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ABSTRACT

The operation of the reservoir is a complex phenomenon, in which the operator should take suitable decisions
to release water for various users to satisfy their objectives. This is further complicated if uncertainties are
involved in the parameters of the reservoir operation process. In order to obtain the compromised optimal
solution addressing the uncertainties involved in the parameters of the system, Fuzzy optimization approach
is very useful. Compromised solution is obtained by Fuzzy Linear Programming (FLP) model considering
inflows are in fuzzy. Firstly, the crisp solution is obtained by linear programming by solving the objective
function considering for each set of uncertain inflows and corresponding best and worst values of objective
are determined. Then objective function and reservoir inflows are fuzzified by considering linear membership
function. Finally best compromised policy is found by maximizing the level of satisfaction (A) considering
the modified fuzzy objective and fuzzy inflows by FLP. The above model is applied to Nagarjuna Sagar
reservoir on Krishna River located at border of Andhra Pradesh and Telangana state, India. The objective
function considered in the present study is maximization of total irrigation releases subjected to irrigation
releases, power releases, storage bounds and continuity constraints. The 75% and 80% dependable inflows
are considered in the present study for determining the compromised reservoir operating policy. The
maximum level of satisfaction (A) obtained by simultaneously optimizing the fuzzified objective function

and inflows is 0.5 and best compromised monthly operating policy is presented.
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Introduction

Fresh water availability is very less on the earth to
meet domestic, irrigation, hydro-power, industrial
and environmental flow requirements. This necessi-
tates utilization of the limited available water in an
optimal manner. Loucks et al. (1981) has given ap-
plication of mathematical modeling methods in
water management. Labadie (2004) has given a de-
tailed review on state-of-the-art review for optimal
multi-reservoir operation. The conventional optimi-
zation methods like Linear Programming, Dynamic

Programming, Non- Linear programming and
Meta-heuristic techniques will give crisp solution
for the given objective function and constraints.
These methods are not able to find the compromised
solution when the objectives or variables are in
fuzzy nature. Fuzzy Logic is found to be best tool
for obtaining the compromised solution when the
objectives and variables involved in the process are
fuzzy in nature. Many researchers carried out re-
search work on reservoir operation optimization in
association with fuzzy logic approach. The concept
of fuzzy decision-making was first proposed by
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Bellman and Zadeh (1970). Fuzzy Linear Program-
ming (FLP) is first introduced by Zimmermann
(1978). Rommelfanger (1996) has addressed detailed
survey on fuzzy linear system techniques. Srinivasa
Raju and Nagesh Kumar (2000) developed a FLP
model considering vagueness and imprecision on
objective function values. Nagesh Kumar et al.
(2001) have developed Multi-Objective Fuzzy Lin-
ear Programming (MOFLP) model in which only
objectives are considered as fuzzy and constraints
are in crisp nature. Mohan and Jothiprakash (2000)
have developed FLP model for optimal cropping
pattern where inflows and ground water flows are
considered as fuzzy. Kamodkar and Regulwar
(2010) have developed three models by FLP in res-
ervoir operation considering fuzziness in objectives,
resources and technological coefficients respectively
and compared the level of satisfaction (A) obtained
with the three models.

In the present study, best compromised reservoir
operating policy is obtained by FLP by considering
inflows entering into the reservoir are in fuzzy. The
objective of the study is maximization of annual re-
leases for irrigation. The model is optimized for
maximum level of satisfaction by considering
fuzzified objective and inflows are constraints. The
above developed model is applied and demon-
strated through a case study of Nagarjuna Sagar
Reservoir on River Krishna to obtain best compro-
mised reservoir operating policy.

Materials and Methods

Study Area

The physical system considered in the present study
is Nagarjuna Sagar Reservoir built across River
Krishna located at border of Guntur district in
Andhra Pradesh and Nalgonda district in
Telangana states, India, as shown in Figure 1. The
longitude and lattitude of the reservoir are
16°34’32”N and 79°18’42” E. The dam is 180 m
height from its foundation and 1.6 km long with 26
flood gates which are of size 13mx14m. The gross
storage of the reservoir is 11560 Mm? (MCM) out of
this the live storage is 5730 MCM. The reservoir
catchment area is 215000 km? and water surface
area at full reservoir level is 285 km? The full reser-
voir level and minimum draw down level are 179.3
m and 156.3 m, respectively. Two main irrigation
canals take off from the reservoir on either side
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Jawahar canal (right canal) and Lalbahadur shastry
canal (left canal) both having equal carrying capac-
ity of 311.5 m?/sec. The length of left main canal is
179 km and irrigates 0.3869 million hectares (M Ha)
while it is 203 km and irrigates 0.4505 M Ha for
right main canal. The major crops grown under the
canal command area in different seasons are Rice,
Cotton, Chilli, Groundnut, Sorghum and Grams.
The main power plant is located on river down-
stream side (d/s) with a capacity of 810 MW having
8 units (1x110MW+7x100 MW). Two minor power
plants of capacity 60 MW and 90 MW are located on
left and right main canals respectively. The inflows
of 75% and 80% reliability, irrigation demands and
minimum d/s release requirements are computed
and are presented in Table 1.
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Fig. 1. Layout of Nagarjuna Sagar Reservoir project

Model Formulation

Monthly steady state optimal reservoir operating
policy is formulated considering a planning horizon
of a year. The model is formulated to find compro-
mised monthly optimal releases into irrigation ca-
nals maximizing the annual releases for irrigation
considering uncertain inflows.

Objective function, (Z) = maximization of total
sum of irrigation releases = E:ﬁl IR, (1)

where, IR, are irrigation releases in a time period t.

Subject to the following constraints,

Lower and upper bounds for irrigation release

0.5*ID, < IR, < 1D, ()
where, ID, is the irrigation demand in any time
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Table 1. Dependable Inflows, Irrigation demands & min. d/s releases required (MCM)

Month Reservoir Inflows Irrigation demand Minimum d/s release
75% PE 80% PE ID(t) DRMIN(t)
JUL 1175.00 652.15 566.27 178.74
AUG 3201.52 2860.70 1603.27 178.74
SEP 2458.60 2364.50 1592.47 178.74
OCT 2255.04 2109.86 1747.74 178.74
NOV 888.36 758.80 1980.50 178.74
DEC 615.00 452.70 1444.14 178.74
JAN 394.60 348.67 268.35 178.74
FEB 292.16 267.44 224.50 178.74
MAR 217.00 201.80 65.79 178.74
APR 174.10 158.40 0.0 178.74
MAY 88.10 75.37 0.0 178.74
JUN 156.84 150.87 0.0 178.74
Total 11916.32 10401.26 9493.04 2144.92

period t and the minimum irrigation release consid-
ered in the study is 50% of its demand.
Lower and upper bounds for power release

DRMIN, < DR, < DRMAX . (3)

where, DRMIN, and DRMAX are minimum and
maximum d/s releases required in any time period
t respectively.

Active storage constraint

0<S,<SMAX . (4)

where §,is the active storage in any time period t
and should not be more than active storage capacity
(SMAX) of the reservoir.

Storage continuity equation

(1+a)St, = (1-a) S+Q IR -DR —SP, -, .. (5)

where, Q,, SP, and e, are inflow, spill and evapo-
ration in a time period t respectively.

Steady state storage condition
ST+1 = Sl . (6)

i.e. The storage at the end of the present year is
equal to the storage at the beginning of the next
year.

Fuzzy Linear Programming

The standard Linear Programming problem is,

Max. Z = ij=1 Cj%; - (7)
Subject to Xii=1@i;%d" b,, . (8)
X2 0. .9

By solving the above model a crisp solution is

obtained for the given conditions. But in real case,
the objective function values, resources (right hand
side of the constraint equations i.e. b) and techno-
logical coefficients (left hand side coefficient matrix
of constraint equations i.e. a, ) may be uncertain,
imprecise or fuzzy in nature. Prof. L.A. Zadeh intro-
duced the concept of Fuzzy sets in 1965. The prin-
ciple of the Fuzzy logic is, it allows something to be
partly this and partly that, rather than having to be
either all this or all that. It is the degree of
“belongingness or membership” to a set expressed
by a real number in between the interval 0 to 1. Usu-
ally the membership function is assumed to be lin-
ear, making computations simpler. FLP is the most
appropriate method to incorporate fuzziness in the
model parameters assuming a linear membership
function for obtaining the best compromised solu-
tion. In the present case, best compromised reser-
voir operating policy is obtained by FLP by consid-
ering inflows entering into the reservoir are in
fuzzy. The step by step procedure of FLP model is
as follows,

Step 1:
Max. Z = X7-1 €;X; .. (10)
Subject to X2, a; ;x;d” b, . (11)
x 20 . (12)

In this case, is a fuzzy numbers with linear mem-
bership function shown in Figure 2.

Step 2

Best and worst values of the objective function are
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Fig. 2. Linear membership function for resources (b,)

to be determined corresponding to the lower and
upper limits imposed on resources as per the stan-
dard procedure of LP. The graphical representation
of membership function for the objective function
values is shown in Figure 3.
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Fig. 3. Linear membership function for objective function
values
Step 3
The LP problem is re-formulated as,
Max. 1 (Level of satisfaction)
s.to. uZ(x) <A . (13)
uClx) <A .. (14)
0<AZA - (15)

in addition to all other original constraints.
Step 4
By solving the above re-formulated LP problem, the
best compromised solution corresponding to the
maximum level of satisfaction (A) is obtained.

Results and Discussion

The above discussed FLP model is applied to
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Nagarjuna Sagar Reservoir considering maximizing
the annual irrigation releases. The best compro-
mised reservoir operating policy considering
fuzziness in the objective and reservoir inflows is
obtained by MATLAB software.

By following above procedure of FLP, The model
is solved by LP taking each set of inflows at a time
and the corresponding best and worst values of ob-
jective function are obtained. The best and worst
values of the objective are 8827.318 MCM, 7304.08
MCM. After obtaining the bounds for the objectives,
the objectives and inflows are fuzzified by assuming
linear membership function. The membership func-
tions for objective function & inflows are shown in
Figures 4 & 5.
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7304.08 8827.318
Fig. 4. Membership function of F

0 F, < 7304.08

g, () = {(#_“;’;og) 7304.08 < F, < 8827.318
1 F = 8827.318

.. (16)

Membership function value for inflows is consid-

ered as ‘1’ for all flows having reliability greater

than or equal to 80% and ‘0’ for flows less than 75%
reliability as presented in Figure 5.
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Fig. 5. Membership function for inflows
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0 Qi = Qrsxi
uQ;(x) = u) Qeosi < Qi < Qrswii
) \Qrs%i-Qzo%si/ . e

1 Q: < Qgossi

. (17)
The LP model is re-formulated to find the maxi-
mum level of satisfaction (A) by using membership
function equations (16) & (17).
Maximize A

Subject to F- 1523.238) — 7304.08 < 0 (18)
Qurni— Qs = Q) A =QiS0Vi,i= 11012 .. (19)

0<Aas<l . (20)

In addition to the above three constraints, the
equations (1) to (6) in the earlier model are also con-
sidered. The modified LP problem is solved for get-
ting the best compromised solution. The level of sat-
isfaction (A) obtained is 0.5 and the corresponding
objective function value is 8066.49 MCM respec-
tively. The best compromised reservoir operating
policy is shown in Table 2. It shows that the total
irrigation releases by FLP model are 8.62% lower
when compared to LP model with 75% reliable in-
flows while they are 10.43% higher when compared
to LP model with 80% reliable inflows.

Table 2. Optimal release policies by LP & FLP Models in

MCM
Month LP FLP
75% PE 80% PE policy
JUL 369.501 283.138 283.138
AUG 1603.270 1603.270 1603.27
SEP 1592.470 1592.470 1592.47
OCT 1747.740 1747.740 174774
NOV 1980500 1076.067 1838.476
DEC 1254.512 722.070 722.07
JAN 134.177 134.177 134.177
FEB 112.250 112.250 112.25
MAR 32.898 32.898 32.898
APR 0.000 0.000 0
MAY 0.000 0.000 0
JUN 0.000 0.000 0
Total 8827.318 7304.080 8066.489

The monthly active storages to be maintained in
the reservoir by LP (75% & 80%) and FLP are pre-
sented in Figure 6. It shows that the reservoir stor-
age is increasing from AUG to NOV because of the
monsoon inflows into the reservoir and thereafter it
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is getting depleted in all cases. The storages re-
quired to be maintained are higher in FLP with re-
spect to 80% reliable inflows and lower with 75%
reliable inflows from AUG to NOV and thereafter
follows reverse nature.
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Fig. 6. Monthly Active storages in the reservoir

Conclusion

Fuzzy Linear Programming model is formulated
and applied to Nagarjuna Sagar reservoir to find
best compromised reservoir operating Policy under
uncertain inflows. The objective function considered
is maximization of total irrigation releases. The
maximum level of satisfaction is obtained as 0.5. The
monthly active storages to be maintained in the res-
ervoir and best compromised releases for irrigation
are determined. This policy will be useful to the
decision makers as the inflows are in fuzzy.
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