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A lossy electric power system area that contains thermal units and a pumped-storage (p-s) hydraulic unit is considered in this
paper. The cost function, which is weighted combination of the total fuel cost and the total emission cost of the thermal units, in
an operation cycle, is minimized under some possible electric and hydraulic constraints. The dispatch technique that is based
on genetic algorithm considers minimum and maximum reservoir storage limits of the p-s unit, upper and lower active and
reactive generation limits of the thermal units, upper and lower active pumping/generation power limits of the p-s unit, maximum
transmission capacities of the transmission lines, and upper and lower limits of the bus voltage magnitudes in a considered
power system. The proposed dispatch technique was tested on an example power system that has 12 buses with five thermal units
and a p-s hydraulic unit. The same dispatch problem is solved via an iterative solution method based on modified subgradient
algorithm operating on feasible values (F-MSG) and pseudowater price just for comparison purpose. It is seen that the solution
technique based on the F-MSG algorithm and pseudowater price gives similar results with the proposed algorithm based on genetic

algorithm.

1. Introduction

The main function of p-s hydraulic units in electric power
systems is to store inexpensive surplus electric energy that
is available during oft-peak load levels as hydraulic potential
energy. This is done by pumping water from the lower reser-
voir of a p-s unit to its upper reservoir. The stored hydraulic
potential energy is then used to generate electric energy
during peak load levels (peak shaving hydraulic units). P-
s units are generally operated over daily or weekly periods.
Operation of a p-s unit over a period can reduce the total cost
in a power system.

In [1], enhanced merit order and augmented Lagrange
Hopfield network method for solving hydrothermal schedul-
ing problem with pumped-storage units are used. A complete
methodology to define the dimensions of an autonomous
electricity generation system based on the maximum avail-
able solar energy at minimum electricity generation cost is

given in [2]. In this study, the most cost efficient energy
storage mean including pumped-storage unit is tried to be
found. In [3], the power storage options including pumped-
storage unit is analyzed to support the wind energy integra-
tion to a power system. The French power system is taken as
the case study in this paper. An optimization method based
on mixed linear integer programming is used in solution of
large scale hydrothermal scheduling problem with pumped-
storage hydroplant in [4]. Some previous papers about p-
s unit scheduling problem during nineteen sixties can also
be found in [5]. In our previous work, p-s hydraulic unit
scheduling problem in a lossy electric power system is solved
by using the pseudospot price of electricity algorithm in [6].
In this paper some security constraints, such as bus voltage
magnitudes and transmission line maximum transmission
capability constraints, and emission costs of the thermal units
are not considered. In [7], combined optimization of wind
farm and p-s unit in a market environment is investigated.



The problem is modeled as two-stage stochastic program-
ming problem that considers two random parameters: market
price and wind generation. The researchers modeled two
different joint operations of the units and compare it with
the uncoordinated operation of them. A solution method
based on the genetic algorithm, which is similar to the one
given in this paper, is applied to the short-term hydrothermal
scheduling problem in [8].

In our work, formulation of the optimization problem
is divided into two parts as active and reactive power
optimization subproblems. In the active power optimization,
active generations of all units (except the one connected to
the swing bus) in all subintervals are determined by means
of the genetic algorithm. The reactive generations of all units
(except the one connected to the swing bus) in all subintervals
are taken as equal to the predefined values, and they are not
changed during the active power optimization. In the reactive
power optimization, active generations of all units (except
the one connected to the swing bus) in all subintervals are
taken as equal to the optimal values that have been found
in the active power optimization calculation. Only reactive
generations in all subintervals are determined by means of
the genetic algorithm. Consequently, at the end of the reactive
power optimization, Pareto optimal solutions for the power
system have been calculated.

In our solution, active and reactive power generation
constraints of the thermal units (except the one connected
to swing bus), generation, and pumping active power con-
straints of the p-s unit are handled via coding and mapping
mechanism of the genetic algorithm [9]. Active and reactive
power generation constraints of the thermal unit that is
connected to swing bus, p-s unit’s reservoir constraints,
bus voltage magnitude constraints, and transmission lines’
maximum transmission capacity constraints are added into
the problem via respective penalty terms. The fuel cost rate
and gas emission rate curves for each unit are combined by
means of weighting factor w, which varies between 0 and 1.
Detailed explanation about the fundamental structure of the
genetic algorithm can found in [9].

For the comparison purpose, we solved the dispatch
problems, considered in the numerical example section, via
the F-MSG method where the net water usage of the p-s unit
is adjusted by controlling the pseudowater price [10]. In the F-
MSG method, the bus voltage magnitudes and phase angles,
the off nominal tap settings, and the susceptances of the
SVAR systems are taken as independent variables. Since all
the constraints can be written in terms of those independent
variables, the transmission line capacity constraints and bus
voltage magnitude constraints are handled together in the
same model easily. The load flow equations are imported
into the model as equality constraints; therefore, the system
loss is inserted into the solution process automatically. In
the F-MSG algorithm, the upper bound for the cost function
value is specified in advance, and the algorithm tries to find
a solution where the cost function is less than or equal to
the upper bound, while all constraints are satisfied (feasible
solution). If it finds it, the upper bound is decreased by
a certain amount; otherwise (infeasible solution) the upper
bound is increased by a certain amount. The amount of
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decrease or increase on the upper bound for the next iteration
depends on if any feasible or infeasible solution was obtained
in the previous iterations. If the current solution is feasible
and any infeasible solution has not been chosen yet, then the
decrease amount on the upper bound for the next iteration
remains the same. If the current solution is feasible and an
infeasible solution has been chosen before, then the decrease
amount on the upper bound for the next iteration is taken
as the half of its previous value. If the current solution is
infeasible and any feasible solution has not been chosen vyet,
then the increase amount on the upper bound for the next
iteration remains the same. If the current solution is infeasible
and a feasible solution has been chosen before, then the
increase amount on the upper bound for the next iteration is
taken as the half of its previous value. This process continues
until absolute value of the change in the upper bound is less
than a predefined tolerance value. Note that a specific initial
increase/decrease amount for the cost function is selected
at the beginning of the algorithm. To find the initial bus
voltage magnitude and phase angles, a load flow calculation
is performed with the selected initial unit generations at the
beginning of the algorithm only. No more load flow calculation
is performed in the subsequent stages of the proposed solu-
tion process. Since the F-MSG algorithm works with only the
equality constraints, we convert inequality constraints into
equality constraints by using a method which does not add
any extra independent variable into the optimization model.
As a summary, the dispatch problem of each subinterval is
solved via the F-MSG method with the selected pseudowater
price. After that, the net water usage by the p-s unit is
calculated. If absolute value of the net water usage is less
than a predetermined tolerance value, the solution procedure
is terminated, and the solution is retained. If it is not, a
new pseudowater price value is calculated via the bisection
method, and a new iteration is started.

2. Problem Formulation

The optimization problem under consideration is solved in
two steps as active power and reactive power optimization
subproblems.

2.1. Active Power Optimization. The active power optimiza-
tion problem, which is considered in this paper, can be given
mathematically as follows (R represents a fictitious monetary
unit):

jmax

Minimize Fr=w Z

> Eu(Puy) |t

j=1 \ n€Ng
s (1)
+(1-w)é Y E,(B,) |t;
j=1 \ neNy
0<w<1, (R)

subject to hydraulic and electric constraints
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Pload,j + Ploss,j + PPH - Z Pn,j =0, ] € Ipump’

neN,
)
Pioad,j + Ploss,j = Pom,j — Z Pi=0, j€Jgen
neN,
PP <P <PM, neN, j=Lojme )
p<p™ €N (4)
Peiy < Porj < Pots j€Jgen O
5
qg}? < 4cH (pGH,j) <dqcy> J€ Jeen> o
PR < Ppyyj S PR, j € Jpump OF
6
doy < dpu (PPH,j) <dpr> J € Tpump> “
VISV SV =L e )
Vi =Vier + dpn (Pora) 5 3 € Jpumps )
Vi = Vi —don (Por;)t; i j € Jgens
Vo=V, =Vvirt=yed )

Since the beginning and final water volume values of the
upper reservoir of the p-s unit are taken as the same in the
considered problem, the total net water amount used by the
p-s unit must be equal to zero. That is to say, the total water
amount, which is used for generation, must be equal to the
total pumped water amount in an operation cycle.

qspent TOT — qpump TOT = Ynet spent — 0, (10)
where
9spent TOT = Z dcu (P GH, j) L a1
7€ gen
Gpump TOT = Z dpH (PPH,j) tj. (12)
jelpump

The meanings of the symbols used in the equations above are
given in the list of symbol section.

2.2. Reactive Power Optimization. The reactive power opti-
mization problem considered in this paper can be given
mathematically as follows:

jmax
Minimize Frop gy = wZst (Psw’j) ti+(1-w)§
=1
(13)
jmax

x D Eo (Povs)
=

3
subject to
Qload,j + Qloss,j + Z Qm,j =0,
méeNq,
min ma; . .
Qn'<Q,,; Q" meNg j=L..0, jmw
min max . . (14)
Psw SPsw,jSPsw ’ ]:L""]max’
min max
UMt < U, < UM
i€Ny, i#tsw, i¢N, =10 jma

In the active and reactive power optimization, reactive power
generation/consumption of the p-s unit in both modes is
taken as zero for the comparison purpose of the results that
are obtained from the systems with and without p-s unit.

The meanings of the symbols used in the equations above
are given in the list of symbol section.

3. Application of Genetic Algorithm to
the Optimization Problem

The application of genetic algorithm to the optimization
problem is achieved in two stages: application of genetic algo-
rithm to the active and reactive power optimization subprob-
lems.

3.1. Application of Genetic Algorithm to the Active Power Opti-
mization. In application of genetic algorithm to the active
power optimization problem, we used “Genetic Algorithm
Tool Box” of MATLAB. All active power generation inequal-
ity constraints (except those which belong to the thermal unit
connected to the swing bus) are handled by the mapping and
coding mechanism of the genetic algorithm [8, 9]. For an
expensive thermal unit, although its minimum active power
generation limit is P;"'", its active power inequality constraint
is taken in the form of 0 < P, ; < P"™, j = 1,. If

", R ] max*
the value of P, ;, determined by the genetic algorithm, is less

. oS’
than P;™", the unit is switched into synchronous compensator
mode.

Active pumping/generation power limits of the p-s unit
are takenas 0 < Py ; < (Ppy" + PG ) j = Lot fimax- If the
value of P, ;, determined by the genetic algorithm, satisfies
0 < P, ; < Py, then P . is directly taken as pumping (load)
power (Ppy,; = Py, ;). If the value of P, ;, determined by the
genetic algorithm, satisfies Pp;* < P, ; < (Ppg" + PG,
then P, ; is used in determination of the generation power as

’ max
PGH,j = Pps,j _PPH :

The cost function, which will be minimized in the active

power optimization, is taken as follows:

fP:FTJFP”fP’

where F is given in (1) and pnf” represents the sum of
various penalty functions. It is calculated as

O<w<l, (15)

motor

prf’ = paf 0+ pfp + prfy + prfyes + pifip,.

(16)



motor

pnfg, " in (16) is the penalty function, which takes compa-
rably high values when the unit connected to the swing bus
works as in motor mode. It is given as follows:

t t 2
prfal =Ky (Pay) 17)
je{Py,;< 0}

pnfp in (16) represents the penalty function related to the
active generation limits of the unit connected to the swing
bus. It is calculated according to the following equation:

> (P Psr?vin)z

je{Py,,; < Pmin}

sw

pnfp, = Kp,

(18)

2
max
+ Z (Psw,j - Psw )
jE{Psw,j > Pmax}

sw

pnf, in (16) stands for the penalty function related to the
reservoir storage constraints of the p-s hydraulic unit. It is
calculated as

pnfy =Ky > (V; - V;nm)z

JfVi < VP e

)

JE{V; > VPR # i

(19)

(Vj B V;nax)z >

where V; value is determined by (8). It should be remembered
that the initial and final reservoir water volume values (V;, and
V; ) are taken as fixed and equal to each other.

pnfyea in (16) denotes the penalty function, which is
related to the water amount left in the upper reservoir of the
p-s hydrounit at the end of the last subinterval. It is calculated

as

2
pif et = Kyens(V; = V) (20)
pnf,. in (16) represents the penalty function, which is
concerned with the active power transmission capacities of
the transmission lines, and it is calculated as

pnfline = Z Kliﬂel Z (pl’j - plmax)z. (21)

1eN},e jelp; > o}

Ko™, Kp_, Ky, Kyes, and Ky, I € Ny, in the above
equations, are chosen positive penalty function constants.

In the active power optimization, reactive power gen-
erations of the units (except the thermal unit connected
to the swing bus and the p-s unit) are taken as equal
to arbitrarily selected feasible values. At the beginning, a
random solution (which contains the active generations of all
units (except the unit being connected to the reference bus) in
all subintervals) is generated. After that, a Newton-Raphson
load flow calculation is performed in each subinterval. Since
the active generation of the unit connected to the swing
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bus and the active power line flows in each subinterval are
known at this point, the fitness value of the solution is
calculated. This process continues until an initial solution set
is formed. Later, a new solution set is generated by using the
fundamental operations of the genetic algorithm (selection,
crossover, mutation, number of elite solution, etc.), and their
fitness values are calculated [8, 9]. The formation of a new
solution set (generation) is repeated as many times as a
selected number.

3.2. Application of Genetic Algorithm to the Reactive Power
Optimization. In the application of genetic algorithm to the
reactive power optimization problem, all reactive power gen-
eration inequality constraints (except those which belong to
the thermal unit connected to the swing bus) are handled by
the mapping and coding mechanism of the genetic algorithm
[8, 9]. The cost function, which will be minimized in the
reactive power optimization, is taken as follows:

szFTOT,sw+P”fQ, 0sw<l, (22)

where Frqr g, is given by (13) and pnf Q stands for the sum of
various penalty functions. It is calculated as follows:

pnf? = pnfy +pnfq + pnfy. (23)

pnf P, in (23) has been already given in (18). Equation (24)
gives the penalty function, which is related to the reactive
power generation limits of the thermal unit connected to the
swing bus as follows:

Y (Quy- lewm)z
je{Qu,; < Qun}

o)

JE{Quj > A}

pnfp, =Kq,

(24)

2

(Quj — QW)

Penalty function concerning with the voltage magnitude
limits of the buses (except swing and voltage controlled buses)
is given as follows:

; 2
min
pfy= ) Ky| ) (UM-Uy)
i€Nj, je{U; ; < Umin
it sw, i;SNV[ J { N i }

(25)

Kq, and Ky,i € Ny, i #sw,andi ¢ N, in (24) and (25) are
selected positive penalty function constants.

During the reactive power optimization calculations,
active generation powers of the thermal units (except the
one connected to the swing bus) and the active generation
and pumping powers of the p-s unit are taken as equal to
those values determined in the active power optimization
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procedure. They are not changed. Reactive power generations
of the thermal units (except the one connected to the
swing bus) and reactive power sources are determined by
the genetic algorithm. Since changing the reactive power
generations affects the active and reactive transmission loss
and voltage magnitudes of buses and since those losses are
supplied by the unit connected to the swing bus, the cost
function to be minimized is selected as the one shown in (22).
The application of the genetic algorithm to the reactive power
optimization problem resembles the one that is explained in
Section 3.1.

4. Numerical Example

In order to demonstrate our proposed solution technique,
an example power system, whose one-line diagram shown in
Figure 7, is selected. Per unit line data, unit types, system base
values, and load locations are also shown in the same figure.
Thermal units are connected to buses 1, 4, 7, 9, and 11. Their
fuel cost rate and emission rate curves are taken as follows:

E,(Pg,) = a, + b,Ps, + ¢,P5, (R/h), n=1,4,7,911,
-2 2
En (PGn) =10 (ocn+ﬁnPGn+YnPGn)

+,eMPe) (kg/h), n=1,4,7,9,11.
(26)

The cost rate and emission rate curve coefficients of the units
and their active and reactive power generation limits are
given in Table 5. The active generation power in (26) are
in pu. It is seen from the table that thermal units 9 and
11 are expensive units compared to the other thermal units
in terms of both their fuel and emission cost rate values.
Therefore, it is assumed that they can be used as synchronous
compensators if their active generation powers determined
by the genetic algorithm become less than their respective
lower active generation limits.

The p-s hydraulic unit is connected to bus 6. The p-s
hydraulic unit scheduling problem considered in this paper
is solved for three different p-s unit cycle efficiencies; namely,
7. = 0.60,0.67,0.75. The discharge and pumping rate curves
of the p-s unit are taken as in the following forms:

Ule'z (P GH)

if 0 < Py < 130 MW,

200 +2.0P5;  (acre-ft)
N if Pogy = OMW,

0 (acre-ft)
(27)

9dpH (P PH)

if 0 < Ppy < 130 MW, (28)

_ | 200 + pPpy;  (acre-ft)
- if Ppy; = 0MW,

0 (acre-ft)

where y is taken as equal to 6/5, 4/3, and 3/2 for 60%, 67%,
and 75% cycle efliciencies, respectively. For the comparison
purpose of the results obtained from the power systems with
and without the p-s unit, the reactive power in pumping and

TABLE 1: Some chosen methods and parameters of the genetic
algorithm that is used in the paper.

Parameter Value
Kor 1x10°
Kp, 0.8
Ko, 1.2
K, 0.6
Kyend 0.53
Kjpe» V1 € Ny, 1000
Ky, Vi € Ny 1x10®
U™ (pu), Vi € Ny, i#sw 0.9
U™ (pu), Vi € Ny, i# W 1.07
i, V1 € Ny (MW) 81
Population 150
Number of generation 150
Number of elite solution 1

Uniform, 0.0001
Scattered, 0.9999
Stochastic uniform

Mutation method and probability
Crossover method and probability
Selection method

generation mode of the p-s unit is taken as 0 MVAr. Data
related to the upper reservoir of the p-s unit is taken as
V™ = 5000 acre-ft, V™™ = 15000 acre-ft, and V, = V, =
10000 acre-ft.

Twenty-four-hour operation period having six equal
subintervals was considered: t; = 4h,j = 1,2,...,6. The
load schedule of the example power system is given in Table 6.
We see from the table that off-peak load levels occur in subin-
tervals 1, 5, and 6 and peak-load levels occur in subintervals
2,3,and 4.

The problem is solved for the different weight coefficients
(w = 0,0.1,...,0.9,1.0) under the condition that there is
no p-s unit in the power system first. It is observed in those
Pareto optimal solutions that all penalty function values in
(16) and (23) take zero value. Also it is seen that thermal
units 9 and 11 (expensive units) work in generator mode
only in subinterval 3 (where the peak loads occur) and in
synchronous compensator mode in the other subintervals.
Later on, the same Pareto optimal solutions are recalculated
for the case where there is p-s unit with specific cycle
efficiency in the example power system. The last solution
is done for three different cycle efficiencies of the p-s unit
(. = 0.6,0.67,0.75). All penalty function values of (16) and
(23) (except the one belongs to vV, = V) in all solutions are
observed as zero. The maximum error related to Vi among all
solutions is obtained as equal to 0.0336% of 10000 ccf.

Some chosen methods and parameters of the genetic
algorithm that is used in this paper are given in Table 1.

Trade-off curves, for the case where there is no p-s
hydraulic unit in the power system, are given in Figure 1. In
the figure, trade-off curves that are found just after the active
power optimization and the reactive power optimization
are shown. Extra decrease obtained in both total fuel and
emission costs due to performed reactive power optimization
is clearly seen from the figure.
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TABLE 2: Various results obtained after the active power and reactive power optimizations for the case where there is no p-s unit in the power

system and w = 0.5.

w=0.5

Active power optimization solution point values Reactive power optimization solution point values
j 1 2 3 4 5 6 1 2 3 4 5 6
Poad,j 200 600 700 600 300 200 200 600 700 600 300 200
Pa,; 104.43 290.44 320.39 28915 14958 103.76 104.53 28728  315.77  285.92 148.26  103.84
Qa1 49.77 176,50 19599 17933 108.25 4970 571  90.04 97.91 86.69 11.65 —-6.07
U, 1.050 1.050 1.050 1.050 1.050 1.050  1.050 1.050 1.050 1.050 1.050 1.050
U, 1.015 0.941 0.923 0.942 0.981 1.015 1.037 0.977 0.963 0.978 1.020 1.037
Us,; 0995  0.910 0.901 0.910 0963  0.995  1.019 0.951 0.945 0.952  1.007 1.020
Pou,j 48.66 178.06 179.80 17931  79.39 4721  48.66 178.06 179.80 17931  79.39 4721
Qau,j 20.00  90.00 110.00  90.00  30.00 20.00 28.68 11237 126.05 108.48  51.44 32.98
Uy, 1.031 1.017 1.015 1.017 1.006 1.031 1.063 1.070 1.070 1.070 1.066 1.065
Us,; 1.011 0.918 0.921 0.918 0.995 1.011 1.027  0.944 0.951 0.945 1.023 1.027
Pon,; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Py ; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Qps,j 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Us,; 1.030  0.980  0.965 0.980 1.004 1030 1047 1.007 0.998 1.008 1.035 1.047
Pg, 50.72  169.77 16996 169.75 80.89  52.62 50.72 169.77 16996 169.75  80.89 52.62
Qg7,j 20.00  90.00 110.00  90.00  30.00 20.00 3779 11280 13591 11585  58.03 37.36
U, 1.024  0.974 0.962 0974 0990 1.025 1.054 1.019 1.015 1.022 1.042 1.054
Us,j 0.997  0.918 0.904 0.918 0956  0.997 1038 0.981 0.977 0984 1026 1.037
Poo,j 0.00 0.00 43.28 0.00 0.00 0.00 0.00 0.00 43.28 0.00 0.00 0.00
Qg 20.00  90.00 110.00  90.00  30.00 20.00 3259 10370 12015 102.76  49.37 30.76
Uy, 1.014 0.972 0.987 0.972 0.972 1.014  1.060 1.038 1.059 1.039 1.051 1.058
Uy, 1.014 0.924 0.871 0924  0.952 1.014 1046 0973 0.934 0976  1.007 1.045
Poi,j 0.00 0.00 3181 0.00 0.00 0.00 0.00 0.00 3L.81 0.00 0.00 0.00
Qaiuj 20.00  90.00 110.00  90.00  30.00 20.00 34.47 10521 133.81 109.80  50.22 32.68
Uy, 1.021  0.968 0.963 0.968  0.970 1.021 1.065 1.031 1.042 1.036 1.044 1.063
Uy, 0.997  0.866 0.859 0.867 0921 0997 1.042  0.938 0.948 0942 0.999 1.041
Fuel cost (R) 915.17 3533.50 5130.50 3532.90 142210 91555 91557 3509.00 5091.90 3507.80 1415.50 915.86
Emission cost (R) 208.99 65196 143510 652.60 176.39 208.94 208.94 644.15 142140 644.64 17613  208.90
Total fuel cost (R) 15450.00 15356.00
Total emission cost (R) 3334.00 3304.20
Total cost (R) 18784.00 18660.20

Various results obtained after active power and reactive
power optimizations, for the case where there is no p-s unit
in the power system and w = 0.5, are given in Table 2 just
as an example. The effect of the reactive power optimization
on the improvement of the bus voltage magnitudes can be
seen from the table. The chosen reactive power generations in
all subintervals during the active power optimization are also
given in Table 2. We see from the table that expensive units
(units 9 and 11) generate active power only in subinterval
3, where the peak load occurs and work as synchronous
compensator in the other subintervals.

The change in the total cost decrease percentage (with
respect to the case where there is no p-s unit in the power
system) versus w is shown in Figure 2, where the p-s unit cycle
efficiency is taken as parameter. It is seen from the figure that

the higher the cycle efficiency the p-s unit has, the higher the
decrease percentage in the total cost we get.

As an example, the solution point pumping and genera-
tion powers of the p-s unit together with the total active load
values during all subintervals for w = 0.5 are given in Figure 3
where the p-s unit cycle efficiency is taken as parameter. The
p-s unit works in pumping mode in low load valued intervals
and in generation mode in high load valued intervals for
all cycle efficiencies. We see from Table 3 that although the
p-s unit with 75% cycle efficiency consumes less amount
of total pumping energy compared to the units with the
lower cycle efficiencies, it produces higher total generation
energy. Because of this, it gives higher decrease percentage
on the total cost when it is employed in the power sys-
tem.
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TABLE 3: Generation and pumping energy, final water amount in the upper reservoir versus p-s cycle efficiency for w = 0.5.

Cycle efficiency (%) Generation energy (MWh) Pumping energy (MWh) V, (acre-ft)

60 795.08 1324.16 9998.80

67 803.84 1208.28 10003.36

75 842.72 1123.38 9999.63

TABLE 4: Various results obtained after the active power and reactive power optimizations for the case where there is p-s unit with 75% cycle

efficiency in the power system and w = 0.5.

w=0.5

Active power optimization solution point values Reactive power optimization solution point values
j 1 2 3 4 5 6 1 2 3 4 5 6
Poad,j 200 600 700 600 300 200 200 600 700 600 300 200
Pay 151.02 27351 27792 256.79 16778 129.67 150.72  270.45 269.61 253.92 166.27 129.64
Qa1 64.60  172.61 23425 17016 113.00  55.33 13.39 8593 11550 8154 2218 4.40
U, 1.050 1.050 1.050 1050  1.050 1.050 1.050 1.050 1..050 1050  1.050 1.050
U,,; 1.016 0.943 0.904 0943 0983 1.017 1.036 0.978 0953  0.979  1.020 1.037
Us,; 0.996 0.911 0.875 0911  0.965  0.997 1.019 0.952 0.931 0954 1.007 1.020
Pay; 108.89 16910  179.44 15521 8723 85.47 108.89 16910  179.44 15521 8723 85.47
Qauj 20.00 90.00  110.00  90.00  30.00  20.00  29.84 110.89  130.55 109.97 5032 28.23
Uy, 1.038 1.018 0.991 1.017 1.009  1.036 1.068 1.070 1.059 1070 1065 1.066
Us,; 0.999 0.921 0917 0924 0.992  1.005 1.014 0.947 0.953  0.951 1.017 1.020
Pon,; — 24.44  129.83  56.41 — — — 24.44 12983  56.41 — —
Py ; 127.86 — — — 76.993 75992  127.86 — — — 76.99  75.99
Qps,j 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Us,; 1.000 0.986 0975 0993 0990 1014 1.016 1.013 1.013 1.021 1.019 1.030
Pg, 76.67 16990 16997 16771 133.43  66.53  76.67 16990 169.97 16771 133.43  66.53
Qa7 20.00 90.00  110.00  90.00  30.00  20.00 34.00  116.63 136.09 113.63 53.00  34.09
U, 1.019 0.977 0.944 0979 0992 1023 1.046 1.023 1.006  1.025 1040  1.050
Us,j 0.994 0.920 0.861  0.922 957 00.997  1.032 0.983 0.953  0.988  1.024 1.035
Poo,j 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Qao,j 20.00 90.00  110.00  90.00  30.00  20.00  30.84 103.27 128.63 107.24  50.53 3151
Uy, 1.011 0.974 0.939 0975  0.973 1.014 1.054 1.039 1.032  1.046  1.050 1.057
Uy, 1.001 0.928 0.847 0931 0948 1008 1.031 0.977 0.921  0.982  1.001 1.038
Poi,j 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Qa1 20.00 90.00  110.00  90.00  30.00  20.00  33.67 103.77 134.72 106.12  49.08  35.01
Uy, 1.014 0.971 0924  0.973  0.970 1.018 1.055 1.033 1.017 1.038 1040  1.060
Uy, 0.993 0.869 0.810 0.871 0921  0.996  1.034 0.939 0914 0946 0.997 1039
V; 11567.00 10572.00 8733.00 7481.60 8743.60 9999.50 11567.00 10572.00 8733.00 7481.60 8743.60 9999.50
Fuel cost (R) 1573.90 333740 3449.40 309760 1872.40 1285.10 1572.50 3314.70 3387.70 3077.30 1864.30 1285.00
Emission cost (R) 19112 58572 626.76 508.31 23116 178.28 191.05 57899 608.33 502.79 230.41 178.28
Total fuel cost (R) 14616.00 14501.00
Total emission cost (R) 2321.40 2289.70
Total cost (R) 16937.40 16790.70

The change of stored water amount in the upper reservoir
of the p-s unit versus time for w = 0.5 is shown in Figure 4
where p-s unit cycle efficiency is taken as parameter. From
the figure, it is seen that the water amount used by the
pumped storage unit in the power system under consid-
eration does not strongly depend on the p-s units cycle
efficiency. The stored water volume values in the upper

reservoir remain inside its upper and lower storage limits
(Vv™n o = 5000 acre-ft, V™™ = 15000 acre-ft). The final
stored water amounts in the upper reservoir for all cycle
efficiencies are very close to V" = 10000 acre-ft (see the
last column in Table 3). Various results, which are obtained
after the active and reactive power optimizations for w = 0.5
and 75% p-s unit cycle efficiency, are given in Table 4. It is
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TaBLE 5: Cost rate and emission rate curve coefficients of the thermal units and their active and reactive power generation limits.

Thermal unit number, (1)

Curve Constants
1 4 7 9 1
a, 10 20 20 70 70
Fuel cost rate b, 50 85 85 215 205
C, 25 30 30 80 213
a, 4.426 4.258 4.258 7.743 8.531
B, -5.550 -6.094 —6.094 —2.147 -2.355
Emission rate Y 2.030 3.886 3.886 8.438 8.651
' 20%x10°° 1.0x 107 1.0x 107° 50%107° 50%x107°
A, 1.5 2.35 2.35 8.833 8.967
£ 1000
min (VW) 50.0 45.0 40.0 5.0 5.0
Generation limits :m (MW) 320.0 180.0 170.0 100.0 100.0
Q™™ (MW) -50 -20 -20 -20 -20
Qnmax (MW) 150 200 200 200 200
TABLE 6: Per unit load schedule for the example power system.
Bus no. Load type Time subinterval number, ()
1 2 3 4 5 6
) Active 0.20 0.80 1.00 0.80 0.40 0.20
Reactive 0.15 0.60 0.75 0.60 0.30 0.15
3 Active 0.50 1.10 1.20 1.10 0.60 0.50
Reactive 0.40 0.85 0.90 0.85 0.45 0.40
5 Active 0.30 0.90 0.80 0.90 0.25 0.30
Reactive 0.24 0.70 0.60 0.70 0.20 0.24
7 Active 0.25 1.00 1.10 1.00 0.50 0.25
Reactive 0.20 0.75 0.85 0.75 0.40 0.20
3 Active 0.40 0.70 0.90 0.70 0.30 0.40
Reactive 0.30 0.52 0.70 0.52 0.24 0.30
10 Active 0.15 0.60 1.05 0.60 0.45 0.15
Reactive 0.12 0.45 0.80 0.45 0.35 0.12
2 Active 0.20 0.90 0.95 0.90 0.50 0.20
Reactive 0.15 0.70 0.75 0.70 0.40 0.15
Pioaa; (PW) 2.00 6.00 7.00 6.00 3.00 2.00
Qioaaj (pu) 1.56 4.57 535 4.57 234 156

seen from the table that the expensive units never generate
any active power but work as synchronous compensator in all
subintervals. The generation and pumping active powers of
the p-s unit are also given in the table. At the end of the active
power optimization, the total cost (which is made up the
total fuel cost plus the total emission cost) is decreased from
18660.20 (no p-s case with w = 0.5 after the reactive power
optimization) to 16937.4 R by employing the p-s unit with
75% cycle efficiency in the power system. Optimal reactive
power generations that are determined just after the reactive
power optimization are also shown in Table 4. The total cost
is decreased further from 169374 R to 16790.70 R at the end
of the reactive power optimization. Consequently, 1869.5R

(10.01% of the total cost in no p-s case with w = 0.5 after the
reactive power optimization) is saved from 24 h operation of
the p-s unit with 75% cycle efficiency in the power system.

4.1. Application of the F-MSG Method to the Same Dispatch
Problems. The dispatch problems considered in Section 4 is
resolved by means of the F-MSG method under the same
constraints considered in Section 4. Since the active and
reactive power optimizations are accomplished in the same
model in the F-MSG method, there is no need to solve the
dispatch problem in two stages. The trade-off curve obtained
via the F-MSG method is shown in Figure 1 together with
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FIGURE 1: Trade-off curves for the case where no p-s unit exists in
the example power system.
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FIGURE 2: Change in the total cost decrease percentage with respect
to w for different p-s unit cycle efficiencies.

the one found by means of the genetic algorithm. We see from
the figure that this trade-off curve is very close to the one
obtained after the active and reactive power optimizations
by means of the method proposed in this paper. Once the
dispatch problem of the example power system with p-s unit
is resolved with the F-MSG, the obtained change in the total
cost decrease percentage (with respect to the case where there
is no p-s unit in the power system) versus w is shown in
Figure 5, where the p-s unit cycle efficiency is taken as
parameter. From the comparison of Figure 5 with Figure 2,
it is seen that the F-MSG method gives similar but a little
bit higher decrease percentages. This is because the F-MSG
method handles active and reactive power optimizations in
the same model, whereas the method given in this paper
considers either the active or reactive power optimizations
at a time. The decrease percentages on the total cost can be

Generation power
800 - : : : :

700 -
600 -+
500 -
400 ~
300 -
200 +

100 +

Various active powers (MW)

Pumping power
-100 - - - -

200
1 2 3 4 5 6
Subinterval number, j
B Load
@ p-s unit with 60% cycle efficiency

O p-s unit with 67% cycle efficiency
O p-s unit with 75% cycle efficieny

FIGURE 3: Active load and solution point pumping and generation
powers of the p-s unit during six subintervals.

V; (acre-ft)

. . . o . . AR e . ]
Pump Gen. Gen. Gen. ¥ Pump - Pump
7000 ; : - ; ;

0 4 8 12 16 20 24

j ()
-e - p-swith 60% cycle efficiency

—=— p-s with 67% cycle efficiency
-a- p-swith 75% cycle efficiency

FIGURE 4: Change of stored water amounts in the upper reservoir
with respect to time for w = 0.5.

increased by performing the active and then reactive power
optimizations in an iterative manner with the cost of longer
solution times in the proposed solution method.

5. Results and Conclusion

Security constrained environmental p-s hydraulic unit sched-
uling problem is solved via genetic algorithm. The solution
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m p-s with 60% cycle efficiency, F-MSG

o p-s with 67% cycle efficiency, F-MSG

O p-s with 75% cycle efficiency, F-MSG
FIGURE 5: Change in the total cost decrease percentage with respect
to w for different p-s unit cycle efficiencies, once the dispatch
problem of the example power system with p-s unit is solved via the
F-MSG method.

process is divided into two parts as active power and reactive
power optimizations. Basically in the active power opti-
mization, for arbitrarily selected reactive power generations,
active power generations of the thermal units and active
generation/pumping power of the pumped storage unit in
all subintervals are determined. In the reactive power opti-
mization, the active generation of all thermal units and active
generation/pumping power of the p-s unit in all subintervals
are taken as equal to the optimal values that are determined
in the active power optimization, only reactive generations of
reactive power suppliers are determined. Active and reactive
power generation constraints for the unit connected to the
swing bus, transmission line capacity constraints, the p-s
unit upper reservoir storage constraints, and bus voltage
magnitude constraints are added to the solution process via
penalty function approach.

The solution method is tested on an example power
system, which has 12 buses, 5 thermal units, and one p-s
hydraulic unit. The environmental dispatch problem of the
example power system without any p-s unit is solved first.
After that, the same environmental dispatch problem is
resolved for the cases where there is p-s unit with 60%, 67%,
and 75% cycle efficiencies, and the obtained results for each
case are compared with the corresponding ones that belong
to the system without any p-s unit. Savings in the total cost of
the system, in the case of employing the p-s unit in the power
system, are given for different w values for each p-s unit’s cycle
efficiency.

The dispatch problem of the example power system with
p-s unit is resolved by the F-MSG method, and the decrease
percentages on the total cost are recalculated. It is seen that
the F-MSG method gives similar but a little bit higher total
cost decrease percentages with respect to those produced by
the proposed method. The decrease percentages on the total
system cost can be increased by performing the active and
then reactive optimizations in an iterative manner with the
cost of longer solution time.
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FIGURE 6: The lowest fitness value calculated versus generation
(iteration) number in the reactive power optimization for the case,
where there is no p-s unit in the system and w = 0.5.

The lowest fitness ( fQ value in (22)) value calculated
versus generation (iteration) number in the reactive power
optimization for the case, where there is no p-s unit in the
system and w = 0.5 is shown in the Figure 6. As it is
seen in the figure, the decrease in the lowest fitness value
becomes insignificant after the iteration number 25. If a very
sharp solution is not desired, the solution procedure can be
stopped at the end of iteration number 25. Therefore the
stopping criteria for the considered problem can be stated
like this: “if the difference between two consecutive fitness
values is less than a predetermined tolerance value and
also if this condition is satisfied during N (e.g., N = 10)
consecutive iterations, then stop.” Selection of this type of
stopping criterion other than selecting constant number of
generation can reduce the necessary number of iterations (or
total solution time) to approximate the optimal solution.

Symbols

Frp: Weighted total system cost (R),

J> Jmax: Time interval index and number of
time intervals, respectively

P, j»Pon,j:  Thenth thermal and the p-s hydraulic
units’ active generation powers in the
jth time interval, respectively (MW)

Ppy j: The p-s unit’s pumping active power
in the jth time interval (pu or MW)

E,(P, ) Fuel cost rate of the nth thermal unit
in the jth time interval (R/h)

E,(P,): Emission rate of the nth thermal unit
in the jth time interval (Kg/h)

& Emission price (R/Kg)

w: Weighting factor

t: Length of time interval j(h)

Ploag,j» Ploss,j+ Total system load (excluding the
pumping power of the p-s hydraulic
unit if it is operated in pumping
mode) and loss in the jth time
interval, respectively (pu or MW)

b Active power flow on line [ (pu or
MW)
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FIGURE 7: One-line diagram of the example power system.

Maximum transmission capacity of
transmission line / (pu or MW)
Lower and upper generation limits of
the nth thermal unit (pu or MW)
Lower and upper active generation
limits of the p-s hydraulic unit (pu or
MW)

: Lower and upper active pumping

power limits of the p-s hydraulic unit
(pu or MW)

Discharge rate of the p-s hydraulic
unit in the jth time interval
(acre-ft/h) (1 acre-ft = 1233.5m?)
Pumping rate of the p-s hydraulic
unit in the jth time interval
(acre-ft/h)

Lower and upper discharge rate limits
of the p-s hydraulic unit (acre-ft/h)
Lower and upper pumping rate limits
of the p-s hydraulic unit (acre-ft/h)

Vmin Vmax .
5 :

Inet spent:

qspent TOT> qpump TOT*

tart d
Vsar’Ven .

Stored water volume in the upper
reservoir of the p-s hydraulic unit at
the end of the jth time interval
(acre-ft)

Minimum and maximum reservoir
storage limits of the p-s hydraulic
unit (acre-ft)

Net spent water amount by the p-s
hydraulic unit during the operation
cycle (acre-ft)

Total water amount which is spent
for generation and total pumped
water amount, respectively (acre-ft)
Specified starting and final stored
water volumes in the upper reservoir
of the p-s hydraulic unit (acre-ft)
Set that contains all thermal units in
a given power system

Set that contains all transmission
lines in a given power system

1
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JgensJpump:  Sets that contain all time intervals
where the p-s unit is operated in
generation and pumping modes,
respectively. J,.,, and J,,, are
mutually exclusive sets

Frorsw! Weighted total cost for the thermal
unit connected to the swing bus (R)

Qioad, j» Qloss,j Total system reactive load and loss in
the jth subinterval, respectively (pu
or MVAr)

QE,QE%:  Lower and upper reactive generation
limits of the mth reactive power
generation source (pu or MVAr)

U Voltage magnitude of bus i in the jth
subinterval (kV or pu)

U™ U,™: Lower and upper voltage magnitude
limits for bus i (kV or pu)

Ng: Set containing all buses to which
reactive power generation sources are
connected

Npus: Set containing all buses in a given
power system

N,.: Set containing all voltage controlled
buses in a given power system

sw: Swing bus in a given power system.
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