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ABSTRACT

Expanding Multi Reservoir Systems are being created to E?’
meet increasing demand of water and power, Operation practices
and decisions based on judgemental decisions still being follow=
ed cannot be optimal, These decisions are also unable to take
into account the requirements of interconnections and integrated
operations., Optimization technigues are necessary to manage
operations of such complex systems, These techniques have been
applied to analyse and to improve existing system operations of
Bhakra-Beas multireservoir system, Some of the solutions have
been accepted by Bhakra-Beas Management Board, Threec case
oriented studies hawe been carried out by modelling of the
system by development of algorithms, solution techniques and

analysis of results for

Multireservoir medium range study with two obJjectives
for minimizing the deviations from irrigation targets and
maximization of power generation for these systems has been
done, Multireservoir deccmposition approach is used for convert-
~ing the problem into sub problems which are solved by generalis-
ed reduced gradient and conjugate gradient techniques, The
ahalysis has resulted into increase in anmnual average power
generation, meeting the scheduled irrigation targets and bring~
ing the reserwirs to their full supply level in the end of the
study period, It has been suggested that instead of spilling
from Pong reserwir water should be drawn from Bhakra reservoir

effecting additicnal power generation,



A new method for unit ccrnmitment and scheduling generation
in twe Bhakra power plants belcocw a ccommon dam is develbped. This
results into optimum releases through each turbine and number of
turbines tc be operated for meeting demand at a particular
reservoir level, A variety cf plant operating constraints has
been considered, Discharge minimization has been taken as the
objective function solved by ncn linear and integer programming
techniques, Obtained results indicate 0.5 to 2 percent saving
in water. Developed unit commitment and generation schedules

are being followed by plant operaters, =

=

Loa
Hourly optimization model has been developed 'or off-line

applications for the operation of balancing reservoir and power
plant, of newly constructed Beas Satluj Link Project. The
objective has been to find hourly release schedules, maximize
houfly‘power generation and meeting system peaks, This would
further maximiZe energy generation in the day and transfer
maximum water to Bhakra reservoir for increasing energy genera-‘
tion at Bhakra Power Plants, Compared results with so far field

operations are encouraging and still improving the operations,

The developed optimization models could permit easy

generalization and possible application at other facilities,
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CHAPTER 1

STUDY OBTECTIVE AND ILITERATURE REVIEW

1.1 Introduction

The efficient use and management of multipurpose water
resource gystems is crucial in the era of water and energy
shortage. There is ever-increasing demand for its Judicious
use, Operations of water resource projects tend to become
complex by subsequent upper valley and interbasin develop-
ments. It is rare that a complete'water resource system 1s
designed at the same time from the start to finish. The opera-
tion planning of such a complex system consisting of water
grid and electric grid is a difficult proﬁlem. Water grid
planning is concerned with the fundamental problem of modify-
ing the time and space availability of Watér for various
purposes in order to accomplish certain basic regional and
local objectives, It needs historical record of stream in-
flows,; reservoir system, water demands and sociél commitments,
Electrical grid operation consists of availability of power
plants, unit commitment, generation scheduling (economic

operation) and load forecasting etc,

Generating capacity in a power system can be increased
by development of new sites; by the addition of generating
facilities at existing water resource projects and from

planned Operation‘of existing hydropower systems, This



operation may or may not conflict with the existing practices.
It includes new or variable oPerating'rules, reallocation of
storage and other operating practices for the multireéervoir
system that could increase average storage capacity or energy
capability, assessment of varying irrigatibn and_power require-
ments and distribﬁtion of available water and energy in acﬁual
need based proportions, Maximum énergy capabi;ity computation
of the hydrosystem is a deterministic, discrete-time problem
concerned with management of reservoir storage which may be
daily, weekly or seasonal, A large power'systemxgnvariably,gn-
cludes a Vvariety of generating plants, Hence, optimal generé—
tion scheduling is the on line process of allocating the total
generation among the various power plants and units for energy
maximization and peak shaving, It is important from reliability

considerations,

Over the past decades, increasing dttention has been given
to the use of mathematical (simulation and optimization) models
for deriving operating policies of multireservoir systems, In
some cases, with only small improvements in system operation
even 1 or 2 percent inérease in hyqropower production, a suBs~ |
tantial increase in annual economic benefits can be realized,
This appreéiation has been coupled with a substantial research
effort through the years, and has led to continuing developments
in the conceptual thinking and the mathematical formulations for

a variety of models.



It is in this context necessary for reassessing the
existing system operation practices by systems approach'techp
niques for optimizing the operation of multipurpose multi-
reservoir system, Critical examination of Bhakra-Beas system

has been made with the evolved techniques,

1,2 Methodology

In water reservoir systems planning and management
problems extensive use of mathematical modelliﬁg techniques
as parts of system analysis methodologies have been éarried
out in the past. These investigations do not point toward any
AXiomatic approach, particularly due to the fact that the
techniques to be employed are dependent on availability of data,
objectives, performance requirements and the uncertainties in-
volved in a decision making process, This study is confined
to multipurpose, multireservoir Bhakra-Beas System,a part of
Indus Water éystem. Discussions with the managing engineers
led to examine the operating procedureé, test and compare
alternative strategies for improving system operation, On
carrying out studies of Bhakra-Beas reservoir system, large
amount of factual data for the analysis was collected and some
was taken from the pablished literature with regard to (a) ri-
vers' inflows (b) outflows (c) reservoirs' data (d) inter |
river water transfers (e) irrigation targets (f) power plants
and machines data (g) load curves indicating pegk and energy

targets (h) operating practices of different sub-systems



(1) operating limitations (j) details of other components-
tunnels, canals, diversion structures, channels etc, of each

project,

As a basis for conducting the study a framework was
developed within which various operational objectives could

be individually studied, The methodology followed is as

under .

a) modelling of the system,

b) development of solution techniques and algorithms,

c) establishing validity of optimization programmes by
trial runs and carrying out studies to Bhakra-Beas
reservoir system, ana

d) analysis of results and discussions and recommend-

ations, i

The time steps considéred in the models are also significant
factors in making specific assumption and choosing proper
techniques, The medium term planning models are generally
seasonal in character and can effectively use historical
information, real time or short term>models should be capa-
ble of incorporating real time, short term information, Both
short range and seasonal operation models have been applied

for the analysis of field problems,

1.3 Study Objectives
The objectives of operation are of prime importance

in developing an operation policy, whether these are stated



explicitly in the objective function or incorporated implicit-
ly as binding constraints in the model, Thg literature is do-
minated by work involving optimization of operation where the
volume of water released from the reservoir has been princi-
ple issue, But different conclusions result when multiple ob-
jectivesare to be satisfied, The consideration of a second
objective may be in the constraints such as actual storage
state, meeting a particular load curve and reserve and fore-

casts of future streamflow are important issues that influen-

ce mathematically derived reservoir operation policies,

There is a variety of operating policies in use,

Some of them define each reservoir's target level without any
infOrmation on what to do if levels fall below the minimum
limits, Other operating policies define precisely how much
water to withdraw at different control structures, TQ§ ob-
jective of this study is to use'optimizat;on techniques for
the analysis and improvement of the operation and management
of Bhakra-Beas system, Medium range and short range studies

have been carried out with the following objectives !

i) to study past operation of Bhakra-Beas reservoir
system,
ii) medium range optimization study for optimal power

generation at Bhakra-Beas reservoirs system with
minimization of probable deviations from release
targets and to reconsider operational strategies,

oy |



iii) to minimize power discharges from Bhakra dam power
stations and consequently increasing energy genera-
tion by short range unit commitment and generation
scheduling optimization study and to consider online
operation possibility, and

iv) to formulate the optimal daily schedules of regula-
tion for newly constructed Beas Satluj Link Balanc-
ing Pond of Dehar hydroelectric power plant for
optimum peaking and energy and maximum water transfer
from Beas river to Satluj river to achieve increase
in capacity at Bhakra,

1.4 Literature Review
Over the past several years a number of researchers,

field engineers and managers have pro&uced vast literature

on this subject, Initially, the aim was to develop rule curve

for guiding the releases from a single storage reservoir,

Good work started around 1955 with systems analysis applica—

tién. This helped in the management of river basins and power

systéﬁs analysis which are complex and dynamic in nature for
their planning, operation control and operation planning,

Research work had included the analysis of simple reservoir

system with single and multiobjectives, multireservoirs with

multiobjectives, inflow forecasting, hydrological studies etc,

In the power system operation work had been done for the sta-

bility, optimal operation- optimum economic generation, peak

shaving, load forecasting, energy maximization, secure and
reliable operation, economic dispatch, generation scheduling
unit commitment, maintenance scheduling, generation control

ete,



Only a few had reported the management of multireser-
voirs with optimal operation of power system, It is felt to
review the literature only connected to this work in the
field of multireservoir and optimal power system operation
in this section and in other chapters where found nécessary.
Other literature which was also referred to this work has been

given in the references,

1.4.1, Multireservoir Operation

1.4.1.1 Yearly operation

J,D,C, Little (74) considered sequentiél decision
problem with variaﬁle head and stochastic flows, He used
stochastic dynamic programming with two state variables to
determine the monthly optimal operation, His set cost funcf
tion manipulation to show that the only additional informa-
tion needed for fifding the optimum decision function in one
interval is an expected cost function for the succeeding ine-
terval, The minimum expected coSt corresponds to the maximum |

expected hydroelectric energy,

In this paper (35) considered several methods of
treating the effect of head variations upon the hydroplant
characteristics in determining the optimum mode of operation,
Head variation could be accounted by multiplying the incre-
mental water rate by a water conversion coefficient which
remained constant over the time period, non-linear differen-

tial equations were solved by numerical integration,



F.L., Chernous'ko presented (16) a local variation
method for the numerical solution of variational problems znd
finds the local minima of functions, As claimed by the author
compared to dynamic programming technique, it enabled the
- number of operations and the amount of information stored
during the solution to be reducéd and applicable to linear
and nonlinear boundary problems which reduce to variational

problems,

Solution of problems of optimal contfol by the method
of local variations had been given by Krylov et al,(67). The
application of the technique was studied in detail (85) con-
sidering a system of reservoirs with some variations in the
method, It had been observed that since the final value was
sensitive to trial trajectories, the best value of trajectory
should be chosen to start with, The number of opefations were
less and less information wa$s to be stored.during the solu-
tion hence total proéessing time was considerably less com—
pared to other technique used, However, the technique has a
characteristic that it leads to a local optimum and can be

useful if initial trajectory is obtained by some other method,

W,A, Hall et al. (40) made the optimization study for
a multipurpose reservoir system quite characteristics of all
reservoirs whose principal purposes were the production of
hydroelectric power and water conservation, Dynamic programm-

ing was used by considering the physical and hydrological






B

5.I,D,P, and successive approXimation, Four problems solved,
range from hourly control of a system involving hydroelectric
power, water storage and irrigation to long range optimum in-

vestment planning,

J. Sharma and T,8,M, Rao (101) formulated three inter-
connected reservoir system stochastic problem, used chance
constrained programming technique for converting the problem
into deterministic one and solved by a feasible decomposition

method for finding optimal operating policy.,

Monte Carlo approach to optimization of the operation
rules for a system of storage reservoirs was applied by Jam-
usz Kindler (63), The implicit stochastic optimization by
combining streamflow synthesis, simulation within which the
optimization algorithm is nested and regression analysis'

seems to be a valuable technique,

0,T, Sigvaldason (103) described a simulation proce-
dure being‘ﬁSgd for late winter-spring operation for the
Rideau and Cataraqui multireservoir sjstems in Canada, It
consisted of forecasts of cumulative runoff and formulized
decision procedures at half monthly intervals and applied for

both wet and dry historical years,

1.4,1,2 Weekly/Daily operation
C.R, Gagnon and J,F, Bolton (33) formulated the hydro

scheduling problem of power plants on columbia river main

-



stern and Lower Snake river as an unconstrained nonlinear
optimization using penalty functions for the constraints
and method of conjugate gradients for optimization, The de-
“terministic approach faced departures from forecasted guan-
tities but were accounted fprby repeated analysis, The timé

horizon of one week with 8-hour-increments was considered.

12

Fixed water-to-energy conversion factors were used to calcu-

late energy generated, The result would be approximate only,
Energy savings claimed were 0,2 percent of the total weekly

average load,

The work in the area of real time operation is new
and was started in the recent past, Jamieson and Wilkinson
(57) developed an automated control strategy for flood con-
trol, Dynamic programming was used, Fults and Hancock (30)
applied incremental dynamic programming for evaluating the
daily water and power operating strategy. But its use was

limited to a small system because of dimensional problems,

Becker and Yeh (6) developed a methodology for real
time water and power optimization which utilises a form of
dynamic programming for the selection of an optimal reser~
voir storage policy path through a specified number of po-
licy periods while an iterative linear programming was used
for period by period optimization, No initial policy was
needed with no particular resfriction for ensuring conver-

gence,
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Becker and Yeh (5) conducted large scale multireser-
voirs system optimization of real-time daily operation, Daily
model of Central Valley Project ( CVP) in California was de-
veloped for optimizing hydroelectric energy production ending
storage vector relationship by minimizing the loss of poten-
tial energy of the stored water in reservoirs resulting from
any release policy, Linear programming was used, As claimed
it is compatible with present CVP monthly optimization proce-
dures and the outputs could be utilised as inputs to an hourly
programme, An improvement in generated megawatt hours of se-
veral percent over that generated using the present daily

scheduling routine was anticipated,

Large scale maximization of energy capability for
Pacific Northwest Hydroelectric system was done as a nonlinear
programming problem, (49,%32), The method of conjugate gradient
was applied, The problem was converted into unconstrained
reservoir system by regarding the bulk of constraints as soft
and transferring them to tﬁe objective function by means of

penalty terms, A good initial trajectory was required,

An approach towards the systematic posterior study
 of short-run ( weekly, daily) operating practices for a re-
servoir system was developed and illustrated for an exist-
ing system of four large reservoirs (34). Simulation had been
considered as superior technique for these problems, whereas
cptinization was considered screening device, A combined use

of optimization and simulation models was indicated,
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Optimal weekly releases from seasonal reservoirs
were studied for the production of electrical energy (73)
and first develobed for the deterministic case, It was based
on the solutions of the system of equations given by Kun-

Tucker conditions,

1.4.1,3 Real time hourly dperations

The integrated operation of water reservoir and power
projects requires advance scheduling of hydroelectric energy
generation on shorter periods, Real-time operation implies
the optimal operation of an existing reservoir system and
decisions regarding reléases for various purposes have to be
made on a short time period, This is a new area with largg
research scope, Only a few research puplications have been pro-

duced, Optimization and simulation both techniques are under

use,

First, Hourly Power Pondage studies for a practical
system ( Columbia River and Tributaries) was conducted in(19),
These planning studies were preliminary for the evaluation of
system operation impacts for 1980 conditions, Their purpose
was explorating rather than definitive and did not reflect
the imperfections of real life system operation, Simulation
technique was used for determining the water surface and dis-
charge fluctuation, load wvariations, automation of plant

loading by load frequency break point method,



Hydro-Thermal power system hourly load distribution
and pondage analysis was done for North West power pool(98).
The programme simulate the hour by hour operation of each
plant in the system for a seven day period, Electrical load
gets distributed amongst conventional hydro, pumped storage
and thermal plants, For each hour's operation the objective
was to compute for each project, the project release, power
generation, head and water surface elevations for forebay and
tailwater; Hydrographs and duration curves of releases and
water surface elevations at selected points could be plotted,
Hydro system peaking capability and energy générated was cal-

culated,

In real time operation the unexpected equipment to
breakdown, streamflow and power load forecasts'! deviations,
was often the rule rather than the exception and simulation
must include this contingency, The programme was used to study
the effects of hourly coordination on energy exchanges between

the various power systems,

The critical périod optimizer programme was developed
(113) to compute optimum critical period hydro regulation,
As claimed it operates iteratively by computing successively
improved appfoximations to the solution starting with initial
approximatién; Weight factors were used in the programme to

keep the operational violations under tolerance,
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The hourly model was developed for on line use in the
operation, in the report (116,17) for Central Valley Project
in California, It was a part of the overall decision model
and designed to be used in conjunction with monthly and daily
programmes, The developed procédure in two phases involves
determination of a good feasible policy through an iterated
linear programming and adjust process, For second phase this
acts as a starting policy for an incrementél dynamic programm-
ing successive approximations process to derive an optimal
policy, It had resulted into more efficient hydro power pro-

duction and schedule of generation and optimal releases policy;

Non-linear programming algorithm for real-time hourly
operation for single reservoir system had been studied by
Armando Balloffet et al.(3) with the objective of maximizing
hourly generation to meet power schedules, daily flow require-
ment for water supply etc.'To‘solve the nonlinear concave ob-
jective function with nonlinear concave and linear constraints,
nonlinear duality theorems and Lagrangian procedures were
applied, Llagrangian was carried out by a modified gradient
projection technique alongwith a stepsize determination rout-
ine, as convergence of the algorithms found to be too slow,
This study could be extended to multireservoirs by making

use of Dantzig-Wolfe Decomposition and Lagrangian procedures,

ADiacon et al, (23) presented a general model of

Romanian hydrosystems with probability density functions of
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sentative and indicative of a single unit, Thys knowing the
optimum way of operating K units, K+1 units optimum way

could be found out,

 The work presented by H,H, Happ et al,(44) reported
up on the development of a unit commitment method and its
implementation in program form a large scale hydrothermal
system, The method satisfied many operating and other cons-
traints and claimed to be useful for actual operations and
operation planning, The approach consisted of two blocks Ca~
lled suboptimizer and optimizer, The former obtained a feasi-
ble schedule close to the optimal and later optimized the
schedule, The savings realizable over manual methods were re-
ported to be in excess of one percent of the total fuel cost,
The evaluation of the effect on economy and security of the
system by changing the operating rules, reserve requirements,
unit additions, and outages, unit limitations and interchanges

could be determined,

A reliability oriented unit commitment study was done
by A,V, Jain and R, Billinton (56) involving two basic ele-
ments, economic scheduling of the operating'units over the
commitment period and the application of the reliability
techniques to these hourly schedules, A primary attempt to
apply reliability techniques was also made by J,D, Guy(38)
and A,K, Ayoub and A,D, Paton (2) for thermal systems only.



Unit commitment in hydro-thermal system was performed in
general by first fixing the hydro generation, The reliability
method included ﬁhe outline generating unit derated states,
All the capacity available was represented in the form of a
single large generating unit with a large number of derated
states. This equivalent multilayered unit was backed up by
all the standby resources, A standard risk level had been
used to operate the system with a consistent reliability at
every hour for the next scheduled period, 1t could also be
used to determine incremental reliébility costs associated
with the selection of a particular level of operating capa-

city reliability,

A recent short paper reported by A, Turgeon (110)
described'a new and rigorous method for determining the mode
of operation of an electrical system that minimizes the op-
erational cost., The study was not reported with intention of
applying immediately to practical system’ rather than to find
an exact and computationally feasible solution to the basic
scheduling problem, The method used the maximum principle of
bontryagin to determine the generation levels of the operab-
ing units, £o devise additioﬁal criterion for fathoming a
vertex in the branch and bound algorithm and to reduce the
number of units considered for shut down, The choice of which
units to shut down from those suggested by the maximum prin-

ciple was done by branch and bound,
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1,5 Organisation of the Study
The study is reported in the following sequence ;
a) Multireservoir generation system operation models,

analysis and optimization are briefly reviewed in
Chapter-11,

b) Medium rgnge optimization study for Bhakra-Beas multi-
reservoiy system has been reported in Chapter-I1I and
Iv, '

c) - Unit commitment and generation scheduling problem of

two power plants below Bhakra dam of Bhakra-Beas
System analysed with integer programming and non-
linear programming techniques are described in
Chapter-V,

a) Daily Pond Optimization study pertaining to newly cons-
tructed powcr plant is mentioned in Chapter-VI1,

e) Conclusions, recommendations and scope for future work
are presented in Chapter-VII,
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CHAPTER II
MULTIRESERVOIR OPERATION MODELS

2.1 Introduction

A water resource development project catering to water
supply, irrigation or hydroelectric power generation, difectly
from a stream, may be unable to meet the pattern of demand dur-
ing extremely low flows, Storage reservoirs can retain excess
water from periods of high inflow for use during period of low in-
flow.'Flood water storage also reduces damages downstream, The
releases of stored water may be for a variety of uses -~ power
production, irrigation, industrial and public water supply,
maintenance of navigation depths, fish and wild life preserva-
tion, cooling water for thermal power stations and other indus-
tries, prevention of salt intrusion and dilution for sanitary
purposes, pollution control etec, The main function of a reser-
voir system is stabilization of flow by regulation, w§ter grid
demands are to be expressed as minimum'desired:and minimunm re-
quired flows to be met at selected locations, The specification
of operating rules of a reservoir include the. storage volume
allocation with time, priority of meeting demands at various
locations, These rules should govern diversion scﬁedules, main-
tain minimum flows and balance storage amongst reservoirs,
Operation policies have to be designed to vary seasonally in
response to the seasonal demands for water and the stochastic

nature of supplies,
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On the power grid side rapid increase in energy demand is
there in the developing areas and the demand is doubling every
5-7 years, Hence, the importance of optimum economic operation
of hydroelectric project has increased greatly, A little saving
in the production cost per unit would integrate to a considera~
ble amount, The basic objective of optimal operation is to match
system generation with the load in the most economical manner
keeping the power flows, bus voltages, active and reactive po-

wers and system frequency within limits,

Application of optimum generation, system operation and
control consisting of optimal generation scheduling and load
frequency control is the only answer for managing larger énd
complex interconnected power and water grids and necessitate the

analysis of power system with multireservoirs,

2.2 Conflicts on Reservoir Operations

Confiicts that arise from multi-purpose use of water are
(a) conflict in space (b) conflict in time (c¢) conflict in dis-
charge, Consider flood control in conflict with various conserva-
tion purposes, These purposes reguire filling of reservoirs dur-
ing atleést some period, Some of the conservation uses are power
generation, water supply and recreation etc, However, flood con-
trol is enhanced to the degree that a reservoir is emptied, The
more empty a reservoir the greater is the probabilit& of a future
flood being contained by the reservoir, Fig,2,l1 explains the

conflicting operating rules,
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2,3 Rules and Regulations for Reservoir Operation

The plan for regulating the outflow from a reservoir and
consequently its content is defined as the Operating Rule, The
specification of operating rules at a reservoir side include the
volume of storage allocated to the pool by time period, identi-
fication of each downstream location for which the reservoir has
to operate and the priority system ubon which the reservoir meets
the demand, These rules may goverh diversion schedules, maintain
~minimum flows and balance étorage among reservoirs based upon the

current state of the systen,

A reservoir regulation plan initially collects and synthe-
sises all design study material for the reservoirs under consi-
deration, The regulation plan's objective is to guide thé opera~
tion of reservoir so as to pursue as best as possible the stated
design objectives, As such these plans carry legal weight and
their modification is institutionally constrained; A schedule of
regulation is a one or two page summary of a regulation plan's
recommendations, It lists (a) a rule curve (b) a number of sche-
dules (c) various pool elevations, outflow and river stage cohs-
traints, The rule curve is a pool elevation-time diagram, It
specifies the recommended and therefore, intended use of storage,
- It represents the strategy or long run operating policy and re-
flects principal objectives, During the'fioods and droughts a
reservoir's level will inevitably deviate from rule curve levels,
A schedule of regulation also specifies the procedures for re-

turning the pool to rule curve levels,



Schedules of regulation are to be considered as guidcs to
resefvoir regulators, Their long-run policy element—- the rule
curve may be modified as a result of new data, additional ex-
perience or changing objectives, For finding rule curves among
the various reservoirs in the system the critical conditions
should not be attained simultaneously, In case of two reservoirs
in series the upstream reservoir release schedule will bias the
development of rule curve of downstream, For parallel reservoirs
the best rule curve will require apportionment of releases from
two or more reservoirs baséﬁ upon available storage capacity,
It is essential that operation rules be formulated with informa-
tion that will be available at the time when operation decisions

are made,

Fig,2.,2(a) illustrates the cdmbination of zones and rule
curve levels that may define the operating policy of each reser-
voir in a multi-regervoir system, These reservoir operating po-
licies permit some flexibility in multireservoir operation, A
further aid in multi-reservoir operation is provided by identi-
fying multiple subzones within the conservation zones, Fig.2.2(b)
illustrates reservoir storage zones showing conservation zone
with and without multiple subzones or levels (80),The volume
within these levels can vary in magnitude, at a given time and
overtime, Their main purpose is for multi-reservoir storage

. 7

level balancing.



There are several parameters for reservoirs that should be
specified to represent their physical characteristics and to des-
cribe the criteria under which they operate, It is necessary to
provide storage content, surface area, outlet capacity, eleva-
tion levels,evaporation, seepage, exogenous inflows etc, In case
of multireservoirs the releases should be made such that all re-

servoirs are kept in a relative state of balance,

The heuristic approach is to Keep all reservoirs the same
percent full within each zone, In some cases it may be desirable
to use a certain portion of the conservation storage in one re-

servoir before using the storage of other reservoirs,

2.4 Releases from Combinations

Using the zoning concept for reservoir operation, all re-
servoir storage volumes should be maintained in the same zone or
subzone to the maximum extent possible, There are three basic
concepts for such balancing of reservoir storage volumes, The
first concept is based on keeping all reservoirs at their same
zonal position, i,e; at a level where the percentage filling of
the'zone is equal for all reservoirs, This is sometimes referred
to as the equal function or equal index policy, The second con-
cept is based on a reservoir ranking or priority concept, The
entire zone of the lowest ranking reservoir is utilized fully
before starting on the next lowest ranking reservoir, and so on,
The third concept is baéed on a storage lag policy, Withdrawals

from the zones of some reservoirs are begun before withdrawals
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SE; + = Storage within the conservation zone at the
start of time period t

Iit = Stream inflows excluding exogenous flows

EFit = Exogenous inflows

Oit = Releases from the ith reservoir at time .
period t

D;4 = Gains and losses (rains, flow to stream,

seepage and evaporation losses),

For three reservoirs in parallel, index levels in two

: !
reservoirs to be same, ‘

and ‘

S16( SEat + Topt EFpp-Oppt Dot)= Spt( EreT1eEF 1401620 g ) (204)

Syt (SEsytlspEF5pO504D5 ) = SBt(SElt+Ilt+EFlt-Olthlt) (2.5)

. Ef_Ezt“‘I ot By ~(0T =014 -034) + Doy ] (2.6)
”» @ S -~ Y
3t (SE3t+13t+EF3t-03t_-g D3y )
S o4 By 1 34 EF 52D 5¢) =85403¢=55¢( SE py + o1 48F 52D ) =S54 OT~0;£-03¢)

OT, <Oq- = :
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N
I
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Sjt (OTt-Olt -Kg) + Sthj

Ozy = Gpp * 570 (2.7)
Again similarly,
| B4 (K1=014) = Syg (Kp=0p4) = (2.8)
550 (5-051) + S5y (K5-0pp) (2.9)
1 Olt | “éggh
k5703 S5t
()=034) S5y = Syp Kz = 514 Ogy
S1 O3y = Sy Kz = 854Ky + 854 0gy | (2.10)

Substitute (2,7) in (2,10) and simplify

S (OL4=0q,~K,) + 5., &
1t 'i’t LT U1t 2 e "ot l o
Sst * 5ot 514Kz-585 1K1155401¢

514834 (0T =014-K5) = (Sat*set)(sltK3’°3tK1) +(B34+551)85109 17871554

51t53t01t*(33t*32t)53t 16” S1655¢ (0T, t~Kpl- (53t*52t)(51tK3'33tK1)

51485 (O2gmKp)- (8549550 (514 Kz=Sp K1) v 818,

014 =

34 (B1p + Spp v S3¢)

- | (2.11)

Similarly, we can find out °2t and o3t giving the releases from

these parallel reservoir system,



, . 3 3

2.4,2 Tandem reservoirs

In cése of tandem system of reservoirs the downstream water
requirements are met from the last reservoir however, other re-
servoirs above, supply the balance guantity may be equal to their
inflows or the maximum power discharges, The last reservoir must
be designed to have adequate storage capacity to meet the down-
stream desired releases, Fig,2.4 shows two reservoirs in tandem,
Analysis in the following is done on the criterion mentioned in
2.4.) of meeting OTt by second reservoir releases and the re-

leases of first reservoirs are equal to the stream inflows for

second,
Iog = O34 : (2.13)

(2.14)

S1¢ * So ~ (2.15)

However, due to the complexity involved because of a large
number of system parameters, releases can not be determined if
evaporation and hydroelectric demands are to be included in the
analysis, This is so because the volume of water evaporated and
the energy produced during the period depend on the average reser-
voir area and elevation of water respectively which are inturn
related to the reservoir level, The average level depends upon
the ending reservoir level which itself is a function of re-

leases, Therefore, for the multiobjective analysis of the
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reservoir system an iterative procedure is required which assumes
an ending reservoir level, calculates the volume of evaporation
cost and the volume of water necessary to satisfy the energy de-
mand, deterﬁines reservoir releases and computes a new ending
reservoir level, This ending level is then used to recompute
volumes of evaporation and water used for hydropower generation,
The process is repeated untili values of the ending reservoir

levels do not differ significantly,

2.5 Reservoir Operation Models

Different models have been used for evaluating alternate
operating strategies, The opefatioh policy prescribed in such
models is limited by time steps considered., The operation policy
considered in the planning stage suffers from the inability to
consider the real time forecasts of streamflows, The time steps
which can be incorporated at the operation planning stage can
vary from on 1ine'to one year, In an optimization model the
‘stochasticity of streamflows has to be incorporated explicit
way where the statistical feature of historical data are used
rather than the synthetic series preserving these statistical
properties, In order to use the generated series in an optimi-
- zation model an iterative procedure has to be adopted which
iterates between a deterministic optimization model and a simu~
lation model, The following operation models (102) are generally

encountered by the researchers and application enginecers,
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Explicit stochastic optimization models have been used
for evaluating reservoir releases by including probability dis-
tributions of inflows directly in deriving optimal releases po-
licies, The application to a multi-reservoir system was carried
out by Schweig and Cole (100), They applied dynamic programming
to a two-reservoir system and found that computational costs were

high even with very simplified inflow representations,

Implicit stochastic optimization models assume that there
is complete information of future hydrologic inflows, After opti-
mizing reservolr releases for the given sequence, appropriate re-
gression analyses are performed on the simulated results to de-
rive a reservoir relecase policy, Hall (39) and Young (119) had
initiated the early work using this approach, Stochastic optimi-
zatlon models are difficult to formulate and always cross the
limits of computational feasibility when more than two to three

reservolrs are considered simultaneously,

Linear Decision Rule model was proposed by ReVelle et al.
(95,96 and 97) to find the optimal operating rules, It requires
the release to be a linear function of reservoir stofage, As
applied to reservoir operation, the form of this linear decision

rule ( LDR) is :
qQ=8-0D>
Where, g denotes the release during a period of reservoir

- operation, s denotecs the storage at the end of the previous



period and b is a decision parameter to be derived by the model
to optimize a criterion function, Since its introduction in wa-
ter reservoir management problems many modifications, extensions
and discussions of the rule have been reported in the literature,
Loucks and Dorfman (79) presented a comparative study of some of
the existing forms of LDRs and pfOposed a LDR that was function
of present storage volume and future inflow, the future inflow
was assumed as known quantity, However, it had been indicated
that the use of decision rule leads to conservative results,
Joeres et al, (58,59) proposed a LDR which incorporated the co-
rrelation structure of seasonal streamflow and demonstrated it's
capability of reducing the ranges of minimum and maximum releases
‘and storages for the same reliability levels as compared to other

existing forms of the LDR.,

The main advantage in using LDR are in the resulting mathe-
matical simplicity, vastly reduced computational burden, In or-
der to use these models effectively, it may be required to sim-
plify the system representation, to limit the length of the
hydrologic sequence and to eliminate many detailed considerations

which occur with operating multireservoir system in practice,

Trial and error approach using simulation models had been
used (102) where several water-based benefits which were judged -

to be very difficult to quantify in economic terms,
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2.6 Decision Variable Targets and Loss Functions
The form of loss functions and definitions of decision
variable targets are central to any operation model development,

These issues reported in the literature are discussed,

Unresolved questions regarding the best choice of a loss
or benefit function for reservoir operation include the issues
of convexity, concavity, or_symmetry of the loss functions ass-
umed, Stedinger (105) has argued that penalization of releases in
excess of the target value is unrealistic, However, according to
Klemes (65), a release target may be defined either as a scale
of development ( the release in excess of this target value
generates benefits, failure to meet this ﬁarget value is asso-
ciated with economic penalities) or as a value which causes no
losses ( the value corresponding to the minimum of the loss func-
tion or maxi pm of the benefit function), When the second defini-
tion of a target value is accepted, it is possible to assume the
loss to be zero ( or a constant) in the vicinity of the target,

implying no losses for small deviations from this particular

value,

If the only objective of operating a reservoir, or reser-
voir system, is to ensure a dependable flow during dry periods
and other objectives are ignored, it is possible to adopt a
loss function which constitutes only the dry branch of a two
sided generalised loss function, A two-sided loss function may
be necessary when multiple objectives, e,g, recreation and hydro-

power are important,
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It was pointed out by Klemes (64,66) that considering a
loss function'L (y) = X?L where y is the outflow from a single
reservoir ( with mean E(y), E(.) is the mathematical expectation),
for a convex loss function ( a <O or a » 1) a sequence of variable
releases, For a concave loss function ( O¢ a< 1) a variable re-
lease is superior to a constant release, For a linear cr a constant
loss function ( a = 1 or a = 0), the overall economic effect is
independent of the outflow pattern, hceordingly, it may seem that
no general optimization is possible for the last two cases, It

should also be noted, however, that these conclusions are based

on restrietive assumptions,

Klemes (66) stated that, when uncertainties are incorpor-
ated into an operation policy, the releases of a target draft
(the release at which the loss function has its minimum) should be
the objective of operation, Once this is accepted, the objective
of operation may be considered as the minimization of expected
losses, where the.short-term loss function is a function of devia-
tion from the target release instead of release ohiy. If y is
redefined as ( release--target) the conclusions for the’previously
defined y are no longer valid, E(y) may not be guaranteed as a
positive quantity and the validity of the conclusions for diff-
erent ranges of the exponent, a, therefore, depend upon the

choice of the target value,

Stedinger (105) showed that for a = 2, and y =( relcase~
target), the expected value of the losses is a minimum when the

target is equal to the mean flow for the same given period,
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This result is no doubt true, the question that needs to be ans-
wered, however, is | is it possible to meet practically this ideal
operating criterion without pérfect hydrologic information and/

or building a large ( semi-infinite) reservoir, Stedingerts re-
| sult also méans that if the effective target release is equal to
the expected valuc of the streamflow, the long-term expected lo-
sses will be a minimum, It is not clear, however, that an expect-

ed value criterion is always appropriate,

Theoretical target reservoir releases, shown schematically
in Figure 2,5 have been defined in two ways, The first concerns

a value, X .

min? guaranteed with high reliability, for short-term

allocation, For a release egual to Xmi short term allocation ey

n’

for a release equal to X short-term benefits equal long-term

min’
benefits and no penalities are incurred, Rcleases in excess of
Xpgin 8ive rise to increase‘benefits, although these benefits afe
lower than could have been attained ( from the long-term benefit
function) had the guaranteed amount becn higher. The long—térm'
benefit function, should start dipping down at some value of re-
servoir releases, X', when an incremental release will cause a
problem such as flooding, damage té aquatic life, or loss of

r eCreational opportunity, The short-term benefit function will
also dip down but for a corresponding release X < X*, except for

the unusual case of X in coinciding with %% in which case x=x".

(The long-term benefit function is the envelope of short-term

benefit functions),
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A second.definition of target release could be developed
using the release magnitudes, Target 1 and Target 2 shows in
Fig.2.5, These values are treated as variables where short-term
benefits are a maximum, i,c, penalties are zero, as defined by
Klemes (65) ( The benefit curves, viewed in the direction of
decreasing benefits, are loss curves; short-term losses are at
a minimum for releases Target 1 and Target 2) Selection of Tar-
get 1 or Target 2 is conditional on the objectives of operation,
Target 1 is important for water supply objectives K Target 2 is

associated with flood flow management,

The target value should be interpreted as that volume of
water for which penalties are a minimum, any deviation from the
vicinity of this yalue is penalized to whatever extent is appro-
priate, The exact shape of the bencfit function will vary from
basin to basin and may also be modified according to the per-
ceptions of decision makers, Hashimoto et al, (47) wrote that
loss functions of the type L(X) = [ (T—X)/T:jB for X < T, and
L(X) = 0 for X > T, ( X is the release, and T, the target relea-
se, B 1s a constant) when incorporated in an dptimization model,
which minimizes the expected value of losses subject to some phy-
sical constraints, result in different types of policies depend-
ing on the value of B, They reported that the operation policy
specified by the loss function for B > 1 results in hedging from
the target release even if ehough water was available. This does
not occur for P < 1. This result can be visualized convenienﬁly

by examining the loss function ( T—X)B, shown in Fig,2,6, Let
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p denote a possible deviation during period 2, and p + ¢ the com-
bined deviation at the end of the two operating periods,

.

It is evident that for an expected deviation equal to p
at the end of period 1 and q during period 2,Athe losses can be
minimized if the combined deviation is actually postponed upto
the end of period 2, for B < 1, If B = 1, the delay does not
affect the losses, and therefore may result in alternative‘opti-
mum solutions, In thecase of B > 1, because pB r qB < (p+q)B,
it is always costlier to postpone the deviations and preferable
to incur maximum losses at the first period, rather than adding
them up for the second period, This conclusion is valid when us.
ing the expected loss criterion in the objective function because
the transition probabilities ( from one discrete flow state to
another) used are assumed stationary and may be considered as
constant multiplicrs to the loss magnitudes, Resilience another .
important index has been discussed recently by Fiering (24,25,26

and 27),

2.7 Reservoir Operation Objective Functions

In this section a few objective functions concerning with
the reservoir operation are discussed, Warren 4, Hall et al. (40)
had considered objective function for deriving returns from OpeTram
tion by the sum of returns from expocted salc of firm water and
firm energy, dump water and dump energy for the price schedules
given for each of the N time intervals, It was claimed that using
the standard recursive procedures of dynamic programming’a gen-

eralized equation could be written for successively for one



The authors had not presented the results but illustrated
the procedure by developed technique for optimal analysis of

a single multipurpose reservoir,

Theodore G, Roefs and Lawrence D, Bodin (109) for three
reservoir system operation studies used the following objective

function ¢

36 |
Maximize & (Cpy Py + CUp Uy + Cry I3 )
i )
_ Where,
t Time period in months-

Cpy Value of peak energy

Cly Value of off-peak energy

Cry  Value of release

Py Peak energy produced at time t

Uy Off-peak energy produced at time t

r3 £ Release from downstream reservoir at time t,

However, the implicit stochastic analysis process was
not completed for the system with the observation that subs-
tantial'repetition of lengthy computer analysis was required

to achievé the results,

Determination of optimum operation policy for Folsom
Project ( North California) was the objective of Ricardo et al,

(45), The objective function solved by dynamic programming was$

o
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| OE '
= 3 -.——I-}-m—.
Max AFE = Max [ Min ( —Gpg—  AOPH )]

Where,

AFE Anmual firm on-peak energy contract

OB, On~peak energy production in month n

OPH,, Number of on-peak hours during month n

AOPH- Annual number of on-peak hours available every
year

n ' Time index, month

This type of objective function could not,be used for com-

plex systems,

The objective function applied by Chu and Yeh (17) for the
hourly model given below was to maximize the daily power output

from a single reservoir ( Shasta Reservoir ) ¢

24
Maximize ifl Wy Pl ( Dy, Si)
Where,
i time interval in hours
Wy Weighting factors for each of the ith hourly
generation

P! (Di,Si) Power demand for ith hour
Di Plant release in ith hour

S4 Storage at the beginning of ith hour

It is mentioned that convergence of the algorithm was

extremely slow due to stepsize control problem, The Lagrangian
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procedures required two sets of initial solutions ( primal and
dual) and have several computational difficuikies when applied to
the pfactical problems, Multireservoir application is possible if
overall convergence-problem could be handled appropriately, How

to handle such problem was not indicated, It's application appears .

to be difficult,

Objective function to find a storage management schedule
of a complex reservoir system which maximizes the system energy
capability with acceptable uniformity in the surplus of power over
load for each time interval was developed by R.H. Hicks et al, (49)

J

Minimize [ F(S,Q) =D+ W I ( DJ-D)Z 1
j=1
where,
DJ = Lj - PJ st
J
1
D = = 2 o
W R r
J
T =4 Z Tj
j=1
L. Total system load

W >0 A suitable welght

Pj Total power produced by system

Sj Storage at the end of time interval j
Tj The length of time interval j

J Time interval

This was a remarkable accomplishment in the application

of nonlinear programming to a practical engineering problem,
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A method for the determination of optimal operating rules
for a multiple reservoir and hydroelectric facility was outlined:
by Becker and Yeh (6) and illustrated by an application to Cali-

fornia Central Valley Project. The objective function considered

was .
Mlglmlze % ( Ci Ry + Crys R 4 )
K Time index

Ri and R'i Variables to be determined

C; and C'y Functions of energy rate function and average stbrage
at any given time i and are known

i Variable index

It had been claimed that the method could easily be adopt-
able to a variety of situations, However, the method was not ex-

tended to multireservoir operation problems.

George W, Tauxe et al. (106) applied Multi-Objective
Dynamic Programming ( MODP) for thé operation of Shasta reservoir,
Two specific objectives were cohsidered;: (1) To maximize the
cumulative dump energy generated above a prescribed level of firmv
energy,'and (2) to minimize the cumulative:evaporation, The pri-
mar& objective, that of cumulative dump energy, was maximized in
recursive equation and secondary objective of minimization of
cumulative evaporation losses was represented by a state varia-
ble, Firm energy maximization was formulated as a physical cons-

traint on the two objective MODP problem and then'parametrically
varied outside the MODP problem, |
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_ Max =
FiBypVy) = o LE (o

s S, FEJ.)j
J .

J-

Where,

Value bf objective, also cumulative dump energy
Dump energy

Rate of energy production

Monthly firm energy r equirement

Cumulative evaporation

Reservoir storage volume

Reservoir release

4 o o< E % 3 S|

Stage and decision variable index

This work was considered to be extended for investigating
risk as an objective and examining the trade-offs between risk

and other problem objectives by the authors,

Optimization problem framed by David T Ford et al, (29)
was tomaximize f(x), the weighted sum of the efficiency indices,
Ten indices of system operation efficiency were included iﬁ the
given below objective function available for selection of the best
operation rules for Rayburn reservoir system which included two

reservoirs in series °*

v}

Minimize f(x) = 2 Wk'Zk (x)
K

Where,
&y (%) the value of index K bf operation efficiency
with decision variable x
P the total number of indices

wk welght assigned to index K
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Where,

EHi(}\’.:-LK—'l s UE ) Expected gencration ( MwH) of plant i
in month X
C Value of a MWH produced in the reser-
voilr system |
Expected value of water remaining in
- reservoir at the end of last period

studied,

It is mentioned that the solution is not a global feedback

solution, The technmique needs further application to real life

systems,

In order to minimize total losses or damages resulting
from the operation of single reservoir the following objective
function (61) was considered,

o T
Minimize Z = tfl. Loss ( Ry)

The following equations were used to define the loss

function,
LOSS (Rt) = A [:exp (Rt/RUP)-exp(l)]
- | Ry > RUP (1)
LOSS(Rt) = 0 . RLOW < Rt < RUP (2)

LoSS (Ry) = B [_exp ( -Ry/ RLOW) - exp (-1) ]

R, < RLOW 3)
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the hydro utility would purchase from the other utility,

Conjugate gradient method of modified Fletcher and Reeve!s
was used for one reservoir case, It could be used for multireser-

voir system with stochasticity in inflows,

It has been observed from the foregoing that the operation
objective functions mostly considéred maximization of power and/
oY energy, déterminiation of optimagl operating rules and
minimization of total losses or damages resulting from the
operation for single or multireservoir systems for monthly,
daily or hourly time steps. A few of the models could be really

‘useful for the analysis of large multireservoir systems,
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CHAPTER I11

BHAKRA~.BEAS RESERVOIR SYSTEM OPERATION ANALYSIS

3.1 Introduction

Bhakra-Complex governs the system operation in the
western part of Northern Power and Water Grid and meets the |
irrigation, energy and peak requirements of the power system,
By addition of large peaking and energy capability in the
Northern system in recent years, it is considered necessary
to review present operations of the system and formulate how
it will operate in the future so as to achieve marginal, short
and medium term benefits, Dascription of Sapluj-Beas River
system projects ( South Himalayan catchment) is briefly made‘
and graphical representation is given in this Chapter, Hydro-
logy of snowmelt and monsoon rivers typical for South Hima-
layan Catchments is then presented for inflow determination,
So far, procedure followed by the system decision makers and
regulating engineers for water releases from Bhakra-Beas re-
servoirs to the canhal system and power generation purposes is
important for any study to be initiated, Studies reported on
this system by research workers and others, comments on pre-
sent operation and need for optimization study for working
out operational alternatives are discussed herein, However,
rescheduling operations do need separate analysis keeping in
view power and irrigation requirements and unit commitment

of Bhakra reservoir plantsg,
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3,2 System Description

There are three major rivers in the region, Ravi,Beas
" and Satluj, Beas water are being transferred to Satluj‘basin
to maximise the irrigation and power potential of the two ri-
ver basins, figs. 3.1 and 3.2 give detail of the system. A
total of over 2 million hectares woﬁld be irrigated finally

in Punjab, Haryana and Rajasthan.

The projects on two rivers are briefly outlined be-

low ¢

3.2.1 Projects on river Satluj(22)

i) Concrete gravity dam at Bhakra
ii) Bhakra Power Hduses ( Plant-1 and II) at the toe
of dam on both the banks
iii) Nangal Dam (Barrage) at Nangal
iv) Nangal Hydel Channel
v)  Ganguwal and Kotla Power Houses on the Hydel
Channél |
vi) Ropar Head Works and Sirhind Canal
' vii)  Bhakra Canal after tail waters of Kotla Power
House
viii) Bist Doab Canal taking off at Ropér, Right Bank
of Satluj ri#er

ix)  Anandpur Sahib hydel channel under construction
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Bhakra reservoir gross capacity is 9876 m,cum, and
live 9436 m, cum, with power production capacity of 1050 MW,
in two power plants, The reservoir levels vary from 155,06 to
89,69 meters causing generating capability variation, About
11 Km, downstream of Bhakra dam is Nangal reservoir formed by
the 28,95 m high Nangal dam, It serves as a head regulator for
control of irrigation releases, Part of the water from Nangal
is released to Nangal Hydel Channel with a carrying capacity
of 353,75 cumecs, The remainder of the water is released to
Satluj, The Nangal hydel channel supplies water to two power
houses on its path at Ganguwal and Kotla with a total ins-
talled capacity of 154 MW, Water from the Nangal hydel channel
is then divided between the Bhakra main canal and the Sirhind

Canal ( Fig.3.2).

Downstream of Nangal, there are headworks at two
places on the river Satluj at Ropar and Harike ( Fig.3.1l). At
Ropar water is diverted to BistDoab,and.Sirhind canals, The
Beas river joins the Satluj at Harike, Water is diverted at
Harike to the Hajasthan feeder and the Ferozpur feeder for

FPastern and Bikaner canals and Sirhind feeder,

3.2.2 Projects on river Beas

| Beas Project (7), .(¥Fig,3.1)consists of the two
units—- one the Beas Satluj Link Project and the other. the
Beas dam project, Beas reservoir at Pong has live storage

about 7290 million cubic meters which almost equals to that
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of Bhakra Dam, It is from this dam that Rajasthan State draws
its'major share of waters, The power house at the Dam will
have six generators each of 60 M4 capacity but only four have

been commissioned,

The Beas Satluj Link Project whiéh is basically a

" power project transfers 4716 m,cum, Beas water into Satluj
through a height of 320 m and generating power, Diversion of
Beas waters take place at a place known as Pandoh by creating
a reservoir of capacity 4100 Hect, meters ( 33,240 acre feet),
Beas waters are taken first through a 13.10 Km long tunnel and
then through an open channel 11,80 Km, long to the balancing
reservoir of capacity 370 hect, meters ( 3000 acre feet), Po-
wer Plant finally which will have 6 machines of 165 MW each

is comnnected through 12,38 Km, long power tunnelltoﬁthe balan-

cing reservoir,

The graphical representation of the hydraulic and
irrigation.systems are given in fig.3.3, Entire power of Bhakra-
Beas complex is fed into the northerh regional power grid, In-
terconnected‘power'system is represented- schematically in Fig,

il

3.4,

3.3 Hydrology of River Basins
It is typical of South catchments to receive heavy
rainfall during the summer monsoon season generally extending

from June to late September and sometimes even extending upto
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the month of October, The river run offs basically consists
of two parts, one which is derived from the melting 6f the
snow and the other resulting from rainfall in the catchment,
The discharge derived from the melting of snow, make the ri-
vers parennial, its contribution to river discharge being
greatest dufing summer months and minimum during winter, This
part of the river flows is 1likely to be constant from year
to year except for some changes caused by the annual varia-
tions in temperature conditions and extent-of snowfall in the
catchment arcas, The average river discharges rise to consi-
derable extent with the on set of monsoon season which gen-
erally lasts from June to Septémber or sometimes upto middle
of October, The high base flow is occasionally punctured by
sharp peaked high flood flows of short durations during this
period, the discharges and flood pattern being dependeht on
the intensity and extent of rainfall and its relative period
of occurrénce in the various sub-catchments upstream; Winter
rains swell the river flows to some extent for short durations
during the months of December, January or February when the
river flow is usually at its minimum, The inflows of three |
rivers for a dependable year are givén in Table 3,1(8), Fill-
ing—in—period is the period dufing which the flow of the
river is morec than the intended water requirements and the
surplus flow is impounded to build up the storage. The period
covers the monsoon season and does not include the period of

i)
high winter flows which may occur for short times, Bhakra
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Table 3,1 Inflow of Rivers Satluj, Beas .and Ravi in Cumecs
for a Depepdable Year

Month River Satluj River Beas River Ravi Total
at Bhakra at Mandi at Madho-~- Inflow
Plain pur ‘
June 11-20 707,5 360,5 312,3 1380,3
21-30 857.9 420,8 327.1 1605.8
July 1233 ,4 918,7 513,8 2665,9
August 1293.9 14646 530, 6 3289, 1
sept. 1-10 821,1 94,1 317,7 2082,9
11-20 582,2 649.9 221,0 1453.1
21-30 366,1 436,8 1517 954,6
October 23%,8 256, 4 95,7 585.9
November 15%.8 148,5 62,9 365,2
Decenber L2 9 130,5 53.0 300,4
January 109.4 125,7 55,6 290,7
February 108,7 131,2 76.8 516,7
March 124,2 157.6 128.4 410,2
April 162,6 193.6 195,2 551.4
May 314,3 249.9 257 .4 821,6
Jﬁne 1-10 524,3 272.5 295,1 1086,9
Total inflow in

million hectare o :

metres 1,3723 1,2835 0,6713 3.,3271

(After Bhalla and Bansal)




reéservoir filling curves as contained in a project report
(22) and being followed by operation planners are shown in
¥ig.3.5., The remaining part of the year outside the filling-

in-period is considered as depletion period,

3.4 Present Procedure for Water Releases from Bhakra Reser-
volr

The water releases from Bhakra Dam are primarily to
cater for the water indents at Nangal Dam which is the main
regulating point_for actual requirements of the areas covered
under the Bhakra-Nangal Project. Thus the total water indents
on Nangal Dam consists of (a) the requirement of Nangal hydelk
Channel which tails off into the Bhakra Main Line and (b) the'
requirement at Ropar Headworks with due allowance for losses
or gains made in the iength of river channel between Nangal

and Ropar,

&
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b

Normally, the water releases made for irrigation re-
quirements woﬁld also cover the water demand fof POWETr genera-
tion purposes, but in some dry years, releases from Bhakra
must have to be made from power consideration, when during
specific periods firm power requirements cannot be met by the

releases made for irrigation purposes only,

The extent to which the total water indents required
at Nangal can be met from Bhakra depends upon the total avai-
lable water, i,e, existing storage and the expected inflow of

the Gobind Sagar ( Bhakra Reservoir) during an year, In case
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- of the total available water falling short of the total re-
quirements the indents at Nangal generally have to be suite-
ably reduced before being met from Bhakra storage aocbrding to
the reservoir factor (K,F,). The ratio of deliveries to de-
mands is calculated as reservoir factor. The reservoir factor
is evaluated from time to time during depletion period and it
is equal to ! '
Available storage + Total river flow during the
R.F,= remaining period of the vear

*~ Total water indent during the remaining period of
the year

The water indents during depletion period are reduced
by this factor before making the releases by system regulat-
ing engineers, It is observed that actuél releases would de-
pend upon the degree of accuracy to which the likely inflow

during the depletion period can be estimated,

The procedure followed for meeting the water indents

from Bhakra is (22) as follows ¢

i) to supply full water requirements during filling-in-
period irrespective of the type of the year ( above

or below average)expected to be encountered .

ii) depending upon whether the year is going to be wet
or a dry one, a suitable reservoir factor is estimated
for the depletion period and releases made accordingly
till the reservoir touches down the dead storage
level after which only the run-off of the river is

passed down to meet the indents,
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In actual current practice reservoir factors are es-
timated more frequently during depletion period and minimum
draw down level is being kept higher so as to get optimum

irrigation and power benefits,

Surplus river flows and floods are disposed off with
the help of river outlets and spillway. Above 1416 cumecs
(50000 cusec which is considered as normal flow cohdition of
river) the floods are categorized as low, medium and high

floods above 4248 cumec i,e, 150,000 cusecs,

3.5 Resume of Earlier Studies

| The question of filling up irrigation supplies gap
and increasing the firm power capacity during short water
period of Bhakra Complex had been discussed by Harbans Singh
(46) long back, Apart from lnrnosging thcrnal and exploiting
fully additional hydro resources, use of the tube wells had
been emphasized for increasing firm power during May to Octo-
ber to help feduce water logging in certain areas and increase
the irrigation potential, He indicated that tubewells should
pump water into canals of Bhakra system to meet the irriga-
tion requirements by supplementing releases at Ropar and
Harike headworks which normally would be met by releases from
the storage reservoir, By conserving equivalent amount of wa-
ter in the storage reservoir Harbans oingh suggested that
Bhakra releases could be purcly according to power require-
ments, when releases for irrigation are lower than those re-

\
guired for power generation,
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Minhas et al, (86) made probabilistic studies to de-
termine the efficient combinations of irrigation and firm power
which could bec supplied with a given probability during the
depletion period, They also, evaluated the extent by which irri-
gation and firm power could be increased through ground water
puiping, They compared the present diécounted cost of tubewell
scheme with thermal back up, However, in the absence of a sa-
tisfactory economic measure of the relative worth of irrigation
and power, definite operation strategy was missing, Effecté of
differént dead storage elevations of Bhakra reservoir were also
not analysed, Assumption of taking depletion period inflows as
those of the driest year on record had been rejected. Due to
difficulty in implementation, the study was not accepted by

regulating engineers,

Amongst the general reporters,Mehndiratta and Hoon(84)
of Bhakra Management Board reviewed Bhakra reservoir operation
from 1967 to 1972, They compared anticipated and actual opera-
tion and pointed out thét water releases for power demands over-
rode irrigation interests during the most of the months of the
analysis period, The requirement of irrigation could be met
from (i) river inflows (ii) Stored water in the Bhakra Dam
(iii) contribution from Ravi, Beas and Yamuna rivers to Sat-
luj Command Area, Average powcr generation during the six
depletion periods varied from 315 M4 to 455 MA, Power cuts

were also started during this period as the power demand grew



out of proportion in the months April, May and June, Carry-
over storage served to reduce year to year fluctuations in
firm power and irrigation levels, They observed that during
Kharif maturing and Rabi sowing period ( October to December),
consumer of power get used to higher level of firm power, find
it difficult to reduce their conéumption in January and Feb-
ruary when irrigation requirement reduces, In the end authors
had pointed out that irrigation and power consumers of the
region should bé informed about the planned supplies and power

availability during depletion period,

Lamha and Prem(69) indicated that the pattern of re-
leases of water from reservoirs pléys very important part in
the overall development of the region, In their cxplanatory
study for the integrated development of rivers Satluj, Beas
and Ravi for optimum utility of water they concluded that if
dead pond level periods of Bhakra and Pong reservoirs were sta-
ggered the average power in the grid was likely to rise from
920 MW to 953 MW thus giving an increase of 33 MW, However, the
rcleases which had been assumed in these studies may not al-
ways be available thus it would be necessary to carry out stu-
dies for different conditions keeping in view the filling and
depletion period of reServoirs. They further observed that
since it had not been possiblc to coordinate the releases for
irrigation and power in satisfactory manner, it caused low
levels in the reservoir during the month of May when inflows
were quite uncertain, Hence, the water power studies shoﬁld be

outlined at the start of the depletion period,

69
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Bhalla and Bansal (8) calculated the effect of sta-
ggering the time of depletion of Bhakra and Pong reservoirs to
their dead pond levels and concluded that this would increase
the total minimum generation capacity of grid by 70 Md, Addi-
tional water for irrigation from December to April would also

be available,

I,P, Kapila and B,S, Shishodia (60) described a com-
puter simulation model which was formulated for the optimum
utilisation of the Satluj, Beas and Ravi waters but due to

inadequate analysis nothing had been recommended,

Rao (91) plotted transformation curves for reservoir
factors and firm power for Bhakra reservoir by multiob ject—
ive framework solved by linear programming, Further for Bhakraf
Beas system conjunctive utilization, problem was formulated
for integrated management of surface and ground waters, It was
concluded that level of irrigation and powér planned for a
dependable year could be attained in a dry year, However, for
this system of irrigation and power utilization the study is
exploragory. No comments on reservoir operation had been made,
except carry over storage, This study remains an academic

exercise,

Latest attempt for Bhakra-Beas system was of Ranjodh
Singh et al, (90) with power maximization objective and cons-
traints in the form of inequalities in linear programme, This

work was not extended beyond problem formulation,
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From the foregoing examination, it is quite evident
that little work has been done for Bhakra-Beas system opera-
tion optimization, After discussions with Member Irrigation
and Member Power BBMB, it was revealed that there is a need
for such study to work out several operational alternatives
before selecting a particular water Power Study every year and

updating each month,

3,6 Resume of Field Operations

The operation of the reservoirs on rivers Satluj and
Beas is subject to contractual agreements between the parti-
cipant states indicated in the original project report and
some variations as agréed'in the fortnightly/monthly, high le-
vel management meetings on actual water and power requirement

basis,

The Management Board of this system conducts each year'
operational planning studies ( known as water power studies) %o
regﬁlate the supplies from Bhakra an& Pong reservoir for meet-
ing power and irrigation demands, Operation planning ycar from
June 1 to May 31 is divided into two'periods. June 1 to Septem-
ber 20 is the filling period during which.snowmelt water'and
monsoon fills up the reservoir and September 21 to May 31 is
the depletion period, Typiéal depletion curves are shown in
Fig.3.5, Irrigation requirements are high in the months from
September ﬁo November owing to water requirement for maturing

of Kharif crops and preparation and sowing of Rabi crops.
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Annual energy generation was about 4000 million units and '
maximum demand varied monthly, Monthly variation of energy
and demands could be approximately divided into following

four categories ;

i) Maximum Generation and High Demand June 15-30,
July, Aug,, Sept, 1-15, A

ii) High Generation and High Demand Sent,16-30, Oct.,
Nov,, Dec, 1-10,

iii)  Average Generation and Average Dor.oxdt Fabh, JHareb, pril,
May, June 1-15,

iv) Low Generation and Low Demand Dec, 11-20, January,

Generation/restricted load curves for the months of
August and November, 1979 of Bhakra-Beas system and the en-
tire system are given in Figs, 5,1 and 5,2 respectively,
Looking at November, 1979 generation curve of Bhakra system,
it is observed that the variation was similar to system chan-
ges, In other words the peaks and dips in Bhakra were as re-
- quired by the system, In that case in whole of the system the
‘major variations were taken by this reservoir plant, This type
of peaking role was played in all 6ther months except July,

August and September,

August curve for 79 ( Fig.5.1) is flat andvgenera-
tion of Bhakra system was 900 MW and the entire system 3750
MW, Since it was a monsoon month with\adequate water, with

less irrigation release problem, maximum generation was
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achieved, System peak was taken by steam plants in the

grid,

3.7 Comments on Operation

It is observed from §cctions 3.5 and 3.6 that Bhakra-
Beas reservoir system had drawn the attention of field en-
gineers and research workers continuously because of its
complexity in operatioﬁ and management and the important

role it plays in the water-power grids,

Bhalla and Bansal (8) indicated change in the exist-
ing policy in their Water Power Operation Planning studies
that thcse reservoirs should not be depleted simultaneously
to their dead pond levels, From comparison of Tables 3,5 and
3,6 of their study it had been brought out in Table 3,7 addi-
tional water and firm power availability from December to
April, More water was also proposed to be released from Bhakra
reservoir than Beas hence depleting Bhakra reservoir earlier
to Beas reservoir, This might result high Beas reservoir le-~
- vels than Bhakra reservoir after the completion of filling
period, However, these storages would depend upon the inflows

during monsoon season,

However, little in concrete had been studied about

the following .

1, Meeting energy and peak power optimaly for the system
2. Forecasting inflows, weather and power demands by

latest techniques



8

(Tesued pue eTTEUL 193JY)

G2t 0£$ 98 605 £'T46 v*21e 6°'8¢L  OT-T sun p
¢r0T 0¢S 72T 88¢ L°0¢8 9°¥,2 T'96S L2
9L 8LE 91 aLe 6°TLS T"g< 8 66% Trady
99¢L 91¢ XA L2? GGGy L°0%e 8'¥TS yoxeK
9L SPT gL BYS 7'9TL 6°GeT G*08¢9 Laenaqad
9L evT 7L 066 9°299 6°6¢T £°926 Axenuep
994, LST ¥} ¢4 J°GT9 0° 4T 0 08t Jaquaoaq
TTeT 176 L6T LT 0" TLS T°608 §*0TS J2qQuaAON
TG62T 99¢ vee 1G9 2°2G6 0°*20% 2064 12q0320
89YT 126G 162 vaLs) 8°2¢0T 6°987 6°6%*9  0£-T2C
LeYT 625 T6¢C L9 94646 L 607 6°6%9  02-TT
L69T 085 9TE 148 ¥° 88T ¢"2TS T°624, OT-T "3deg
LGZT 0¢6 ¢aT 1,5 T°108 2°¢Le 6°.26G psnsny
AANN 0¢9 AN H>¢A 74998 2'¢Le 2°TLS Lap
TSt 0£S L8 2, L°T82T 9512 T°990T 0§-T2
AR AN 0¢G 9 0c9 8°0.L0T 2° 44T 9°GT6 01T aunp
guod pue |
BIYRYd 38 S8S -
Hapoa Jeysad duod eIdeUd -2aTad TB3IOJL 3uod 'vIVRULE
, UTUOR

MW Ut JoM0d

J/umd UT S98edT°Y

uotledsusd Jam0d PUR S3SRLTAY

G*¢ aTqel.

e = ik vy

(\-’4



79

(Tesurd pue BTTBUd J23JV)

SosWNd UT S9sedTsY

00TT 0¢S 9T 76¢ £°TG6 9°98¢ L°79S  OT-T sunp
LG0T 0%4 ovT L8% L°0¢8 9°%7.2 T°9466 ABK
661 8LS et 607 0°2.LG L°22 ¢6vq TTIdy
664 9T¢ L8 967" 29y 9°8GT 9°.86G YOIBH
661 ST AN 2%9 2°¢89 L 2% $*099 *qad
664 crT AN %9 T°LT9 *ze L9766 ‘uep
664, LST 80T ¢4 %° 699 2°861 2°LoY *03Q
096 96T LT T664 T°608 G0T¢ 9°86% *AON
£48T LG2T 29¢ ¢2 0°T99 2°266 0°20% : *390
08¥T X4 962 €99 8°2¢0T 6°98 Y 6°6%¥S  0&-T2
TEVT 2es T 869 9°G6G6 L°607 6°676  02=TT
TTLT G2s 6T< 198 -] R4y ¢*2T S T°G2, OT-T  *3deg
LL2T L2S €T L6 T°108 2.2 6°.2G ysusny
79TT 046 6TT GTS b *yhg 2%z 2°TLS Atar
CTET 0%S 961 L66S L1821 S 16Y 2°06., 0&£-T2
08TT 0£6G 06T 09% 8°04L0T 6oty 6°629 02-IT °aunp
, : S TEST == . "
Tel0% Jeysad guog easeyd -1 TeBa0g] 8uod eayeud
- ‘ : - - UTUOR

*M*I UT Jamod

dutasl33eqQ I53JY UOT3RISULD Jamod PUuB S9sSeaTaY

9°¢ °TqelL




80

Table 3,7 Additional Releases at Bhakra in Cumec.

Month Without With Additional water
staggering staggering available with
‘ . staggering

December 480,0 4L67,2 -12.8
January 526,7 594,7 68,0
February 580.5 . 660,5 80.0
March 514.8 587,6 72,8
April 499.8 549.3 49.5
Total additional 257,5 cumeci-
Releases month

Average Additional

Releases

51.5 cumec .-
month

i

(After Bhalla and Bansal)
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3, Optimization study of the multi-reservoir system
operation
4, Re~cvaluation and modification if necessary in the

existing operation policies

5. Data based result oriented study for the consumptive
use of ground and surface water

6. Unit commitment and generation scheduling

7. Application of automatic generation controls concept,

Optimization models for Bhakra and Beas system are
formed in the ensuing chapters to study the above mentidned
problems ( except 2,5 and 7) with a view to analyse and im-
prove the present operation, To facilitate this work or ex-
perimentation.multiobjective, multilevel nonlinear programme,
nonlinear and mixed interger programmec and iterative optimi-
sation methods are used, followed by result analysis, dis-

cussions, conclusions and recommendations,
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CHAPTER Iv

BHAKRA-BEAS RESERVOIR SYSTEM OPERATION OPTIMIZATION STUDY

4,1 Introduction

Work reported on Bhakra reservoir system operation by the
decision makers and regulation engineers is of general informa-
tion nature indicating the sequential operation, Optimization
study for Bhakra-Beas reservoir system planning had been taken
up by a few ( 91,60,90). 8o far no work and publications are
available on this system operation analysis and optimization,
The necessity of preseﬁt analysis is established and comments
made in preceeding chapters, Consequently Bhakra-Beas system is
modeled, details of applied solution technique are mentioned,
results of four different studies analysed, discussed and opera-

tion guide lines suggested herein,

4,2 Problem Formulation
The approach of the problem model is based on multiple-

sobjective optimization of the following type (21),
Max Z =C%-W 22

The first objective, Zl represents the worth of energy géneration
and 1s to be maximized, 22 represents second objective of mini-
mization of maximum probable deviations from release targets,
These objectives depend on the time and space distribution of the
annual volume of natural runoffs to be received by the system,
The weighting coefficients C and W have been int}oduced to allow

a trade-off between energy and irrigation releases, If C = 1 and
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W = 0, the model will maximize only the worth of energy, In case,

if C = 0 and W = 1 the model will minimize the deviations from re-

Jease targets,

This model is developed for use in system operation studies,
*The use herein is made for examining Bhakra Beas system operation
schedules for received flow sequences, The model simulates the
operation of this system by ten daily and monthly, sixteen time
steps over the operation planning pefiod. The reservoirs have a
one year repetitive pattern, Since June to mid of September is the
rainy season and prior to this these are to be depleted to absorb
the maximum flood water for maximum'energy generation and irri-
gation release Objectivés. Storage, inflows and outflows from the
reservoirs and irrigation release targets have been assumed cons-

tants during each time step,

Fig.4,l and 4,2 represent only Bhakra Beas Syétem. Field
&peration achieved results- inflows, discharges, levels, power
etc, for the period 1977-80, which could only be made available
from the system regulation cells are given in Table 4.1, 4.2.and
4,3, 1t was necessary for the study to establish relationship bet-
ween elevation and storage content of each reservoir, Gauss New-

ton Bard algorithm (68) has been used for curve fitting by tak-

ing the following function !

El-hm=a+Db xc

where
El mean sea level
storage content
a,b,c - constants

minimum level of reservoir

’,
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The method and algorithm flow chart are given in Appendices

I and II, Input data to the computer programme tabulated at Appen-
dices III and IV,

The variables used are :

i
J

uij

Y(ianr)j

1j

1)

reservoir index i= 1,253.00.00y I

time interval index J =1,2,3,.0..5J

the effective power discharge from reservoir i
at time jJ. It is limited to the maximum hydraulic
turbines rating w,s and minimum discharge u,;
required from minimum tailwater considerations
the amount of water spilt from reservoir i at
time j, The additional water bypasses the power
house by flowing on the spillways,

number of reservoirs, Herein two reservoirs-
Bhakra and Beas have been considered,

the natural inflow to reservoir i at time J

the total water inflow to reservgir i at time

B e, ,(u

*y + u(i+nr)j) (4,1

13

reservoir i storage content at time j with the
limitation of x ; < X5 5 $ Xy

eéiccording to mass conservation principle ;

Xl{) = Fl,] - ul,] - u (i+nr)j (4.2)

HE, (x 13)

The amount of electrical power generated by power plant

i at time j, It is a function of effective discharge u, . and

1J
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water head Hi(xij)‘ Also,

where,

Dj and SRj are electrical power demand and reserve require-

ment schedules to be met by Bhakra and Pong power plants,

Rij Irrigation releases from reservoir i at time j

RDij Desired irrigation requirements from reservoir

i at time j

wi ' Weighting coefficients

Fy Coordinating variables

g4 Computing constraints

L second level multiplier

Z | Objective function

s Iteration or sub interval index in a particular
time j.

The objective‘function formulation is based on.two consi-
derations firstly to analyse the system operatioh and secondly
to make use the developed technique in the operation planning
studies, For optimal operation of this system it is essential that
the irrigation water releases from the two reservoirs meet.irri—
gation targets fixed from time to time and satisfy the power de-
mands scheduled by regional load diépatch centre, Hence, the be-
low stated objective fﬁnction has been framed keeping.in view
these requirements of the system and consists of maximization of
power generation and minimization of deviations between released

‘and desired irrigation water supplies !

.
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where 4 and B are square, constant matrices of dimensions (IJ,
I1J) and € is a constant vector, Since matrix A is unit lower tri-
angular, it is non-singular and the solution to X given C and u

can be written ¢

T o= BT LB ohE) (4.16)

Differentiating (4,16)

X b (4,17)
¢u
or L A
g - Sty M (4.18)
U ¢X

Knowing &% and &% , the computation of Z is done in
& 3
the following steps .

(a) Solve A: A= - ié for A ' (4.19)
iX

(b) Calculate reduced gradient

3 Z = ﬁ-g.-.. & B )\ » . (4.20) '

4,4 Solution Technique

The operation problem of reservoirs having one year repe-
titive pattern is solved by multilevel hierarchial approach, This
is based on the decompoéition of large scale and complex systems
and the subsequent modelling of the system into independent sub-
systems with its own goals and constraints, enables the analysis

to understand the behaviour of the subsystems at a lower level



and to transmit the information obtained to fewer subsystems at

a higher level, The introduced new variables are called pseudo or
coordinating variables, Then each subsystem is separately and if
required independently optimized, Based on the nature of problem
objectives and constraints, optimization techniques are then app-
lied for solving the subsystems for the particular value of coor-

dinating variables, This is the first level solution,

At the first level the.Bhakra—Beas reservoir system problem
is divided into sub problems of Bhakra-Beas reservoir system, The
problem variables are converted into two groups 1i,e, dependent
and independent variables, Storage contents of reservoirs are
assumed as dependent variables and releases are considered as in-
dependent variables, Generalised reduced gradient technigue is
used to reduce the variables, reducing the size of problem, facili-
.tating the equality constraints to be taken into account easily
and eliminating the difficulty of arbitrarily choosing and adjust-
ing penalty functions, The unconstrained problem of cach subsys-
tem is solved with the help of conjugate gradient technigque, The
subsystems are joined by coupling variables which are reservoir
storages, The task at second level is to choose the coordinating
variables in such a way that the independent first level sub-
systems are forced to chcose solutions corresponding to an over-
all system optimum, The details of the approach are given in

Fig.4,3 and mathematical representation is in the following !
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water head Hi(xij)‘ Also,

Dj fSRj = HPi(Xij’ uij> (4.,3)

where,

Dj and SRj are electrical power demand and reserve require-

ment schedules to be met by Bhakra and Pong power plants,

Rij Irrigation releases from reservoir i at time j

RD, . Desired irrigation requirements from reservoir

i at time j

Wy Welghting coefficients

By Coordinating variables

84 Computing constraints

T second level multiplier

7 | Objective function

k Iteration or sub interval index in a particular
time j.

The objective function formulation is based on two consi-
derations firstly to analyse the system operatioh and secondly
to make use the developed technique in the operation planning
studies, For optimal operation of this system it is essential that
the irrigation water releases from the two reservoirs meet ifri—
gation targets fixed from time to time and satiéfy the power de-
mands scheduled by regional load dispatch centre, Hence, the be-
low stated objective function has been framed keeping in view
these requirements of the system and consists of’maximization of
power generation and minimization of deviations between released

‘and desired irrigation water supplies |

*
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J I |
3 - . ' 5 ™ 2
Min 2 = i i N L - HP]. (Xij’uij) ]‘l’ Wl (Rij—PDIJ,O)

2 2 = | ‘

Methods for solving nonlinear objective function and linear
constraints for such problems in mathematical programming are

available ¢

»

The general form of NLP

Minimize f (x) X X o (4,5)

Subject to ;
Linear and/or nonlinear equality constraints
hy(x) 0, J =1, @ (4.6)
and (p-m) linear and/or nonlinear inequality constraints
g5(x) 20, § =ml, ..o, D o 4.7)

The Lagrangian function is defined as ;

L (%, A) 8:£(x) - A g(x) (4.8)

4,3 Gradient Calculations
The solution technique requires the gradient of Z, u and X
are vector notations for discharges and storage'contents in reser-

voirs and c¢an be written as °

X = le= ( Xol, XOZ, esesay Xoj, Xll,Xl2’....,le,XIl’
' T
XIQ’ LS )&J) (4‘09)
The vector U is similarly defined, The function 2 can be

written as ¢



Z=2(u X) (4.,10)

The vector X is dependent upon u and can be written as
Z2=2(w x () | (4,11)

ﬁ%%—denotes the partial derivative of Z with respect to uij

cu

;ith all other discharges and all contents treated as constants

and elements are ordered accordance to eguation (4,9).

s 920000

L = f L2 2 e ) & (4.12)
- tUgy Y5 Yy

The partial derivatives of 24 with respect to X are simi-

larly defined,

Also ¢
e N Sou ¥o1
U Yoy Uy
: : (4.13)
H .
s 5
EX]:J sces0csssas 8XIJ
¢Yo1 (Urr
P S SR

Using the chain rule for differentiation, the gradient vector

can be expressed .

el

- - (4.14)
¢u u

9z =B {L.__(.E).} .

[ o))
o }ﬂ)
M iN

The relationship between U and X can be written in matrix forms

as |

AX +«+Bu+C=0 (4.15)
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where A and B are square, constant matrices of dimensions (IJ,
17) and € is a constant vector, Since matrix A is unit lower tri-

angular, it is non-singular and the solution to X given € and u

can be written ¢

T = BT B0 +RE (4.16)

Differentiating (4,16)

e LR R (4.17)
tu
or . 2
vz = 4& -l Tyl 22 (4.18)
cu ¢X

Knowing ﬁ% and L& , the computation of Z is done in
¢u X
the following steps |

(aj Solve A: A= - ﬁ% for A (4.19)

X
(b) Calculate reduced gradient

vz = &, B (4,20)

4,4 Solution Technique

The operation problem of reservoirs having one year repe-
titive pattern is solved by multilevel hierarchial approach, This
is based on the decomposition of large scale and complex systems
and the subsequent modelling of the system into independent sub-
systems with its own goals and constraints, enables the analysis

to understand the behaviour of the subsystems at a lower level



94

and to transmit the information obtained to fewer subsystems at

a higher level, The introduced new variables are called pseudo or
coordinating variables, Then each subsystem is separately and if
required independently optimized, Based on the nature of problem
objectives and constraints, optimization techniques are then app-
lied for solving the subsystems for the particular value of coor-

dinating variables, This is the first level solution,

At the first level the‘Bhakra—Beas reservoir system problem
is divided into sub problems of Bhakra-Beas reservoir system, The
problem variables are converted into two groups i,¢, dependent
and independent variables, Storage contents of reservoirs are
assumed as dependent variables and releases are considered as in-
dependent variables, Generalised reduced gradient technique is
used to reduce the variables, reducing the size of problem, facili-
‘tating the equality constraints to be taken into account easily
and eliminating the difficulty of arbitrarily choosing and adjust-
ing penalty functions, The unconstrained problem of cach subsys-
tem is solved with the help of conjugate gradient technique, The
subsystems are joined by coupling variables which are reservoir
storages, The task at second level is to choose the coordinating
variables in such a way that.the independent first level sub-
systems are forced to choose solutions corresponding to an over-
all system optimum, The details of the approach are given in

Fig,4,3 and mathematical representation is in the following !
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4,4,1 Primal problem
J I

~ J I¢
Min 4 = 2 r I ( Xi" uij) =z PR \[- HPi(Xij’uij) :j

j:l i=1 J J:—.l i:l{

2 -
+ Wi(Bij_RDij’O) + Wy [_ (Xij—x )

ni

2‘.1,_
or ( Xij'Xmi) _];

i
A4

subject to !

L

Reservoir continuity constraint

e —

AX+Bu+C=0

Limits on reservoir variables
i & %55 S Xy

C o, :
Upg £ ij < Yy

Coordinating constraint

e 0
A 4 P37 M3 "rei)y T ©
4,4,2 Bugmented problem
. _ J i I 1
min £(x, u,B) =jfl %:1(X13’ uij) +i§1 B,g; (u)

Subject to
AX+Bu+C=0
i € ¥15 S ¥y

Uni S W5 < %y

(4.21)

(4.22)

(4.24)

(4.25)

(4,26)

(4.27)
(4.28)

(4.,29)
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4,4,3 Decomposed problen

tubject to |

Second level unconstrained minimization objective function

Now the decomposed problem can be written as .

First level ith subproblen

. T R
min 2t -, 2, o FOX 50 Uiy pigiiuy 7 (4.30)
AX +B. U +C =0 (4.31)
Xi £ %iq < Xy | (4.32)
Upi £ Ui £ Yy (4.33)

min £ ( x, u, B)

B (4434)

=", el r.az- o A O (4.35)

B is being chosen to minimize the difference between the total

inflows and outflows at the end of the study period, It is being

calculated by gradient methods i,e, by getting derivatives of

total augmented function,

4,5 Algorithm

ii)

The basic steps of the method are

‘Set time index j = 1 (4.36)

p®) . .
Select vector u” , set iteration count or sub

interval count k = Q , (4.37)



iii) Calculate xl; by solving equation

g(x° uf ) =0 (4.38)

iv) Calculate )\k with the help of following relation

- § s | :
| __;_g__‘ ) . (4.39)

! B :
'Vfi = “f'k-"-h' A LB LR (4,40)

vi) Calculate conjugate search direction

e S AL e
N \'\,’ | (9 g1 3T k-1
D" =% = v ST (4.41)
ky O
"Vfﬁ k<O

- vii) Calculate projection of gradient on the bounds of indepen-

dent variables

i s --k k
j O%if,um-uj=Oande>O .
S? = y & ne K (4.42)
! i . - = Q. :
L1t us - um 0 and By < 0
k

Sj , otherwise

viii) Calculate step size during quadratic interpolation such

that £ (5T, w Kty ¢ re f, W) ama
J J 3l
min ‘; min i uk-} j‘uk o .
. ,’ - . . -
6cem = 4 S§>o { = » min FLF-“— (4.43)
L i Sefcol



where

ix)

xi)
xii)

b)
c)

d)
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k+1 ‘
3 . Tk k (4.44)
uj uj + 6 Sj
N A T AR I (4.45)

Go to step (x), otherwise go to step (iv)

cet j = j+#l, if j > J go to next step, otherwise go to
step (iii)

Calculete coordinating constraint ( 4,25), if

| g(u) | ¢ Tol, for all i, then stop, otherwise g0 to
next step,

B can be computed as follows |

Choose B at the second level

Optimize each of the subsystems at the first level
Correct £ at the second level with the following ex-

pression

. g (u '
Py = B(i—l) -7 £5€é~l , >0 (4,46)

go back to step (i)

The flow chart for this algorithm is given in Fig.4,.4.

4,65 Results and Analysis

Results of four studies are discussed here, These studies

pertain to ;
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Bhakra Pong Total

i) Study - 1 a) Initial Storage
Period-1979-80 content (m°) 105928 101690
Data~-Table-4,1 b) Average power gen- ]
erated( MW, 37,7 more - T44
Results-Table-~ than field achieved)
4.4
¢) Irrigation releases 215994 122444 338438
(m3 day, less than
Study-2)
ii)  gtudy-2 a) Initial storage(m’) 105928 101690

Period-1979-80 b) Average power gene-
rated (66,2, more ' 772.5
Data~Table-4,1 than f{ield achieved .

Result-Table-4,5 and study-1)
¢) Irrigation releases 236970 119587 356557

(m3 days , field
! achieved were 357508)
iii) Study-3 a) Initial storage con- 95417 101915

Period-1978-89  tent (m’)

Data-Table-4,2 b) Average power gene-
P I rated (MW). More than
Real Rrates field achicved(788) 7931

c) Irrigation releases 257695 216495 474190

(m3 days, better than
field achieved
(462294 ) which are

- short in field by
7077)

iv)  Study-4 a) Initial storage con- 99969 77566
' tent (m3)

Period-1977-78 :
_, =b) Average power gene- 559.2
Data-Table-4.3"" [ .ted( MW, field |
Results-Table~ 576,6)
4,1 ,
c) Irrigation releases 143637 189510 327147
demm,fuﬂd '
achieved 330132,
includes spills
from Pong 33822)
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The application of the solution technique to the reservoir
system has been experienced a time taking process, The variables
corresponding to storages have been eliminated thus reducing the
size of problem, Intervalwise décomposition of the problem into
subprobiems and solution of the two objectives at two levels has
greatly reduced the complexity of the System and computer memory
requirements, kach study period consists of 16 intervals, The |
minimization of objective function ( equation 4,30) results into
a numbef of subintervals and steps, Variation in steps of various
parameters, function, releases; power generated, squared target
deviations and irrigation targets in a typical subinterval 1,
interval 2 for study 1 are plotted in Fig.4,5. Used values of
penalties, weighting coefficients and stepsize are also indicated
in Fig.4.5. It is clearly indicated from the figure how sequen-
tially the technique results into the minimum value of function
and target deviations while maximizing power and meeting irriga-
tion targets, Such results are also achieved for study 2 through

study 4,

Apart from the above paraﬁetef variations, storage contents
(xl,x2), turbine discharges and spills from reservoirs (u1 through
u4) and stepsize variation during subintervals of three intervals
for study 1 have been plotted in Fig,4.6, At the end of subinter-
vals during each interval it is observed that irrigaiion target§
are met which are sum of ¢ (ul Tou, tuz T U, *‘GCl,'turbine dis-
charges and spills from Bhakra and Beas and contribution from

river Ravi) and power is maximized, It may be seen how the step
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size finally reaches to certain definite minimum values during

each subinterval as the function minimizes,

Optimization programme results for study 1 through 4 are
listed in Table 4,4 through 4.7, Results for study-l1 and 2 are
also plotted in Fig,4.7 and 4,8, The following comments are

made.

a) To meet tﬂe power maximization objective and irrigation
requirements at Ropar and Harike points, studies indicated
(Tables 4.4 to 4.7) that more water be drawn from Bhakra
reservoir than compared to field achieved results (Table
4,1 to 4,3%3) wherein more water is released from Pong re-
servoir, From Fig,4,.8 it is seen that in many periods
released water ( excess to turbine capacity, 360 cumec
days) has not passed through the turbines, This results
into less average powef generation in the field (Table 4,5)

., Dby 66,2 MW while the same total irrigation requirements are

met during the periods under operation optimization study,

Pong last period ending storage contents are higher in the
study 1 and 2 (94616 and 97639 cumec days) compared to
field‘achieved (79457 cumec days), However;_Bhakra last
‘period ending storage contents are higher in study-1
(103790 cumec days) and lower in study 2 (83564 cumec
days) compared to field achieved ( 95657 cumec days).

b)  The affect of reduced irrigation requirements for study

1l and 2 have been analysed in Tables 4.8 and 4.9, The
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inflow and outflow difference in study 1 is brought down
to -8556 cumec days from -27626 cumec days ( field achieved),
The average power generation is 744 MW still higher than

field operation results of 706,3 MW,

study 3 results also indicate increase in average power

generation by 5,1 MW, Study 3 last period storage contents

- (Bhakra 105228 cumec days and Pong 104004 cumec days) are

higher than initial storage contents (.Bhakra 95417 cumec
days and Pong 101915 cumec days) and very near to field
achieved storage contents ( Bhakra 105495 cumec days and
Pong 104848 cumec days), The inflow outflow’difference;
Table 4,8 for study 3 ( 11899 cumec days) and field opera-
tion results ( -7077 cumec days) is indicative of inconsis—

tency in .the data for thls gtgﬁzﬁngtfnﬁtOPL”“d‘dultééﬁ:&;

Abtest o W

m T Q414 . N: 53?,)/\):. loo an W3z 300
In study 4 even after reducing irrigation targets and vary-

ing weighting coefficients results into lower ending storage
content for Bhakra reservoir Tables 4, T and 4,11, It is con~
cluded that since Pong machines were commissioned after
March,.1978 the data pertains to September 21, 1977 to
March 31, 1978 did not reflect the actual operation condi-

tions,

The study analysis indicates that staggering of depletion
reriods of these reservoirs would not optimize the system
operation and meet constraints ( Table 4,12) contradictory

to Bhalla and Bansal Planning Study (8)zeél 3.6)
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) Most of the water withdrawal from Bhakra reservolr would
also improve the energy generation in downstream under
construction power plant at Anandpur Sahib and water needs

of corresponding canals system,

Hence, to optimize the power output and meeting irrigatign
requirements, releases should be mede from Pong limited to gen-
eration capacity and balance be made from Bhakra which is also
being uprated by additional 300 MW generating capacity, Scheduled
releases from Bhakra Power Plants are further optimized in the

study reported in Chapter V,

In case at the end of study the storage contents are lower
due to lower inflow received and or due to more water released
for increased requirements, irrigation water fargets for the
next year should be reduced and more emphasis laid on Pong re-

leases limited to generation capacity,

Human judgement is essential for optimum power generation
and meeting irrigation requirement since water and power reguire-
ment are fluctuating and are more than uncertain inflows and the

stored water in Bhakra Beas reservoirs,

4.7 Conclusions

This optimization study would be a valuable supplement to
operation plannefs of Bhakra Beas Syétem or any other multi-
~reservoir system especially at the time of taking fortnightly
or monthly decisions for water releases for irrigation and power

generation, The findings of analysis would effect savings in
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water; increase in energy and peak capabilities, Change in operat-
ing procedure and reallocation of stdrages have been suggested by

optimization study.

4,8 Suggestions

In managing Bhekra Beas System operations, it is felt after
this study that decision mekers and central regulating offices
lack in getting complete information at shorter intervals, The
practice of supplying watef based on irrigation and power reguire-
ments at a fixed rate for 15-30 days period should be changed to
2 shorter period, It is suggested that effort should be made by
Bhakra Beas Management Board to install Computer Control, run
real time programmes and perform numerical‘calculations on real-
time data obtained from the dispatcher, inter~face remote and
other computer subsystem ( Power plants, substations and load

dispatech centres),



CHAPTZR v

OPTIMUM SCHEDULING OF GENERATION IN BHAKRA DAM POWER STATIONS

5.1 Introduction

The system operater faces the problem of meeting the
. demand in most economical way to utilize a given volume of
water to be released for multiple pufposes as decided by
medium range study, This problem is known as generation sche-
duling problem, Begides this the daily load pattern of the
system exhibit large variations between peak and off peak
hours and during different seasons of the year as shown in
Figs,5.1 and 5,2, If sufficient generation is kept connected
to linevto meet peak demand, it is uneconomical to run all
the generators during off peak hours, Therefore, it poses
another problem of determining which generators should be
taken off, when and how long they should be taken off. This
problem is known as unit commitment problem., This type of
the anélysié presented in this Chapter has not been attempted
so far especially applicable to é real complex system with

the operational constraints,

5.2 Objective of Study
The objective of the study is to develop a method for
solution of unit commitment and generation scheduling problem

in two hydro power stations below a common dam ( Bhakra) which

120
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gives the optimal releases through each turbine and the num-
ber of turbines to be run for meeting the demand, The hydro
uniﬁ commitment depends on many factors such as head, dis-
charge, storage and efficiency etc, In these power statiohs,
the acting head on all units is same, therefore the minimum
discharge is taken as objective function, A variety of op-
erating constraints and spinning reserve requirements are
considered, The problem is decomposed into two smaller sub-
problems - an integer programme and a nonlinear programming
problem, The decomposition of the problem reduces computa-

tion time and storage,

5.3 System Description

There are two power plants at the dam known as Left
Bank Power House and Right Bank Power House, In each plant
5 generators ére installed of 90 W and 120 MW ( being uprated
to 132 MW) capacity.each'respectively, at 400 ft. rated head,
The function of the power plants i8 to supply power. to lor-
thern grid, maintain spinning reserveAand perform frequency
regulation function, Single line diagram of the plants and

feeders are shown in 1ig,5.%3,

The monsoon and snowmelt water stored is released accord-
ing to irfigation and power requirement, hence Dam reservoir
head variation is large, It takes place between 512 ft,(155,06m)
to 268 ft, (89.69m) throughout the year, The output of the

 ¥raneis type turbines at minimum effective head and maximum
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effective head varies from 60-100 MW and 70-120 MW in Left
and Right Power plants resﬁectively, The efficiency of the
machines vary with output and water head available, The dis-
charge versus output in MW curves at different heads for the

generators are shown in Figs.5.4 and 5.5 (supplied by BEMB).

The cavitation is excessive in a certain rangé of ma-
chihe output as experienced by the operators and indicated
by the suppliers, This phenomenon imposes restriction on the
machine not‘to be operated in certain range, The safe operat-
ing zones have been given in Table 5.1 at different head

conditions,

From Fig,5,3 it is evident that the interlinking
transformer in Left Power Plant imposes 150 MVA transfer limit
from 66 kV bus to 220 kV bus i.e, maximum surplus generation
from units 1,2,3% which could be fed to the grid through thié
transformer, Similarly, to meet the auxiliary supply require-
, ments_unit No,1 or 2 or Unit No.3 in Left Power Plant and
any unit out of 6,8 and 9 in Right Power Plant must run, In
brief the following constraints were taken into account in

this Generator scheduling study !

a) spinning reserve at the generating station,
b) efficiency of machines at the available head,
c) safe zone operation,

d) minimum and maximum machine capability,

A9
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Table 5.1 Safe Operating Zones

I Y

Lo

Head Left Power Plant

Right Power Plant

Meter(ft) | (Machine 1-5) (Machine 6-10)
89M(292 £t) 3560 M 60-85 MW
91.44M {300 ft) 35-65 M 65-90 Mw
97.53 M(320 ft) 40-75 M 70-96 MW
10%3,652M(340 ft) 50-85 MW 70-105 Ma
109,728M(360 ft) 65-90 Md 75-110 Md
115,821(380 ft) 65-100 Md 80-120 Mu
121,92M (400 ft) 70-100 Md 85-120 Md
128,016 M(420 ft) 70-100 My 90-120 MW
134,112 M(440 ft) 80-100 MW 95-120 MW
140,208 M(460 ft) 90-100 M4 100-120 Mw
146,30 M(430 £t) 90-100 Md 100-120 i
155,667 M(500 ft) 90-100 M 100-120 Md

Source ! BBMB

® §



e) interlinking transformer loading limit,

) auxiliary supply constraint,

g) minimum discharge to maintain minimum tailwater
level and

h) reservoir levels,

5.4 Curve Fitting of Power Plant Machine Performance Curves
The generating unit performance curves are given in

Fig.5.4 and 5,5, These curves are drawn for various heads,

Here these curves are approximated for the computer programme

by a polynominal expression to obtain accuracies with in

0,5 MW, The shape of the power plant machine performance is

approximated by the following polynomial ;

where, )
PC Machine generation
Ak and B Performance curve constants

Q Machine discharge

The method used is based on least squares criterion,
The polynomial above represents the curves which are almost
linear especially in the safe zone operation portion, The
points ( Mw and Q-discharge) for the study obtained from
performance curves are tabulated in Appendix-V for Left and
Kight Power Plants and are taken from the straight line safe
zone portion and more or less satisfy the polynomial, If the

plotted points are N in number the sum of squares4of the
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N differences 5° should be minimum,
Taking natural logarithm of equation 5,1

Logp, = Log &k + B Log Q;
i

i=a,.¥8. ey (5.2)

This can be written as

Y, = A+ BX, (5.3)
Where,
togP, = Y,
Gi. 1
Log Ak = A
Log Qg = %4
Therefore,
N
82 - 1 (A+BXi_Yi)2 (5.4)
i=1

For minima the differential of 82 should be zero |

o2 e

852 N

o SO = L (A+BX.-Y. Yiomm .6
=2 2 1=1( 4=¥5) Lo e (5.6)

Multiplying (5.5) by 2., (5,6) by N and subtracting
(5.6) from (5.5),

4 _ ¥ -
NA X, *REX] = 4Ky zyi (5.,7)

. . 2 _ A
NA IX, + NB X{ = NinYi (5,.8)
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“ % 32 oy 2 T 2 v SV N
B | (X))~ MX,© ] = XX, NY-NaX, Y,

X, 0Y, - NEX, Y,
S .3

B = ' (5.9
N
(Dxi) -N.in
and
£Y. ~ BiX.
1 1 .
A = (5.10)
-
Therefore,
LY., - BIX,
. i g i
Ak = Exp ( = ) (5.11)

A computer sub programme for this method was prepared

and given in Fig.5.6.

However, one more computer programme algorithm and flow
chart based on the linearization by Taylor's Series of the
above polynomial expression are given in Appendix. 1 and Appen~-

dix II and were used after a few trial runs.

5.5 Mathematical Formulation of Problem

The scheduling period considered is 24 hours as the
problem is basically repeated each day, This period is divi-
ded into number of one hour periods, The planning period be-
gins with the system base load, The following factors are

to be considered while formulating the problem(15,12) @

.
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)

READ W, N, P ,a; te1...N

INITIALISE

SUMy =
"$UNYy

SUM yy
UM x

w. »
a9 OO O

e o0 O

CALCULATE

SUMy » éunx 4106 Q)
SuMy * SUMy SL0@ B,
SUMyy » SUMyy + LOS P18 LOS )
BUMy s BUMyy *LOS Q;0LO8 Q|

SUMy ®SUMy - XN & BUNyy

GUMy 8 SUMy ~ XN ® SUMyy -
($unyiSumx§r'8)/N L

A = EXP {A)

P

TPRINT R, P Q) ) Ak B

FIG. 5-6 FLOW CHART FOR LEAST
SQUARE CURVE FITTING.

g m—m——
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each unit is designed such that when it is committed
to operation the unit output must be between its mini-

mum and maximum operating capacities,

the output of generators should be such that the de-

mand is satisfied,

planner requires reserve operating capacity not only
to take into account the load fluctuations being fre-
quency regulation plant but also to protect system
against reduction in energy generation. and also
against the inability to satisfy demand when genera-

tion equipment failure occurs,

some units should be kept on for auxiliary power

supply in each plant,

total discharge from the power plants should be suffi-

cient to maintain a specified tailrace level, and

power transfer through interlinking transformer should

not exceed its rating.

5.6 Mathematical Model

T represents the total number of intervals in which

the scheduling period is divided and there are'N (=10) geN=

erating units in the system, The binary variables Xit are

used to denote the state of unit i in operation planning

period t, That is, if Xit = 1, the i

th unit is operating in
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period t and Xit = 0, otherwise, The continuous variables

Qit represent the amount of water discharge from ith unit in

£ time period.,

The objective is to minimize the total discharge in

each opcration planning period, Mathematically it can be wri-

tten as ¢
Minimize
N T
i:l tfl Qit (5.12)

The above function should be minimiséd such that the
following inequality and equality constraints arising from

system operating limits and design considerations discussed

in Section 5.3 are satisfied,

(2)  Demard Constraint : If Py,, is the output of "

generating unit and PD, is the demand ( including
auxiliary supply requirement) in £t time period,
then total generation should be equal to demand in

each time period i.e,

N =

1

where,

Pb is expressed in terms of turbine discharge by
it
the following relation |



(v)

(ec)

(d)
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B,
1

oy = AL Gy 1Ll T

Aki and Bi are constant

Capacity Constraint ; The power output of any genera-
ting unit in each time period t should not exceed its’

—

rating PG nor should it be below that is necessary for
5 :

avoiding cavitation effect in turbine i.e. BG . In some
i

cases maximum power output from a generating unit is

also limited by penstocks flowing full, generation sa-

turation or temperature rise on turbine running rough,

Mathematically it can be written as ;

p S O D T e (5,14)
Gi it Git Gy =
l = l ....‘Iq
t = 1 ..Q..T

Reserve Constraint ! If Rt is the requirement for
meeting load and spinning reserve in tth time period

then

N
=>: P X5, 2 Ry (5.15)

Auxiliary Power Supply Constraint ; Auxilisry power
supply can be met if any one unit out of units 1,2
and 3 on left bank as well as one unit out of units

6,8 and 9 on right bank are kept on in each time

period t i,e,
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Kpg ¥ Xop #4521 (5.16)
Xy, + Xgy * Koy 2 1
(e) Tail Race Level Constraint ! If Q; is the minimum

discharge required for maintaining the minimum tail
race level then
N 4
E Q.24 (5,17)
i o T |
Generation for minimum discharge of 4200 cusec to

maintain minimum tail race level of 1166,5 feet at

different heads are given in Table 5,2,

(f) Transformer Loading Constraints ¢ If Pﬁﬂ is the load
of the Nangal fertilizer factory and auxiliary power
requirement in tth time period and PT is the capacity

of interlinking transformer then

3 .
e e, PL el P (5.18)
g=1 00 By e .
3 :
NP
£ P, > P (5.,19)
1=1 ma Y ot

The complete optimization problem can be given by
(5.12-5.19), The variables corresponding to a time period
are independent of other time periods, Therefore, the problem

th

can be decomposed interval wise, For t interval the problem

can be written as
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Table 5.2 Minimum Tail Race Level Discharge .

Discharge (cusecs) required to maintain minimum
tail race level of 1166,5 ft, is 4200 cusecs,

S1, Head(ft) Cusecs/Md Generation for dis-

No, charge of 4200 cu-
secs to maintain
tail race level of
1166,5 £t MW

4

1 280 46,6 90
2 290 45,6 92
3 300 Ly, 2 " 95
4 320 42,0 100
5 340 38,2 110
6 360 26,5 : 115
7 380 35.0 1120
8 400 : o B 125
9 420 32.3 130
10 440 N a0 135
11 460 30,0 140
12 480 29.0 145
13 500 27.0 155

Source . BBMB



Minimize
N

L Q.
i=1 1t

Subject to thé constraints

5 P = PD
i=1 Si¢ t

Pl X% B - < | P, Ml

Gi it Git Gl i T
i sl B, WN

N

Pl xR
j=1 Gi it 03

Kig ¥ pp T X5 2 1
Eotett gy tatgp2nl

N

3 W

& P 2 P and
1=1 Uit B ?

5.7 Solution Technique
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(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)
(5,26)
(5.27)

(5.28)‘

The optimization problem given by (5,20-5,28) is a mixed

integer nonlinear programming problem which is a complex one,

This problem is decomposed into two subproblems an integer



139

programme containing only binary wvariables Xit and a non-
linear programming problem containing only continuous varia-

bles Qit’

5.7.1 Integer programming problem

The integer programming problem for tth time period

is
N .
Minimize Z(X) = .f aiXit (5,29)
i=1
Where,
a, = T—i— (5.30)
il Ak B, , r
ol | 1B
oubject to constraints
N
ot N X, ER (5.31)
E - ui il t
xlt * X+ Xy 21 (5.32)
Xop * Xgy * Xgp 21 (5,33)
3 .
= N
P, > P and (5.34)
1 Gi t 0
b+ 3 P, % - <0 (5.35)
Tl 6 it TS

5.7.2 Nonlinear programming problem

The nonlinear programming problem can be written as ;

Minimize £ _Q., (5.36)
L X
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Subject to constraints . .

PG = PD., and (5.37)
ib‘X—it :
- . %
-EG < PG. < PG. 1eX (5.38)
1 it i g

Where, X is set of units which are on, This set is

obtained by solving integer programming problem,

5.7,3 Stepwise procedure for mixed integer nonlinear programming
* problem .

The stepwise procedure for the mixed integer nonlinear

programming'problem (5.29+5,38) is:

1. Set t =1

2. Solve corresponding integer programming problem
(5.29~5.35)

3, Solve nonlinear programming problem(5,36-5,3%8)

4, Set t = t+l, If t > T stop, otherwise go to
nex£ step.

5.7.4 Method:for solving integer programming problem
The basic steps of the method‘for solving integer

programming problem (8?)fare :
" A | ; /\
1, Set X =X = (0,0,,...0) and Z2(X) = ®
' +*
2. If 2(X) < 2 (i&, skipto X and repeat, Other

wise go to next step. .

' ¥ »-
3, If for any 1 = 1,2,6, gi( X ~1) > O skip to X
and go to step 2.
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L. If for all i = 1,2,.....,6 g;(X) » 0, set
.

A >
X = X and store 4(X), Skip to X and go to step 2.
Otherwise change X to X+1 and go to step 2.

If X is the current vector, then the next vector is

E 4
denoted by X+1, The vector X is calculated from vector X as

follows !
a) substract logically one from X to obtain X-1,
b) perform logically or operation on X and X-1 to obtain
4
K S
* X
c) - add logically 1 to X -1 to obtain

Flow chart for this technique is shown in Fig,5,7 and

computer subprogramme forms subroutine of the main programme,

5.7.5 Method for solving nonlinear programming problem
The constrained nonlinear programming problem (5,36 to

5.38) is reformulated by using Lagrangian multiplier as @

Minimize
4 = = Q_ + A (pD - L = ) (5 039)

Subject to inequality constraint given by dropping
the inequality constraints and by applying the optimality

conditions we have,

YA
8G;

Hi
o
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0Pq .
ie. 1+ A { 2 1t ] - 0
- ant -
) B, 1
or 1+ A [.- YAk;B; Q% -1 = 0 (5.40)
From above expression
¥ ; 1
%t = [ TECE ] 1/ (By_y) (5.41)
: : i1 g 1

e *B- .

g =owhky G, igx™ C(5.42)
. gt it

1)
2)

3)

4)

5)

6)

Therefore, the basic steps of the method (50,68) are !

x
Choose initial value of A, Set S = X

Calculate B, (iy§) with the help of (5.41 and 5.42)
it ,
) : . " = X 3 S g
Check if P, 2 P, , set P, = P, or if P, < B,
it i : i it i
i it
set PG = EG , Remove this unit from set S and
it i

go to step 2. Otherwise, go to step 4.

Calculate PL

P_=2*P -—PD
L o t

If | Py | < tolerance, then solution is obtained, other-
wise go to next step.

Modify value of A

A=A+ PL

where ¢ > O is a constant, Go to step 2.

The above method is simulated on the digital computer

forming as main programme and flowchart is given in I"ig.5.8.
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5.8 Results and Analysis

(a) Generation scheduling falculations by hand ( as being
done.actually in the field) and results obtained through this
optimization study are listed in Table 5.3, For the computer

studies the following data was considered as constraint,

~PD S Varied from 300 to 1050 MW
Spinning = Varied from 25 - 120 MW
Reserve
PﬂF = 145 M4
PT = 120 Md
H = Varied from 300'-500!' in 20 ft,

steps,
Minimum discharge constraint = 4200 cusecs,

(b) It is observed from Table 5.3 that as the spinning
reserve increases the number of machines to be scheduled may
increase, Henée the optimal generation position oh the per-
formance curve shifts to a lower generation point causing
more water to draw keeping minimum and maximum generation
constraints within limits, This appears to be responsible
for getting higher discharges in optimized results as com-
pared to hand calculation in some cases, For example, in hand
trial caiculations the machines have been scheduled at any
load condition at their maximum generation points, Spinning
reserve in most of the cases is maximum cépacity of machines
minus the load, whereas optimization results consider spinn-
ing reserve as a constraint first which must be met and add-

ed in the load for scheduling the machines.,
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Table 5.4 Unit Commitment and Saving in Water

110x2

100,.5x2

- ptioe g
51, Load Head No, of Machines Discharges(cusecs) Spinning
No, MW ft. scheduled Reserve
Trial  Optimal — Trial Optimal Saving W
Cal, Cal, Cal., Cal. in
(Hangd) (Hand) water
1, 550 320 70x4 T1x4 22900 22778 122 35
90x3 88.5x3 '
2, 700 320 72%5 69.9x%5 29175 29029 146 55
85x4 87.6x4 '
3. 550 360  85x2 90x2 13050 12863 187 54
90x2 85.5x2
4., 450 360  85x3 90x2 16525 16514 11 66
98x1
97x1 90x3
5. 550 400 85x%3 82 .9x4 18100 18031 69 50
75x1 109,5x2
110x2
6, 650 400 85x%4 81.5x4 21440 21374 66 70
103x2 »
104x1  107.9x3
7. 650 440 85x4 81.3x4 19795 19809 =12 70
113,3x3 108,3x3
8, 550 480 82.5x4 87.6x4 15980 15669 311 50
| 110x2 100x2 '
9. 550 500 82.5%4 86,8x%4 15300 15095 205 50

Cal = Caleculation



(£) Programme has been fed for a fixed Nangal Fertilizer

Factory load and spinning reserve., But it could be tried at

other values as per requirement,

(g) Generation sgheduling programme for one head condition
for loads varying from 300-950 MW at 50 MW spinning reserve
step, took in the final programme 35-40 seconds on a large

digital computer IBM 360 at Dehradun,

(h) Performence curves were read for the safe zone por-

tion only for determining the constants Aki and Bi'

(i) Levels of reservoir and tail race could be read and
head worked out by adding a few statements in the main pro-

gramme,

(3) From Table 5.4, it is seen that the significant saving
can be effected by scheduling the generation by computer stu-
dies, This may be about 0,5-2 percent, However, this saving'
when calCulated on yearly basis would have considerable amount
of water to be used when required for irrigation use and addi-
tional head would amount to increment in'energy gencration

through the plants,

579.Conclusion
Optimization technique and computer programmes have
been developed to obtain optimal discharges 284 schedules

for Bhakra Power Plants, under the varying conditions of



tail race and reservoir levels, load, spinning reserve ard

Nangal Fertilizer Factory load. Long hand calculations would
be impracticadble for optimum scheduling as discussed in sec-~
tion 4,8, The analysed programming technique would help in

conservation of water and energy to optimize genération from
hydel stations and as such would be valuable contribution to
power industry., The programmes could be further modified for
scheduling the generation of hydro plants of the entire Nor-
thern grid through the application of microprocessor(42,112)

control system,



CHAPTER Vi

DAILY OPTIMAL OPERATION OF BALANCING RESERVOIR OF BEAS SATLUJ
LINK HYDROELECTRIC PROJECT

6.1 Introduction

The Balancing Reservoir (BR) is an important compo-
nent of Bhakra Beas System and located at Sundernagar -(Fig,3.2
and 6,1), The dbjective of BR operation is to maximize the
hydroelectfic energy generation on hourly basis at Dehar power
plant of Beas Satluj Link (BSL) project, meeting Bhakra-Beas
system peaks and Beas to Satluj interstream water transfer
requirements, This transferred water further maximizes ener-
gy generation at Bhakra Complex as reported in earlier Chap-
'ters. Typical day generation curve for Northern grid and Bhakra

Complex is given in Fig.6,2.

The use of mathematical programming techniques for the
optimization and simulation for hourly reservoir system opera-
tions for power generation purposes have been reported in the
literature recently, However, in most of the work only tech-
niques have been developed and reported, Field problems have
‘been included for analysis by a few workers which are the
major requirements for the planning, design and operational

decisions especially in case of newly built large plants,
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Becker et al, (6) developed a‘hybrid optimization
technique ( LP-DP) to compute optimal policy.each month, It
was extended by Becker et al,(5) and Yeh et al,(115) to Cali-
fornia Central Valley Project ( CVP) for finding real time
monthly and daily optimal operations, The basic idea is simi-
lar to Fults and Hancock (30), Hicks et al.(49j and Chu et al.
(17) have developéd Non Linear Programming algorithm for Real-
Time hourly reservoir operations, Yeh et al,(117) have further
reported real time hourly reservoir operation to CVP system, -
Linear Programming technique- have been used for obtaining
good Teasible policy with better conformance with power sché—
dule and Incremental Dynamic Programming Successive Approxi-
mations to obtain a somewhat more optimal solution over a 24-
hr, day. Bexter et al, and Gagnon et'al. (4,%2) have applied
Non Linear Programming techniques for determining optimal
short term operating for major hydroelectric plants, Power
pondage studies hourly,weekly (2%,19) have been done for ac-
tual systems with Stochastic and Simulation approaches, Laufer
and Morel Seytoux (73) have developed a technique for Alpine
reservoir based on the solution of the system of equations

given by Kuhn-TuckeT conditions,

6.2 Objective of Study

The objective of the study of this subsystem is to
develop procedures for determining optimal hourly releases
from the balancing reservoir for hydro power production at

Dehar Power Plant, The objective is to frame the schedules
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of regulation and maximize the sum of hourly power genera-
tion over a period of one day by regulating the balancing
reservolr in such a planned schedule that peak load and
base energy requirements set for the plant would be met
alongwith project physical constraints, The developed tech-
nigue would permit easy generalization for possible appli-
cation at other facilities and inclusion of other reservoirs

and plants on the two rivers- Beas and Satluj,

-

Stream flows and load demands are essential for these
studies, The daily operation of the Pandoh weekly reservoir,
daily balancing reservoir and Power Plant described herein
are analysed by a hand calculations and‘optimization model,
The constraints include generation upper and lower limits,
open channel and tunnel capacities and hourly discharge varia~
tion rates, upper and lower limits on reservoir levels,varia-
tion in the set power schedules, tailwater variation, head

losses in power tunnel and operation of control gates,

6.3 Schedules of Regulation

It is a summary of a regulation plan's recommenda-
tions, It consists of (a) a ' rule curve', (b) a number
of ' Schedules', and (c¢) various pdnd elevations, outflow
and river stage and water transfer system constraints, The
schedules are very much similar to Annual Schedule of regu-
lation, It also specifies the procedures for returning the

pond to rule curve levels,
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The rule curve is a pond elevation time diagram and
guide line for reservoir operation, A typical rule curve |
is given in Fig.6.3%. Mostly, the development of a rule curve
is delayed until after the project is completed_ This is un-
fortunate because it is difficult to accurately assess the
true éccomplishments of a project in the planning stage with;
out kﬁowing the rules which govern the operation of the pro-
ject, Absence of rule curve also creates difficulty in the
initial stages of operation, In a project where main purpose
is power generation the pond levels at all'times should be
as high as possible to get the maximum energy and meet daily
peaks, Unlike the annual rule curve, for daily operation a
number -of curves depending upon hydrologic conditions, power,
and ; Wwater transfer demands are required, The purpose in

the ensuing sections is this,

6.4 Analysis Through Hand Calculations

The BR operation dependé upon Beas inflows and week- ¢
1y storage at Pandoh, Typical Beas river 1l0O-daily inflows
of dependable year are given in Table‘6.l. It is observed
that inflows for five months ( May-Sept.) are.more than the
maximum capacity of water conducting components frdm river
Beas to river Satluj, This limit is 212,38 cumecs, Therefore,
212,38 cumecs water, the full supply discharge at tail of
hydel channel, could be transferred throughout the above |
period, The efficiency of transferring this discharge de-

pends upon the uninterrupted and trouble free operation of
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Table 6,1 Typical 10-Daily Inflows of Dependable Year of
Hiver Beas at Pandoh
Month Period(Days) Beas Inflows(cumec)
1 2 3
June 1-10 276,00
11-20 340,99
21-30 412,01
July 1-10 505,00
11-20 575,00
21-31 588,00
August 3~10 618,02
11-20 657,01
September 1-10 426,00
1i-20 311,00
October 1-10 174,99
11220 133,99
November 1-10 88,01
11-20 82,01
21-30 76,00
December L1y 69,01
11-20 64,99
2l il 60,00
January 1-10 59,01
11-20 57,00
21-31 54.99
February 11~10 50,00
11-20 60,50
21-28 62;01
March 1-10 69,00
21-31 102,00
April 1-10 121,99
11-20 145,01
21-30 172,98
May 1-10 181,99
11-20 206,99
21-31 244,00

Source ¢ BBMB
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control works at the end of two long tunnels and hydel cha-
nnel tail and control gates having automated controls, A1l
civil, mechanical and eléctrical control works maintenance
is planned for the lean period ( Novembér 11- March 10) when
inflows are dropped to 70,79 cumec, Medium inflow period is
October-November 10 and March 1l- April when inflow is about

113,28 cumec (4000 cusec) .

Real time optimal operation policy with the objec-
tives as maximization of energy generation, secondly meetihg
the Bhakra-~Beas system peak and transferring maximum water
from one basin to the other would be different with the availa-
ble 4 machines and in the near future when two more 165 MW
machines are added in the Power Plant, In the initial attempt
the operational policy for fulfilling the above objectives
with hand calculations has been considered below for the ul-
timate state., The project is having component wise limita-

tions and operational constraints given in Appendix VI,

6.,4.1 High inflow period

During high inflow period, balancing reservoir should
be maintained at maximum EL 842,47 m, However, when 4 machi-
nes running would require 4 x 56,63 = 226,53 cumec (approxi-
mately) of water the level in balancing reservoir would start
falling down at a rate of approximately 0,3048 m for every
28,32 cumec/hr, discharge, Elevation and Capacity relation-

ship for balancing reservoir is given in Table 6.2 and
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Table 6,2 Balancing Reservoir Elevation and Capacity

Relationship
51.No, - Elevation Storage Volume
' (inm ) ( in Hm)

1. | 833,32 | 0

2. 833, 63 12.34

3. 835,15 74,01

4. | 836,68 | 135.69
5. 838,20 197.36

6. 839,72 » 259.04
1 7. 841.25 ‘ 320,71

8. 842,47 370,00

Source . BBMB
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Appendix VII and for Pandoh reservoir in Appendix VIII, In
a day 3,67m level will fall down., Hence, reducing effective
head on the turbines, To maintain this head at a constant
maximum elevation for optimal energy generation, fhis could
be achieved in two or more ways, However,below are given two

best alternatives only.

a) run three machines at full and one machine at 75 per-

cent rated capacity ( 169.90 + 42,48

212,38 cumecs)

during 24 hours i,c, plant will run as base load,

b) run three machines at full generation for 24 hours in
‘a day and fourth machine for 18 hours (42,48x24/
56.63 = 18 hrs) in a day at full generation,

Alternative (b) would be able to contribute addition-
al generation of (165/4 = 41,25 MW) at system peak, Also
during light load conditions thermal units could take this

load causing less variation in their production pattern,

" With six machines availability, the schedule could
run all the machines for 7% hours during two peaks in the
morning and evening and 23 machines ( 453,75 MW with
155.74 cumec discharge) for rest of the period in a day,
Hourly balancing reservoir level change or the tentative

rule curve is indicated in Fig.6.4,
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6.4.,2 Low and medium inflow period

This period runs October 11 through May 10, Inflow
in Beas river fluctuates from 56,63 cumec to 184,06 cumec
approximately which is less than the channel capacity, In
this period the power plaht'would operate primarily for peak-
ing purposes and it could be possible to transfer the com-
plete inflow of river Beas to river Satluj, However, since
the inflow is random, hourly operation of balancing reser-
voir would be different and depend upon the inflow from timé
to time, Fof two cases when inflow is 11%,28 and 70,79 cumec,

]

rule curves for balancing reservoir are worked out and plo-

tted in Figs. 6.5 and 6,6,

With inflow 113,28 cumec, it is possible to run four
machines in the ;orning and six machines for evening peaks
respectively, However, most of the other hours one machine
opérates. Regulation at Baggi control point would be required
five“times to increase or decrease the inflow to balancing
reservoir in 24 hours, in order to maintain maximum lével,
During the lowest inflow (70,79 cumec) period , seen in
Figs.6,5, it would be desired to run four macﬁines at the
peaks, no generation from 2300 to 0800 hrs and one machine
in the reét of the period of the daz. The resérvoir level
varies between 842,47 m to 839,11 m, However, it could be

- improved by altering the generation schedule in which Baggil

control functions four times during the day. Level variation
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in Pandoh reservoir would alsc take place which have been
considered in the 10-daily calculations. The difference of
Beas inflow and inter-transfer of water to Satluj at Pandoh
is sufficient to keep the storage content within minimum and
maximum limits,  For this reason balancing reservoir hourly

optimization programme did not include Pandoh reservoir,

6.5 Mathematical Representation of Problem
The objective is to develop an hourly programme for
a day and determine the optimal opefating policy for balanc-
ing reservoir and inturn maximize the energy generation and
meet the system peaks, Mathematically
T=24
Maximize ¥  PPG . (6.1)
£=1 -

Subject to the following constraints ¢

1) Continuity at Pandoh and Sundernagar Ponds :
a) PRS, = PRS, , + BFLOW -RELPB, ~RELD, ~LVPR (6,2)
b) RELPB, = RELBR, + RELSTt (6,3)
¢) BRS, ='BRS, , + RLLBR -QB, ~EVBR (6,4)
d) QB = QC, + QP (6,5)
2) Minimum and Maximum Pond Levels at these ponds?
833.32 < BRL, < 842.47 m | (6.6)
883.92 < PRL_ < 896.42 m (6.7)
%) Storage Constraints ¢
PRST < 4100 hm (6.8)

BRST ¢ 370 hm (6.9)
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4) Capacity constraint in Pandoh Baggi Tunnel

RELPB, < 254,85 cumec (6,10)
5) Release for silt ejection at Baggi

RELST, < 42,48 cumec (6,11)
6) Capacity and fluctuation constraints in Sunder-

nagar Hydel Channel!
a) RELBR, < 212.38 cumec (6.12)
b) Rate of risec in channel discharge

RELBR, = 28,32 cumec/hr. (6,13)

c¢) Rate of fall in channel discharge

Immmt=l&99mmaVMu (6,14)
7)  Capacity constraints in Sundernagar Slapper
Tunnel ( Power Tunnel) by pass tunnel and
Chute :
@B, < 403.52 cumec (6.15)
QCt < 212,38 cumec : (6.16)

This is a large tunnel, head loss affects head on
machines which has been taken care of in the optimization

programme.l
8) Penstock headers capacity constraints :
GD ¢ 113.28 cumec in each header (6,17)

Since three sub-headers are there each serving

two machines,
9) Tail water level constraint in the power plant!

It is the effect of machine discharge and Satluj

river inflow variations..
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10) Power plant and machine generation constraint .
0 ¢ PPG, < 990 MA (6.18)
140 < PG_ £ 165 MW (6,19)
11) Peaking Constraint ; : o,

Power Plant should meet the two normal daily peaks of
Bhakra-Beas System between 8-11 AM and 5-9 PM by ruhning maxi-

mum number of machines,

Apart from the above mathematically represented cons-
traints the following operational and structural guide lines

have been considered in the overall operation strategy. -

12) In case of sudden load reduction in the power system,
transmission line interruption or power plant machine fail-
ure, control gates at by-pass chute should be set to operate

automatically for transferring water to river Satluj,

13) Minimum time between the two starts of the plant ma~
chines’ should be more than 1 hour as gathered from the ex-

perience with these machines by the field engineers,

14) ‘To minimise the effects of cavitation, machines should
be loaded above 85 percent of their rating or for short ine

tervals at lower rating,

15) Operation of control gates at Baggi control works

should be limited to once in four hours,

16) It takes 45 minutes for the water discharge from

Baggi control works tc Balancing Reservoir approximately



172

and 15 minutes to power plant from Balancing Reservoir, How=-

ever, this delay time is not considered.

Computer optimization flow diagram for determining
a number of alternatives is given in Fig,6,7, This optimiza-
tion programme has becen developed to form a sub-routine of
Bhakra-Beas system optimization programme discussed in Chap-
ter IV, ultimately, The power gencrated in the sub-routine
during an interval -10 daily or less would further maximize

the generation from Bhakra-Beas reservoir system,

6.6 Solution Technique, Results and Analysis
The formulated problem has been solved by iterative

optimization technique with the objective in equation 6.1 and
various constraints. A computer programme was constructed for
the flow chart given in Vigure 6,7, It was run for three di-
fferent inflow periods with changes in load demands, and step-
sizes for limiting flow and generation, Achieved generation
and Balancing reservoir levels during a day have been given

~in Tables 6,3, 6,4 and 6,5,

Initial flow and generation stép sizes were selcct-
ed as 14,16 cumec and 41 MW respectively, It is observed that
as the step: sizes reduce , difference between the total in-
flow and outflow from BR during 24 hours reduces to zero and
generatién is maximized ( Sr, No,6,7, and 8 of Table 6.5 and

Sr. No,5 through 8 of Table 6,3),
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. Table 6,3 High Inflow Optimization Study Results

BR

842,28

51, Inflows Outflows BR Generation Flow Genera-
No. (cumec) (cumec) minimum maximum (MWH) step- tion

hrs, hrs, level level size stepsize
(m) (m) (cumec) (MW)
1, 5097.,03  5393,17 833,32 839,11 13790 14,16 41
2. 5097,03  5112,47 834,54 842,47 13741 14,16 41
3, 5097.05  4991,27 834.08 842,47 13285 14,16 41
4, 5097.,03 - 5101,71 834,76 842,41 13305 2.83 20
5. 5097.03  5100,03 834,76 842,44 13285 1,42 10
6. 5092,79  5092,79 834,88 842,47 13284 1.42 10
7. 5096.16  5096,16 834,85 842,47 13287 0.028 -1
8. 5096.72 5096,72 834,85 842,47 13289 0,028 1
| 9 5079.93  5079.93 835,91 842,16 13475 0,110 1
10, 5082,87 5082,87 836,65 13496 14,16 1
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Table 6,4 Medium Inflow Optimization Study Results

S1, Inflows Outflows BR BR Genera~ Flow  Genera-
No, (cumec) (cumec) minimum maximum tion step- tion step

hrs, hrs, level 1level (MWH) size size (MW)}

(m) (m) (cumec)

1, 2718,42  2724,05 834,74 842,47 7000 14,16 41
2, 2718,42  2721,39 833,32 842,47 6998 14,16 - 41
3. 3015.75  3025.17 833,32 842,47 8040 14,16 41
4, 3015.75 3016,25 833,38 842,41 8025 2.83 20
5. 3015,75  3016,74 833,35 842,47 8025 1,42 10
6. 3497,13  3497,13 834,97 842,44 9206 0,028 1
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Table 6,5 Low Inflow Optimizatjon Study Results
81, Inflows Outflows BR BR Genera-~ Flow Gené;ation
No, (cumec) (cumec) minimum Maximum tion step~ stepsize

hrs, hrs, levels levels  (MWH) size  (MW)

(m) (m) (cumec)

1, 1755,64  2567,23 833,%2 842,47 6725 14,16 . 41
2. 173865  2095.62 833.48 842,47 5970 14,16 41
5. 2548,52 + 2725,81 835,30 842,47 T370 14,16 41
4, 2548,52 2584,45 835.3‘0 842,47 6880 14,16 41
5. 2548,52 2612,68 835,67 842,47 6930 2.83 20
6., 2547,92 2547,92 834,82 8&2,47 6787 2,83 20
7. 2548.23  2548,23 834,82 842,47 6787 of 1= 11
8. 2530.82 2530,82 832,77 842,47 6173 0,028 1
9. 2421,09  2421,09 836,37 ' 842,47 6606 2.83 1
10, 2418.26 2418.26 836,57 841,55 6583 2,83 1

.-
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A few of the important optimization results have been
plotted in Figs.6,8 through 6.21 for three different flows
in BR, It is observed that the rule curves of Figs.6.9,6.10,
6,12, 6,13, 6.14, 6,15 and 6,17 try to full the BR levels
in the end of 24 hours period, Energy maximization has been
achieved but operation of control gates at Baggi control works

is not reduced,

These all three daily requirements - maintaining high
level and keeping BR full at the end of period, maximum power
generation and operation of control struotures in limits have
been resulted in Figs.6.9, 6,14 and 6,17 for three flow periods

under study respectively,

A typical schedule of.regulation is prepared and given
in Table 6,6, The optimization results were also compared with
the collected operation data, It is only commented that to ach-
ieve optimum power generation there is a need for adopting the
optimization study for hourly operation under complex siﬁe COoN=
ditions, This study would provide additional information and
benefits and ease in daily operation planning to the regula-

tion engineers of Bhakra Beas System,

Augmented inflows at Bhakra effected by Beas river
water transfers are given in Table 6,7, These will further gen-
erate more power and meet water requirements of Bhakra Beas
System, Pandoh reservoir storage content variation during high,

medium and low inflow periods is evaluated in Appendix IX,
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Table 6,6 Optimization Study Schedule of Regulation

Sche-  Range in Time of Regulation

dule Pond Elevation Day

A Maximun BAM-11AM Open Baggl Galtes releasing

Elevation flows required for meeting
morning system peak by runn-
ing all machines at maximum
capability.

B Filling BR 114M-5PM Adjust Baggi Gates as per
flow requirement for pond
filling, Reduce generation.

C Maximum 5PM-~-9PM Open Baggi Gates releasing

Elevation flows required for meeting
evening system peak by runne
ing all machines at maximum
capability.

D Filling BR 9PM-84M hdjust Baggi Gates as per

flow requirement for pond
filling and reduce genera-
tion so that withdrawal from
Pandoh reservoir does not
exceed, a preset value, In
high flow period By-pass chute
regulation may be required,
however, this contingency
could be tackled by starting
additional machines., BR
Siphon escape comes into
operation in case pond level
rises,
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(1-10)

Table 6,7 Lugmented Inflows at Bhakra Effected by Beas Water
Transfers
Period Satlu] Beas water Auvgmented
Inflows Transfers to Inflows at
at Bhakra satluj(cumec) Bhakra(cumec)
(cumec)
June 707,49 212,38 919,87
(11-20)
June 857.89 212,38 1070,27
(21-30) ,
July 1233,40 212,38 1445,78
August 1293,.91 212,38 1506,29
September 821,10 212,38 1033,48
(1-10) ,
September 582,19 212,38 794,57
(11-20) .
September 366,11 212,38 578,49
(21-30) '
October 233,81 113,28 347,09
Novenber 153,79 113,28 267,07
(1-10)
November 153,79 70,79 '224;68
(11-30) ‘
December 122,89 70,79 193,69
January 109,38 70,79 180,18
February 108,71 70.79 179,49
March 124,19 70,79 194,99
(1-10)
March 124,19 113,28 237,48
(11-31) | et
April 162.59 113,28 275,88
May 314,29 212,38 526,67
June 524,28 212,38 736,67
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6.7 Conclusions

Procedures for operating the newly constructed large
power project in optimal manner during different periods have
been developed and diécussed. Balancing Reservoir Rule curves
within the structural constraints have been determined with
the six machines at ultimate stage with the objective of meet-
ing two normal daily Bhakra-Beas system peaks, maximum energy
generation and to transfer optimum water from one river sys-—
tem to the other on which Bhakra power and irrigation project
operates on downstrcam, Results compafed with the so far op-
eration records are Very much encouraging and would_help to

generate more power by maintaining maximum level and storage,
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CHAPTER VII

: CONCLUSIONS AND RECOMMENDATIONS
7«1 CONCLUSIONS ‘

Three case oriented studies - medium range; short range
and hourly study for Bhakra - Beas multireservoir system have
been carried out based on available data, The developed
methods and operation analysis will generally apply to all

multireservoir system analysis,

In the medium range stud& tﬁe systéﬁ iévmodelled for the
analysis of present Operatioﬁs and for'generating alternatives
to facilitate decision makers to operate the system optimally.
The present method of operation on the basis of a few hand
calculated water power tables prepared by regulating engineers
‘will become more and more difficult and hehce uneconomical as
complexities of intercomnection both in reservoir and operation
system increése. The problem is formulated by multilevel
hierarchial approach, generalised reduced gradient method used
for reducing variables and eliminating equality constraints
and solved by conjugate gradfeht téchhique; From this}

'bbération optimization study, it is coneluded as follows

(1) More water be drawn from Bhakra réservoir to meet
irrigation release targets at Ropar and Harike head=-
works (Fig, 3,3) for optimal power generation instead
of spilling from Pong reservoir, This is.contgarv to

the present operation procedure being followed by



(ii)

(iii)

(iv)
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regulating engineers indicated in Table 4,1 and 4,2,
This results into lowering Bhakra reservoir levels,
however, it is found from the studies that final

Jevels are very near to full reservoir levels,

Operation optimization studies 1, 2 and 3 have shown
incfeasé in annual average power'generation by 37.7,

66,3 and 5,1 MW respectively,

This extra water withdrawal from Bhakra reservoir
would also ultimately increase the generation in the

downstream under construction power plant at Anandpur

'Sahib,

Finally, the developed optimization technique would

be a valuable tool to the operation planners of this
system or any other multireservoir system especially
for taking fortnightly or monthly decisions for water
releases for irrigation and power generation objectives,
These findings would effect savings in water, incCrease

in energy and peak capabilities.

For the short range study, a mathematical technique and

Computer programmes have been developed to obtain optimal dis-

charges and schedules for Bhakra Power Plants without any

conflicts with the existing operational strategies and under

the varying conditions of tail race and reservoir levels,

load, spinning reserve and Nangal Fertilizer Factory loadse
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Long hand calculations would be impracticable for optimum
scheduling, The programming technique would help in conser-
vation of water from 0.5 to 2 percen£ and to optimize genera-
tion from hydel stations and as such would be valuable contri-
_bution to power industry. The programmes could be further
modified for scheduling the generation of hydro plants of the
entire BRMB system, Cen’crél Board of Irrigation and Power has

brought out a technical report from this research study and -

being followed by the field engineers,

Ho,urly‘ case oriented study has been conducted for pre-
paring optimal daily schedules of regulation for newly
constructed Beas Satluj Link Balancing Reservoir, Generalis=-
odq iterative optimization programme has been developed for
framing schedules of regulation and will ‘:"Etor'm a sub-routine
to Bhakra-Beas system medium rahge study., The study has
achieved the objectives of maximum power generation and
water transfer, maintaining high levels and bringing the
balancing reservoir to full level at the end of day and
1imiting operation of control structure at head race tunnel
and variation of channel flows in Tables 6.3, 6.4 and 645,
Compared results with so far operation records are encourag=
ing and will improve the operation, It is recommended to
use optimization study schedule of regulation given in

Table 6.6.
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mzﬁwwmmmmmwamwemm

The study has exposed other problem areas whe re

further work could be initiacted.

(1)

(ii)

(iii)

(iv)

gtreamflow forecasting models could be used with
stochastic optimization techniques to cover the

uncertainty in the inflows,

Unit Commitmenf and generation scheduling study may
be extended to include other power plants of the
entire Northern grid through the application of
microprocessor control system, This study can
include load flow model for keeping voltage and

frequency of system in limits.

Conjunctive utilization of surface water and ground
water for Bhakra-Beas system can be studied by extend.-

ing the developed system model.

Integrated Planning study of Bhakra-Beas system can
include hourly model of Beas gatluj Link Project
and Thein Power Plant under construction on river

Ravi.
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APPENDIX 1

BARD ALGORITHM FOR CURVE FITTING

The method is based on the linearization of the polynomisl
expression, Linearization of expression PG = AKQB (1.1)

by Tayloris gferies, we have ;

. (. ) ¢Ps. 29
= 4 A ];___. X
Gj Gj o ( A7 ), SAK + (- --'1-—-€‘B )8 (1.2)
where
ALK = ( AK = AK°)
AB = (B -BY)

and AK° and B® are the initial estimete of guantities AK and
B+( )O represent the value of the expression given within

the bracket evaluated at AKO and BO.

Let P, and Q’g (j=12, ....., N) are data prints on
J

the plant performance curve for a particular head, A least square

objective function is formulated as

N _
uinimze F= 3 (B, - B, ) | (1.3)
AK,B j=1 j j |
Replacing P, in ( 1.3) by (1.2) we get *
J

Minimize F = 3 L2 -, ) éPGj

i = i - -
AK,B j=1 Gy TG o (=) ()

VK - "efﬁ'l“")ouB j
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. The necessary conditions for optimality is .

;R _
,.‘1“1 _

From optimality eguations (1.5) and (1,6), we get

*
cP ¢P P, - (P )
Gj &1 Gy Gy 7o
¢AK B ’
AK-AK°
e) = ¥
eP ¢P B-B P, = (P, )
Goy Gy Gy G,70
tAK B
¢ ¢P
i o Py - (B ),
¢ AK tB N N (1.7)

which can be written in compact forms !

L] [ﬁ éﬂ{] e [l (Bade (1.8)
Normalizing above set of lingar equation

S I R Tt @9
These equations can.be solved fo find the values of aAK and oB,

The stepwise procedure can be explained as follows ¢

2
1, Read PG. and dz’ (j=1....n) from plant performance

J J
curve,



4,

5

Make an initial estimate of quantities AK® and B°

Calculate vector ( ﬁz - (P and matrix A,
J

Solve a system of linear cquation ( 1,9) to calculate

G)o

«iK and B,
Check if |4K| ¢ tol and |eB | < tol, stop, otherwise go
to next step,

Calculate new values of AK and B from
LK = AK® + ofK
B = BO + B

Replace AK° by 4K and B® by B and go to step 3,

208
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OETERMINE INITIAL PARAMETER
VALUES A *

3

EVALUATE (Y- Y% VECTOR
__AND A MATRIX

X

| SOLVE THE LINEARIZED

NORMAL Euuanons
FOR Aa

- Appsnmx I ~ GAUSS NEWTON (BARD ALsommm LOGIC
| DIAGRAM FOR CURVE FITTING.



PONG RECERVOIR CAPACITY IN CUSEC DAYS AT DIFFERENT ELEVATIONS

APPENDIX III

10

Elevation CAPACITY IN CUSEC DAYS

in feet 75y (2) ) (6) (8)
1260 526342 543988 564154 586841 609529
1270 631712 654359 677086 699773 722460
1280 746156 774389 802117 830350 858079
1290 886312 914041 942274 970507 1004790
1300 1039072 1073355 1107638 1141921 1176204
1310 1210487 1244769 1283085 1322410 1361230
1320 1400555 1439879 1479203 1518528 1557348
1330 1600706 1646080 1690950 1736325 1781699
1340 1827073 1872448 1917318 1965213 2016133
1350 2066549 2117469 2168389 2218805 2269725
1360 2320645 2372574 2429040 2485505 2541971
1370 2598437 2654903 2711369 2767835 2824300
1380 2884800 2945299 3006302 3066801 3127300
1390 3187799 ‘3248298 3309302 A3374338 3440383
1400 3506428 3572473 3638518 3704563 3770608
1410 | 3836652

Source ; Beas Dam Talwara



BHALKRA RESERVOIR CLPACITY IN CUSEC DAYS 4T DIFFERENT ELEVATIONS

APPENDIX IV

Elevation CLPLCITY IN CUSEC DAYS
in feet ~q) () ) &) (8)
1400 518578 528349 538119 547890 557660
1410 567431 577202 586972 596743 606513
1420 616284 . 62709% 637902 648712 659521
1430 670%20 681149 691969 702787 713607
1440 7124427 736274 748122 759970 771817
1450 783665 79551% 807361 819208 831056
1460 842904 856395 869886 883378 896869
1470 910360 923861 937363 950864 964366
1480 911867 993425 1008984 |, 1024542 1040101
1490 1055659 1071217 1086776 1102334 1117893
1500 1133451 1150086 1168520 1186055 1203589
1510 . 1221124 1238669 1256214 1273758 1291303
1520 1308848 1328853 1348858 1368863 1288868
1530 = 1408873 1428888 1448903 1468919 1488934
1540 1508949 1531132 1553315 1575498 1597681
1550 1619864 1642047 1664230 1686413 1708596
1560 1730779 1755231 1779683 11804134 1828586
1570 1853038 1877490 1901941 1926393 1950844
1580 1975296 2002228 2029160 2056093 2083025
1590 2109917 2136889 2163821 2190754 2217686
1600 2244618 2274303 2303968 2333673 2363358
1610 2393043 2422728 2452413 2482097 2511782
1620 25541467 26574147 2606826 2639506 2672185
1630 2704865 2737555 2770245 2802934 2835624
1640 2868314 2904139 2939965 2975790 3011616
1650 3047441 3083257 3119072 - 3154888 3190703
1660 3226519 3265440 3304361 3343282 3382203
1670 3421124 3460045 3498966 3537888 3576809
1680 3615730 3657928 3700126 3741427 3781830
1690 3822233 3865198 3908162 3951127 3994091
1700 4037056
Source . BBMB



APPENDIX. V
PERFORMANCE CURVES SAFE ZONE OPERATING DATA

BHAKRA LEFT BANK_POWER PLANT

e

HEAD - 300' | | HEAD- 320"
M Q MW Q
35 1685.,0 40 1812.5
40 1935,0 45 2000,0
45 2100,0 50 21450
50 2280, 0 55 2312,5
55 2470.0 60 2500.0
60 2655.0 65 2720.0
65 2875.0 70 2875, 00
75 3095.00
HEAD-340" ' HEAD 360"
50 2025,0 60 2255,0
55 2195, ) 65 2400,0
60 2350,0 - 70 2565.,0
65 2505,0 75 2720,0
70 2680,0 80 2875.0
75 2875.0 | 8-5_ 3060, 0
80 3050,0 90 3230,0
85 3290.,0 | |
HEAD-380! / HEAD- 400"
65 2355,0 70 2355,0
70 2475,0 75 2475,0

75 2625,0 ~ 80 2615,0

212
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M Q MW q

80 2750,0 85 2780.0
85 2900,00 90 2890,0
90 3055.0 95 3075.0
% 3250,0 | 100 3235.0
100 3%80,0 ’

HEAD -420! | HEAD;440ﬂ

70 2250,0 ~ 80 2425,0
75 2375.0 85 2550,0
80 2500,0 90 2690,0
85 2637,0 95 2835,0
90 2765,0 100 2975,0
95 2910,0

100 3980.0

HEAD ;460' HEAD-480!

90 2580,0 - 90 2535.0
95 2745,0 95 2640,0
100 2875.0 100 2780.0
HEAD. 500"

90 2415,0

95 2545,0

100 2650,0



MW Q
110 3805, 0
115 3950.0
120 4125,0
HEAD — 420"

99 2930, )
95 3065,0
100 3230.0
105 3375,0
110 " 3505.0
115 3655,0
120 3780, 0
HEAD - 460°F

100 3025.0
105 3150, 0
110 3270.0
115 3392.90
120 3500, 0
HEAD - 500

100 2865.0
105 2970.0
110 3095,0

115 3187,5

Mw

115
120

95

100
105
110
115
120

100
105
110
115
120

HEAD -

3805.0
3940.0

449"

2965,0

3078,0

3230.0
3358.0
3500,0
3625,0

480"

2895.0
3040.0
3140,0
3260,0
3375.0

21
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APPENDIX. VI
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BEAS-SATLUJ LINK COMPONENT DETAILS

PANDOH RESERVOIR

Max, reservoir level
Normal reservoir level
Min, reservoir level
Gross storage capacity

Live storage capacity

PANDCH BAGGI TUNNEL

Diameter

Length

Capacity

BAGGI CON{ROL WORKS

- NWo, of conduits

No, of gates in cach conduit

SUNDLRNAGAR HYDEL CHANNEL
F,5, Discharge at head
F,5, Discharge at tail
Length

SUNDERNAGAR BALANCING RESERVOIR
Max, height of embankment

Length of reservoir
Max, width of reservoir
Max, reservoir level
Top of embankment

Capacity of Syphon Escape

EL 896,42 m
EL 88%3.92 m
EL 883,92 m
4100 hectare meters

3243 .60 hectare meters

7.62 m
13,10 Km
254,85 mﬁ/s‘

240,69 1/ s
212.38 nP S
11.80 K

21,34 m
2134 m
457,20 m
EL 842,47 m
EL 844.90 m

328,51 m°



6.

SUNDERNAGAR SATLUJ TUNNEL
Diameter

Length

Capacity

BY-PASS TUNNEL AND CHUTE
Diameter of tunnel

Length of tunnel

Length of chute

DEHAR POWER PLANT

No, of units in first stage
No. of units in near future
Initial installed capacity
Ultimate installed capacity
Design head

No, of penstock headers

217

8.53 m
12,38 knm

403.52 m/s

T7.71 m
296,8 m
533,40 m

660 Ml
990 MW
320 m
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