fig. 2 shows the graph of a system having
three vertices with variable arc options. Fig. 1 indicates three
possible routings, each having two possible sizes for a total of
six link possibilities between nodes and . Objective func-
tion (2) and the constraints (3)–(5) which will be analyzed sep-
arately, are the fundamental formulation that will be applied at
each stage. The above relations will require modifications or ad-
ditional constraints as the budget and the voltage constraints are
added.

B. Multistage Objective Function

The multi stage cost is modified from (2) to become

(6)
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Fig. 2. Graph of a small system.

where
is the fixed cost of the th size of the th routing
of the link at stage
is the variable cost of the th size of the th
routing of the link at stage
is the decision variable for the th size of the th
routing of the link at stage
is the power flow form node to node in the
th size of the th routing of link at stage .

is the number of stages.
Note that once a facility is installed at some stage, then its in-

flation adjusted one time fixed cost is incurred at that stage. For
all future stages, although the facility will exist, no additional in-
stallation charges should be incurred. is only charged
if and . For , if
the link exists at the onset of planning, and oth-
erwise. Further, since the present worth of the future
for each facility is lower for stages in a more distant future, the
mathematical program inherently defers expenditure, as is nor-
mally attempted in practice. Also note here, the word routing
refers to the various arc possibilities that may exist between the
same two vertices (e.g., overhead, underground, etc.), and the
term source possibility is used for what has been generally re-
ferred to as routing in the previous literature.

C. Approximate Objective

The quadratic term in the cost is solely attributed to the energy
losses, and thus a strictly increasing function of the flow variable
[3]. Investigation of peak load losses on distribution feeders of a
major utility in California, USA revealed that for a typical urban
feeder, the peak losses are in the order of 1%–3% of the peak
load, and for a typical rural feeder, it is between 2%–4%. Loss
calculations conducted independently in [21] were found to be
in the same order during peak loading conditions. The report
in [21] also indicated that during minimum loading conditions,

more than 70% of the losses were attributed to transformer core
losses. Thus, the nonlinear portion of (6) is relatively small.

Based on the above and the study results in [19], a glob-
ally optimal solution of the multistage expansion problem is
feasible through a single MILP formulation without the need
for any decomposition techniques or conventional linearization.
The quadratic objective function (6) can be simply replaced with
the following linear form

(7)

The value of for each routing and size option is
computed based on [3]

(8)

where
is the present value of the total cost of energy in-
curred at stage
is the resistance of the conductor in ohms/mile for
the link
is the length of the conductor for the link in miles
is the loss load factor (assumed 15%) [24]
is the feeder line-line operating voltage in KV

8760 is the number of hours in one year.
The inflation adjusted present worth factor for both the fixed

and the variable costs are given by

(9)

where
is the inflation adjusted present worth factor of the fa-
cility installed years after the present year.
is the number of years to installation of the facility with
current cost
is the inflation rate (assumed 5%)
is the fixed charge rate (assumed 14%).

Fixed costs are assumed to be incurred at the beginning of
each stage. Since there can be variable time lengths for the
stages, the annual cost of the energy losses grows uniformly by
a fixed rate during that stage. The accumulated sum over the
number of years during each stage is incurred at the beginning of
each stage. For the final stage, the area is perceived fully devel-
oped and therefore, no load growth need be considered for the
years beyond. Still, in the studies here, a standard 30 year cumu-
lative charges based on area’s fully developed loading condition
for the final stage to account for the total cost of losses to per-
petuity is assumed. The cumulative energy loss cost calculation
is as follows. Let be the annual cost of energy losses
for the th size of the th routing option of the link at stage
which can be calculated by (8). Then

(10)
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where
is the per unit load growth rate at stage .

is the number of years from present to stage , or
stage .

is the inflation adjusted present worth factor.

For , since the area is considered fully grown at horizon
stage, then the growth rate , and assuming a 30 year
cumulative charge for cost of losses to perpetuity beyond the
final stage, then .

D. Constraints

1) Flow Conservation: Flow must be conserved as repre-
sented by the well-known KCL equation.

(11)

In this formulation, the first term is limited to the number
of possible links that can serve node . That is, the summa-
tion is over where is the set of all
possible source nodes to . Similarly the second term is lim-
ited to the number of all possible links for which node is a
source possibility. That is, the summation is over the set of all

. Rows of SP refer to the source node pos-
sibilities for each node and it’s columns designate the possibility
of the load nodes that may be served form each node. Since the
source possibilities for each node are not necessarily the same
as the nodes that may be served from that node, then need
not be symmetric.

2) Coupling Constraints: In the distribution expansion
problem, as in most practical network flow problems, the lower
bound on the flow variable is zero [25]. Components of the
lower bound vector may all be equal to an arbitrary small
positive number Here, will be set equal to the value of
the smallest load center. This ensures that if a feeder link is
chosen, then it must at least carry this minimum flow, and if the
link is not chosen, the associated flow variable must equal zero.
That is, the binary decision variable is coupled to the associated
continuous flow variable such that either both are zero or both
nonzero. The multistage form for these constraints for are

(12)

(13)

where
is an arbitrary number in the range of

.

3) Radiality and Single Option Constraints: To explicitly
limit the link options to one a constraint is needed. This is neces-
sary for a quadratic objective since the solution may contain cy-
cles. While if the objective is linear, the solution will be a single
option except in unusual cases of numerical anomalies. Previous
contributors have expressed a divided opinion about explicit in-
clusion of the radiality constraints but most have included the

radiality constraints. Here, since the formulation employs di-
rectionality for the flow variable, the following constraints will
serve as both the single option and radiality constraints.

(14)

4) Voltage Constraints: In distribution systems, the phase
difference between the various supply and load voltages are
sufficiently small so that the magnitudes of the voltages can
be assumed equal to their in phase components [23]. Thus, the
voltage drop in the line section when carrying the cur-
rent can be approximated by [24]

(15)

where and are the line section resistance and reactance
respectively and is the power factor angle. The line section re-
sistance predominantly influences the line section voltage drop.
This is partly due to the fact that the value of reactance per
unit length is fairly constant for a wide range of conductor sizes,
where as that of resistance per unit length varies widely for
distribution conductors and cables [22]. More importantly, con-
sidering the unity power factor design criterion discussed in [3],

tends to zero. Thus, for planning purposes, the effects of
reactance on the voltage drop calculations may validly be ne-
glected. Here, the voltage drops are calculated based on sec-
ondary level utilization voltages where 120 V phase to neutral
is the nominal value so

(16)

where
is the length of the link
is the resistance of the link in Ohms per unit
length
is the nominal Line-Line operating voltage of
the link in KV
is the voltage drop coefficient for the flow vari-
able.

Explicit voltage constraints are only used in conjunction with
inclusion of multiple conductor sizes for each routing. When
multiple conductor sizes are considered, the following two con-
straints ensure that voltage drops are within an acceptable value

(17)

(18)

where is the node voltage at state .
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The directionality of the flow variable renders (17) and (18)
sufficient for the voltage constraints. This simplifies implemen-
tation of the voltage constraints by eliminating the need for in-
troduction of any slack variables as needed in other formula-
tions, such as [7]–[9]. The constraints are valid whether or not
there exists a link between the nodes and . is a pos-
itive number equal to the maximum allowable voltage drop.

5) Budget Constraints: To maintain linearity in constraints,
the following constraint may be used as the budget constraint

(19)

where is the total of the capital and the expense budget value
for all expansions at stage . must be adjusted based on the
nominal operating cost of losses at the point of linearization. It
should be pointed out that the expenditures for the two terms
in the above constraint generally fall under a separate category
in regulated utilities. Operating and Maintenance (O&M) costs
such as the cost of energy losses (the second term of the con-
straint) for each year are paid out of the expense budget, which
comes out of the revenue as they occur. This expenditure is fully
considered by the regulatory commission and taken into account
when the utility is applying for a new rate case. The second type
of cost, which is the capital budget is only partially considered
in the rate case calculations. The distinction is necessary to en-
sure that the present customers are not charged for the plants
and investments that will be used predominantly by the future
customers. It is unclear how deregulation may impact rate cases
but some similar distinction will be needed. It should also be
noted that inclusion of this practical constraint provides an al-
gorithmic benefit. This is because branch and bound algorithms,
normally used for mixed integer problems, can eliminate partial
solutions that exceed the budgetary constraint at some stage.

6) Miscellaneous Constraints: For the multistage formula-
tion discussed so far, there are no provisions to ensure a feeder
link to remain in service at each subsequent stage after instal-
lation. Since no upgrade possibilities or removal costs are con-
sidered at this point, the following constraints are necessary to
inhibit the possibility of any future stage changes to the chosen
options of each facility once the decision variable has been set.

(20)

Note that at the onset stage of planning
if the link exists, and otherwise. Also, the

constraints and the objective will have to be modified to allow
upgrade possibilities.

III. SIMPLIFIED NUMERICAL EXAMPLE

A simple test case is shown in Fig. 3 consisting of one existing
substation node 2, and one existing load center, node 3, and two
future load centers 4 and 5. This is studied based on the linear
version of the above formulation. Load growth and link char-
acteristic data had been given in [20]. Several, 10 year, three

Fig. 3. Simple example.

stage, optimization algorithms were implemented using com-
mercial software. In all studies, two and eight year periods were
considered between the first two stages, and a 30 year period
for cumulative loss calculation beyond stage 3. Further, uniform
load growths were considered for the first two stages, and it was
assumed that the system is fully developed beyond stage 3 with
no load growth.

The optimal solution is shown in Fig. 4 where the selected
options have been shown by the thicker links. Note that the link
2–4 has been selected to supply load center 4 and the link 3–5 to
supply load center 5 as the optimal solutions. To verify the im-
portance of having multiple size gradation in conjunction with
existence of explicit voltage constraints, two additional studies
were conducted in which only a single conductor size option
having higher impedance was considered for the link 3–5. It
was noted that for the case where the explicit voltage constraints
were included, a sub-optimal solution is found that chooses the
longer link 2–5 to serve load center 5. In the case without ex-
plicit constraints, the solution remained 3–5 at a reduced node
5 voltage. This highlights that importance of properly including
all decision variables and constraints. Detailed numerical and
computational analysis can be found in [26].

IV. CONCLUDING REMARKS

The multistage distribution expansion problem has been care-
fully formulated from a practical point of view. Significant defi-
ciencies of the previous contributions have been discussed, and
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Fig. 4. Optimal Solution.

addressed by this formulation. Details of a directed graph net-
work flow model having variable multiplicity in routing and size
for each arc has been presented. Investigation of the nature and
magnitudes of the fixed and variable costs in distribution ex-
pansion reveal that the nonlinear objective function can be ac-
curately approximated using a single linear function giving the
same minimizer as the quadratic form [19]. The new technique
eliminates the need for conventional linearization of the objec-
tive and the need for a significant number of associated integer
variables. The final multistage formulation has been presented
as a single Mixed Integer Linear Program (MILP) whose solu-
tion can guarantee global optimality.

REFERENCES

[1] U. G. Knight, “The logical design of electrical networks using linear pro-
gramming methods,” Proc. Inst. Elect. Eng., vol. 33, no. A, pp. 306–314,
1960.

[2] M. Vaziri, K. Tomsovic, and T. Gönen, “Distribution expansion problem
revisited part 1: Categorical analysis and future directions,” in Proc. Int.
Assoc. Science and Technology for Development, Marbella, Spain, Sept.
2000, pp. 283–290. Paper no. 319-155.

[3] , “Distribution expansion problem revisited part 2: Proposed mod-
eling and formulation,” in Proc. Int. Assoc. Science and Technology
for Development, Marbella, Spain, Sept. 2000, pp. 291–298. Paper no.
319-215.

[4] Y. Tang, “Power distribution system planning with reliability modeling
and optimization,” IEEE Trans. Power Syst., vol. 11, pp. 181–189, Feb.
1996.

[5] T. Gönen and B. L. Foote, “Mathematical dynamic optimization model
for electrical distribution system planning,” Elect. Power Energy Syst.,
vol. 4, no. 2, pp. 129–136, Apr. 1982.

[6] D. I. Sun, D. R. Farris, P. J. Cote, R. R. Shoults, and M. S. Chen,
“Optimal distribution substation and primary feeder planning via the
fixed charge network formulation,” IEEE Trans. Power App. Syst., vol.
PAS-101, pp. 602–609, Mar. 1982.

[7] T. Gönen and I. J. Ramirez-Rosado, “Optimal multi-stage planning of
distribution systems,” IEEE Trans. Power Delivery, vol. PWRD-2, pp.
512–519, Apr. 1987.

[8] I. J. Ramirez-Rosado and T. Gönen, “Psedodynamic planning for expan-
sion of power distribution systems,” IEEE Trans. Power Syst., vol. 6, pp.
245–254, Feb. 1991.

[9] K. Nara, T. Satch, K. Aoki, and M. Kitagawa, “Multi-year expansion
planning for distribution systems,” IEEE Trans. Power Syst., vol. 6, pp.
952–958, Aug. 1991.

[10] N. Kagan and R. N. Adams, “A benders’ decomposition approach to
the multi-objective distribution planning problem,” Int. J. Elect. Power
Energy Syst., vol. 15, no. 5, pp. 259–271, Oct. 1993.

[11] M. A. El-Kady, “Computer-aided planning of distribution substation
and primary feeders,” IEEE Trans. Power App. Syst., vol. PAS-103, pp.
1183–1189, June 1984.

[12] H. K. Youssef and R. Hackam, “Dynamic solution of distribution plan-
ning in intermediate time range,” IEEE Trans. Power Delivery, vol. 3,
pp. 341–348, Jan. 1988.

[13] R. M. Adams and M. A. Laughton, “Optimal planning of power net-
works using mixed integer programming,” Proc. Inst. Elect. Eng., vol.
121, pp. 139–148, Feb. 1974.

[14] O. M. Mikic, “Mathematical dynamic model for long-term distribution
system planning,” IEEE Trans. Power Syst., vol. PWRS-1, pp. 34–40,
Feb. 1986.

[15] M. Blanchard, L. Delorme, C. Simard, and Y. Nadeau, “Experience with
optimization software for distribution system planning,” IEEE Trans.
Power Syst., vol. 11, pp. 1891–1898, Nov. 1996.

[16] S. Jonnavithula and R. Billinton, “Minimum cost analysis of feeder
routing in distribution system planning,” IEEE Trans. Power Delivery,
vol. 11, pp. 1935–1940, Oct. 1996.

[17] R. E. Brown, S. Gupta, R. D. Christie, S. S. Venkata, and R. Flecher,
“Automated primary distribution system design: Reliability and cost op-
timization,” Proc. IEEE, pp. 1–6, Aug. 1996.

[18] I. J. Ramirez-Rosado, R. N. Adams, and T. Gönen, “Computer aided de-
sign of power distribution systems: Multiobjective mathematical simu-
lations,” in Proc. Int. Soc. Mini and Microcomputers (ISMM) Int. Symp.,
Mar. 1991, pp. 35–38.

[19] M. Vaziri, K. A. Ariyawansa, K. Tomsovic, and A. Bose, “On the accu-
racy of approximating a class of quadratic programs by a class of linear
programs,” IEEE Trans. Circuits Syst. I, to be published.

[20] M. Vaziri, K. Tomsovic, A. Bose, and T. Gönen, “Distribution expansion
problem: Formulation and practicality for a globally optimal solution,”
in Proc. IEEE Power Eng. Soc., Feb. 2001. 0-7803-6674-3/00.

[21] D. I. Sun, S. Abe, R. R. Shoults, M. S. Chen, P. Kichenberger, and D.
Farris, “Calculation of energy losses in a distribution system,” IEEE
Trans. Power App. Syst., vol. PAS-99, pp. 1347–1356, July 1980.

[22] M. Ponnavaikko and K. S. P. Rao, “An approach to optimal distribution
system planning through conductor gradation,” IEEE Trans. Power App.
Syst., vol. PAS-101, pp. 1735–1742, June 1982.

[23] A. Kuppurajulu and K. R. Nayar, “Optimal operation of distribution net-
works by quadratic programming methods,” Proc. IEEE, vol. 58, no. 7,
pp. 1172–1174, July 1970.

[24] T. Gonen, Electric Power Distribution System Engineering. New York:
McGraw-Hill, 1986.

[25] R. K. Ahuja, T. L. Magnanti, and J. B. Orlin, Network Flows Theory,
Algorithms, and Applications. Englewood Cliffs, NJ: Prentice-Hall,
1993.

[26] M. Vaziri, K. Tomsovic, and A. Bose, “Numerical analyses of a directed
graph formulation of the multistage distribution expansion problem,”
IEEE Trans. Power Delivery, vol. 19, pp. 1348–1354, July 2004.

[27] M. Vaziri, “Multistage and Multiobjective Formulations of Globally
Optimal Upgradeable Expansions for Electric Power Distribution
Systems,” Ph.D. dissertation, Washington State Univ., Pullman, WA,
Dec. 2000.



VAZIRI et al.: A DIRECTED GRAPH FORMULATION OF THE MULTISTAGE DISTRIBUTION EXPANSION PROBLEM 1341

Mohammad Vaziri (M’01) received the B.S. degree
in electrical engineering from the University of
California, Berkeley, in 1980, the M.S. degree in
electrical engineering from California State Uni-
versity (CSU), Sacramento, in 1990, and the Ph.D.
degree in electrical engineering from Washington
State University (WSU), Pullman, in 2000.

Currently, he is a Supervising Protection Engineer
at PG&E, San Francisco, CA, and Part-Time Faculty
at CSU Sacramento. He has 17 years of professional
experience at PG&E, and CA ISO, and more than ten

years of academic experience teaching at CSU Sacramento, and WSU Pullman.
He has authored and presented technical papers and courses in the U.S., Mexico,
and Europe. His research interests are in the areas of power system planning and
protection.

Dr. Vaziri is an active member and serves on various IEEE and other technical
committees.

Kevin Tomsovic (SM’00) received the B.S. degree in electrical engineering
from Michigan Technical University, Houghton, in 1982, and the M.S. and Ph.D.
degrees in electrical engineering from the University of Washington, Seattle, in
1984 and 1987, respectively.

Currently, he is a Professor at Washington State University, Pullman. From
1999 to 2000, he held the Kyushe Electric Chair for Advanced Technology at
Kumamoto University, Kumamoto, Japan. His research interests include intelli-
gent systems and optimization methodologies applied to various power systems
problems.

Anjan Bose (F’89) received the B.tech. degree (Hons.) from the Indian Institute
of Technology (IIT), Kharagpur, in 1967, the M.S. degree from the University of
California, Berkeley, in 1968, and the Ph.D. degree from Iowa State University,
Ames, in 1974.

Currently, he is the Distinguished Professor in Power Engineering and Dean
of the College of Engineering and Architecture at Washington State University,
Pullman. He was with the Consolidated Edison Co., New York, from 1968 to
1970; the IBM Scientific Center, Palo Alto, CA, from 1974 to 1975; Clarkson
University, Potsdam, NY, from 1975 to 1976; Control Data Corporation, Min-
neapolis, MN, from 1976 to 1981; and Arizona State University, Tempe, from
1981 to 1993.


