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Abstract: This study 1s dealing with ancillary services procurement and pricing m the new environment of

electricity market. Spimning reserve 1s one of the most wmportant ancillary services needed for satisfying
reliability requirements as well as desired level of security in power systems. In deregulated power markets,

generally two methods for energy and spinning reserve dispatching are addressed the so-called sequential
dispatch and joint dispatch. It can be said that the sequential dispatch method may not be even feasible as well
as optimal because of the coupling between spinning reserve and energy capacity. Therefore, in this study, a
new method is proposed for dynamical joint energy and reserve dispatch that can solve the bottling of reserve

problem by considering transmission limits. A genetic algorithm as an evolutionary optimization techmique is

used to solve such a complicated and non-convex problem. The proposed methodology is applied to a typical
IEEE 30-bus system, while sunulation studies show the effectiveness of joint energy and spinmng reserve

dispatch in comparison with the sequential dispatch.
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INTRODUCTION

Among ancillary services which should be procured
mm a power system, Spiming Reserve (SR) has a
significant mmportance to support system reliability.
Spinning Reserve (SR) is considered to satisfy the system
loads in a sudden outage in generating units and/or
transmission lines as well as unforeseen increase m load
demand (Shalidehpour and Alomoush, 2001). In
deregulated power markets, satisfying a desired level of
reliability; unit's contribution for energy production and
SR procurement should be based upon minimizing total
costs of energy and SR dispatching. Generally two
methods for energy and SR dispatching are addressed the
so-called Sequential Dispatch (SD) and Joint Dispatch
(ID). In SD regardless of considering the price of SR, at
first energy 1s dispatched optimally and then from the
remained capacity of all units, SR can be dispatched
(Song and Wang, 2003). Tt might be said that SD method
may conclude two problems m satisfying real power
demand and Spinning Reserve Requirement (SRR). Since
in SD method at first energy is dispatched, maximum
capacity of some units might be allocated only to energy
and there 1s no more capacity for allocating to SR. Under
this condition although the other units may have enough
capacity for allocating to SR but because of their ramp up
rate constraint, they cannot satisfy system SRR which is

infeasible. In some umts, where their energy prices are
very closed while their SR prices are significantly
different, SD method will allocate most of energy to the
cheaper units those cannot have any chance to contribute
for SR. Under this condition SR will be procured by some
expensive units where it may cause a non-economic
outcome. In fact, the optimal allocation of energy and SR
would be through a Jomt Dispatch (1D) techmique, where
1n order to achieve a feasible as well as optimal solution
ID will consider the total procurement costs of energy and
SR concurrently.

Transmission limit is one of the most important
constramts which can be considered in energy and SR
dispatch problem in a real environment. When energy and
SR are dispatched without considering transmission limit
and only by minimizing the generation costs two problems
may be happened. It 1s according to achieve a particular
pattern of energy production and SR procurement. Firstly,
based upon the prescribed allocated values for energy
and SR; in time of energy delivery some transmission lines
might be faced with an overload. Secondly, bottling of
reserve can be occurred in satisfying the allocated SR of
all units that should guarantee system
requirement. In botthng of reserve problem, sum of
allocated energy and SR to a typical umt may be bigger
than the transmission lines capacities that connect this
unit to the system. Since there is a reserve capacity that

reserve
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cannot be delivered, therefore the energy generation and
SR procurement pattern without considering transmission
limit seems to be mfeasible.

A hybrid real genetic algorithm method 1s proposed
by Baskar ef al. (2003) for solving the economic dispatch
problem with multiple fuel options. A method proposed
by Chen et al. (2003) addresses a jomt dispatch for energy
and SR considering a conventional optimal power flow. A
hybrid deterministic/probabilistic approach is proposed
for SR allocation by Fotuhi-Firoozabad and Rashidi-Nejad
(2004). Energy and SR joint dispatch technique based
upon a dynamic optimal power flow is proposed by Costa
and Costa (2007). A comprehensive memetic algorithm 1s
applied for solving jomt energy and SR dispatch by
Hazrati et al. (2007). A method 15 also presented for
solving the mfeasibility problem of SD technique by
Asadi et al. (2008).

In this study, a new methodology is proposed for
solving such a non-convex problem wvia ID-based
technique using genetic algorithm as an evolutionary
optimizer. In this study transmission limit constraint is
considered to prevent bottling of reserve problem by
implementing a DC power flow.

PROBLEM DEFINITION AND MATHEMATICAL
FORMULATION

Joint energy and spinning reserve dispatch (JD) can
be formulated as a constramed optimization problem. The
objective function of ID 1s considered as minimization of
joint energy production and SR procurement costs
(Rashidi-Nejad et al., 2002). A competitive day-ahead
market 1s assumed where suppliers may offer thewr active
power associated with prices both for energy and SR
through a quadratic scheme for energy and a single-part
bid scheme for SR, respectively. The objective function of
such an optimization problem can be written as:

Miniici(R')+Ci(Rf) )]

t=1 =1

where, C,®) and C,(R}) are energy generation and reserve
provision costs, respectively, T is the scheduling time
horizon and N is the No. of generating units.

Energy price 1s assumed to be quadratic while SR
price 1s assumed to be linear. Therefore energy and
reserve costs are expressed by Eq. 2 and 3, respectively.

C, (P“) =a,+b xP'+ex (Pf)2 (2)

C,(R)=d xR (3

where, a, b, and ¢, are generation cost coefficients and P,
is energy amount of generator i at hour t. R' and d, are
reserve amount and its price for generator 1 at hour t,
respectively (Kothari and Dhillon, 2004). The optimization
problem is subjected to some constraints in which Eq. 4 is
the balance between supply and demand.

Y )

i=1

where, P; is forecasted demand for hour t. Some physical
constraints also can be written as follows:

P <! (5)
PiL + Rﬁ <P (6)

where, ™ and P™ are meaximum and minimum generation
capacity of generator 1, respectively. Spmming reserve
limits are defined by Eq. 7 and 8.

0<R] Smin{(AthR;‘p),Rf“”} (N
N
;R} >R}, (8)

where, RR* and R, are ramp up rate of generator 1 and
SR requirement at hour t, respectively. At is response time
for SR while R is maximum reserve capacity that is
defined by Eq. 9.

RP™ =P _Pit. (9)

Transmission limit constraint i1s considered as
fallows:

P

I

<P (10)

1

where, P, is active power flow from bus i to bus j and P,

is maximum power flow limit of ijth transmission line. In
fact, by considering transmission constramt, the
generation strategy 1s determined which pattern of energy
generation and SR procurement has miimum costs while
overload would not be happened 1 any transmission line.

SOLUTION METHODOLOGY

Genetic algorithm is a random and robust search
technique that guides a population of encoded solutions
towards an optimum using the principles of natural
evolution. This process is facilitated through a fitness
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Fig. 1: The flowchart of proposed solution approach for
DIESD

evaluation procedure, which determines the fitness value
of each member of the population the so-called
chromosome. The robustness of GA and its capability
across a broad range of problems make GA as general
problem solving techniques in many applications (Swarup
and Yamashiro, 2002). So, in this study according to the
complexity of dynamical joint energy and SR dispatch
(DIESD), GA is used to solve this complicated and non-
convex optimization problem. The flowchart of the
proposed GA-based solution approach for DIESD 1s
shown in Fig. 1 that includes the following steps:

Step 1: Imitialization and coding: In this step goal,
constraint and variable ranges will be defined while
continuous variables should be converted to discrete
variables. Then the range of discrete variables must be
indexed. Finally, based on the problem requirement,
genomes, chromosomes and population must be created.
In this study, every chromosome is a random case of
unit’s energy production and SR procurement. Tn fact, the
major difference between the proposed dispatching
techmique and other GA based dispatching methods 1s
chromosomes coding. In the proposed method,
chromosomes are coded randomly based upon the
allocated energy and SR such that all constraints should
be satisfied.

Step 2: Decoding: In this step, binary values of each
chromosome are decoded while real equivalent of energy
production and SR procurement are calculated for all
chromosomes.

Step 3: Feasibility checking: In this step, according to
the allocated energy and SR for each chromosome, DC
power flow will be executed considering two different
conditions both for checking an overload. Firstly, it is
considered that each unit will produce just the amount of
its allocated energy. Secondly, it is considered that the
allocated amount of energy as well as SR will be
produced. Then for each chromosome according to the
results of DC power flow, the number of wviolated
transmission lines (n) can be determined.

Step 4: Fitness evaluation: In this step, the fitness value
of each chromosome should be calculated. Some
constraing associated with the optimization problem that
has proper form, might be incorporated into the objective
function as penalty function.

Step 5: Defining penalty factor: In this step, for those
chromosomes which have violations, penalty term will be
added to their costs (obtained from step 4). At first the
overloaded lines will be specified and then a penalty term
is calculated by using Eq. 11.

2 )
Penalty = 2[1 -2lxe }xChromosome cost (11)

m=1

where, P, is power flow of overloaded line m and P, is its
maximum power flow limit.

Step 6: Elitism: To prevent of missing the best
chromosomes of present population after mating
operators (selection, crossover and mutation), elitism is
used (Reily et al, 2005). Hence, 5% of the present
population with the best fitness will be selected as elites.

Step 7: Mating: The mating process consists of three
operators: selection, crossover and mutation (Haupt and
Haupt, 2004).

Step 8: Chromosomes modification: Since after mating
process there are some chromosomes which do not
satisfy problem constramts, mn this step those
clhromosomes should be modified such that all constramts
are satisfied.

Step 9: New population: At tlis step, the present
population must be renewed. Five percent of new
population is consisted of elites while 95% is consisted
from the produced offspring.
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Step 10: Convergence check: The end step will be
terminated if the tour counter reaches the maximum
predefined number of iterations and if it 1s not satisfied
then it goes to step 2.

CASE STUDIES AND RESULTS ANALYSIS
The proposed methodology is implemented to a

typical TEEE 30-bus test system (Fig. 2) with six
generators. Generation data and system lines data are

E and F is allocated to energy, while units B, C and D

according to their ramp up rate constraint cannot satisfy
the SRR.

Applying JD method without transmission limit
constraint: Here, proposed ID method is applied to the
[EEE 30-bus system but transmission limit constramt
15 neglected. The solution methodology of JD without

Table 1: Generation data for IEEE 30-bus system

. ) L Ramp up rate  TMSR. price
shown in Table 1-3. Forecasted demand curve for 24 h is Unit (MW) (MW) a b c (MW min™)  ($/MWh)
shown in Fig. 3. SRR for each hour is considered as 10% A 80 20 240 7.0 0.0065 1.0 32

- - - B 155 20 260 104 0.0095 1.5 5.0
of total demanq in that hour. Thn.a response.tlme for. SR 1s ¢ 170 30 185 91  0.0085 20 17
assumed 10 min incorporated with Ten Minute Spimmung D 145 20 255 80 0.0085 1.2 4.0
Reserve (TMSR). E 100 25 160 68 00065 1.7 2.0
F 110 35 180 6.6 00062 2.2 1.7
Applying SD method: Here, SD method is applied on the Table 2: The percentage of system load at each bus
above mentioned test system. In SD method which 1s Bus Percentage Bus Percentage
used in this study, lambda iteration technique 1s used for ; 2‘ gg }? ;'fg
energy dispatch which is a suitable when cost functions 3 0.85 18 1.13
are quadratic. On the other hand, a merit order technique ‘5‘ 3?- gﬁ ;g g- 2;
15 used for SR dispatch (Shahidehpour and Alomoush, 5 0.00 a1 6.18
2001). The results of applying SD method onthe IEEE 7 8.05 22 0.00
: : 8 10.30 23 1.13
30-bus s.ysi.:em are shom in Fig. 4. . o 0.00 o 307
As it is shown in Fig. 4, SD method cannot obtain a 10 205 25 0.00
feasible pattern for energy production and SR 1 0.00 26 1.24
rocurement from 15 to 21 h. The exact values of the 1= 3.95 27 0.00
P i : 13 0.00 28 0.00
allocated energy and SR using SD method are shown in 14 2.19 29 0.85
Table 4. In those hours, the maximum capacity of units A, 15 289 30 3.7
A B
IQ 01 2 154 | —— 18
| I v
14t 19
A J
> Q
17 1ts 12]]¢ 13
vy —c
16
v 17
20
T3
25 22 il 2 4 | [
27 29 30
mL T T | 7

Fig. 2: TEEE 30-bus system
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Table 3: Line data

From bus Tobus Reactance ﬁu (MW) From bus Tobus Reactance f)u (MW)
1 2 0.0575 130 15 18 0.2185 16
1 0.1652 130 18 19 0.1292 16
2 4 0.1737 65 19 20 0.0680 32
3 4 0.0379 130 10 20 0.2090 32
2 5 0.1983 130 10 17 0.0845 32
2 6 0.1763 65 10 21 0.0749 60
4 6 0.0414 20 10 22 0.1499 32
5 7 0.1160 20 21 22 0.0236 32
6 7 0.0820 130 15 23 0.2020 16
6 8 0.0420 130 22 24 0.1790 32
6 9 0.2080 65 23 24 0.2700 16
6 10 0.5560 32 24 25 0.3292 16
9 11 0.2080 90 25 26 0.3800 16
9 10 0.1100 95 25 27 0.2087 16
4 12 0.2560 65 28 27 0.3960 65
12 13 0.1400 95 27 29 0.4153 16
12 14 0.2559 32 27 30 0.6027 32
12 15 0.1304 44 29 30 0.4533 16
12 16 0.1987 32 8 28 0.2000 130
14 15 0.1997 16 6 28 0.0599 32
16 17 0.1923 16

Table 4: Allocated energy and SR to the units by using SD method from 15to 21 h

Hour
Unit 15 16 17 18 19 20 21
A
Energy (MW) 80 80 80 80 80 80 80
Reserve (MW) 0 0 0 0 0 0 0
B
Energy (MW) 20 20 41.8056 46.0556 58.3333 52.1944 399167
Reserve (MW) 15 15 15 15 15 15 15
C
Energy (MW) 51.1471 54.1471 123.1944 127.9444 141.6667 134.8056 121.0833
Reserve (MW) 20 20 20 20 20 20 20
D
Energy (MW) 1158529 118.8529 145 145 145 145 145
Reserve (MW) 12 12 0 0 0 0 0
E
Energy (MW) 100 100 100 100 100 100 100
Reserve (MW) 0 0 0 0 0 0 0
F
Energy (MW) 110 110 110 110 110 110 110
Reserve (MW) 0 0 0 0 0 0 0
SR requirement (MW) 477 483 o0 60.9 63.5 62.2 59.6
Sumn of allocated reserve (MW) 47 47 35 35 35 35 35
200- transmission limit is the same as the algorithm with
500- transmission limit without considering step 3 and 5. The
§ S00 results of applymg this method are shown in Fig. 5. The
E 400 exact values for the allocated energy and SR to the units
£ 0 from 15 to 21 h are shown mn Table 5. The obtained results
% 200 show that when JD method is used, infeasibility problem
£ 0o 1s not happened.
R 5 Energy production and SR procurement costs at each
13 5 7 9 11 13 15 17 19 21 23 hour are shown in Table 6 both for SD method and
Time (h) proposed ID method without transmission limit. Because
SD cannot find a feasible solution for energy and SR
Fig. 3: Forecasted demand curve for 24 h dispatch from 15 to 21 h, therefore energy production and
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Fig. 4: Scheduling of energy production and SR procurement by using SD method, (a) generator A, (b) generator B, (¢)
generator C, (d) generator D, (e) generator E and (f) generator F

Table 5: Allocated energy and SR to the units by using JD method from 15to21 h

Hour
Unit. 15 16 17 18 19 20 21
A
Energy (MW) 80 80 80 80 80 80 80
Reserve (MW) 0 0 0 0 0 0 0
B
Energy (MW) 20 20 53.7534 58.2408 78.5289 65.0935 51.5729
Reserve (MW) 0 0 14.9997 15 15 14.9999 15
(o)
Energy (MW) 69.7326 76.3203 136.2469 141.6592 149.9711 149.1066 134.0272
Reserve (MW) 0 0 20 20 20 20 20
D
Energy (MW) 132.9683 132.9797 133.0019 133.0006 133.0056 133.004 133.003
Reserve (MW) 11.9991 12 11.9981 11.9994 11.9944 11.996 11.9969
E
Energy (MW) 86.2415 85.6993 100 99.6701 98.1161 99.0371 99.9995
Reserve (MW) 13.7585 14.3007 0 0.3299 1.8839 0.9629 0.0005
F
Energy (MW) 88.0576 88.0007 96.9978 96.4293 95.3783 95,7588 97.3974
Reserve (MW) 21.9424 21.9993 13.0022 13.5707 14.6217 14.2412 12,6026
SR requirement (MW) 47.7 483 60 60.9 63.5 62.2 59.6
Sum of allocated reserve (MW) 47.7 48.3 60 60.9 63.5 62.2 59.6

SR procurement costs of those hours could not be
calculated and shown by NF (not feasible). As shown
m Table 6, energy production and SR procurement

costs

equal.
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Fig. 5. Scheduling of energy production and SR procurement by using JD method without transmission limit,
(a) generator A, (b) generator B, (¢) generator C, (d) generator D, (e) generator E and (f) generator F

Table 6: Energy production and SR procurement cost
Cost ($) of method

Time (h) SD ID

1 3214.368 3214.368
2 3045.239 3045.239
3 2969.314 2969.314
4 2826.289 2826.289
5 3014.800 3014.800
6 3268.614 3268.614
7 3479.809 3479.809
8 3927.279 3907.452
9 3888.303 3873.492
10 4826.224 4785.752
11 5037.454 5002.118
12 4966.399 4929.728
13 5078.244 5043.621
14 5017.110 4981.409
15 NF 5360.188
16 NF 5424.886
17 NF 6762.708
18 NF 6870.703
19 NF 7188.477
20 NF 7028.259
21 NF 6714.995
22 5253.119 5221.851
23 4905.920 4867.880
24 3615.858 3614.606

Applying JD method with transmission limit constraint:
Here, proposed TD method with transmission limit is
applied on the IEEE 30-bus system. The results of
applying this method are shown in Fig. 6. According to
Table 3, maximum capacity of lines 9-11 and 12-13 which
connect units E and F to the system are 90 and 95 MW,
respectively. Therefore sum of the allocated energy and
SR to these units should not be more than transmission
limits of commection lines, otherwise bottling of reserve
might be happened By comparison between Fig. 5 and 6
it is shown that when transmission limit constraint is
neglected, in the most hours sum of allocated energy and
SR to units E and F 1s bigger than their comnection
transmission line limit but this problem was not happened
in any hours when transmission limit is considered. In
other word, these results show that the proposed ID
method with transmission limit can prevent bottling of
reserve in all hours.

In peak load hour, the allocated energy and SR to the
urts by using the proposed JD without/with transmission
limit are shown m Table 7 for 19h. According to these
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Fig. 6 Scheduling of energy production and SR procurement by using JD method with transmission limit,
(a) generator A, (b) generator B, (¢) generator C, (d) generator D, (e) generator E and (f) generator F

Table 7: Allocated energy and SR using JD method with/without
transmission limit for peak load hour
Without transmission limit With transmission limit

Unit Energy (MW)  Reserve (MW) Energy (MW) Reserve (MW)

A 80.00 0.00 80.00 0.00
B 78.5289 15.00 121.5454 14.9985
C 149.9711 20.00 160.4985 9.5015
D 133.0056 11.9944 145.00 0.00
E 98.1161 1.8839 72.9999 17.00
F 95.3783 14.6217 54.9562 22.00

values, DC power flow is executed in two cases both with
and without transmission hmit. Firstly, it 1s considered
that each umt will produce just the amount of its allocated
energy. Secondly, it is considered that the allocated
amount of energy as well as SR will be produced. Results
of applying DC power flow are shown in Table 8 and 9,
where, P 18 power flow from bus 1 to bus j only for
energy production, B* is power flow from bus i to bus j
for sum of energy and SR and F; is transmission limit of

this line.

As shown in Table 8 and 8, when energy and SR are
dispatched without transmission limit, if generators tend
to produce just their allocated energy, overload is
happened in lines of 9-11 and 12-13. Also when they want
to produce their allocated SR, overload is happened in
lines of 12-15, 15-18 and 15-23 as well. By comparing
Table 8 and 9, it 15 observed that this problem 1s solved by
using the proposed T method even having transmission
line limits.

Total costs of energy production and SR
procurement in 24 h 1s 113396.56 § when transmission
limits are neglected and it is 11482511 § when
transmission limits are considered. Tt is seen that when
transmission limits are considered, total costs 15 imncreased
in about 1.26%. On the other hand, because of
transmission limit it is impossible for the cheap generators
(E and F) to use their maximum capacity for energy
generation and SR procurement. Therefore, we must
allocate more energy to the expensive generators in order
to satisfy demand in all hours.
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Table 8: DC power flow results for 19 h considering energy and SR pattern Table 9: Contimied

via JD method without transmission limit B P pos
— 3 ij a
B - pu
K 5 K From bus Tobus [ (V) (VW)
From bus Tobus (MW) (MW) (MW) 14 15 16 3.0445 4.0014
1 3 130 28.4825 30.1939 16 17 16 5.5705 8.3353
2 4 85 15.0719 17.5216 15 18 16 11.8515 14.2412
3 4 130 23.0850 24.2567 18 19 16 4.6760 6.3182
z 3 130 48.7851 51.7309 19 20 32 -16.5965 -17.0516
2 6 63 17.5483 20.5773 10 20 32 21.5495 22.4999
4 6 0 11.4930 14.1135 10 17 32 14.6225 13.8770
3 7 50 -12.0639 -10.2001 10 21 60 37.0543 40.9186
g ; gg ggég;‘z‘ 23-332;‘ 10 22 32 18.1702 20.0916
6 9 P -13.0726 -10.5675 21 22 32 -2.1887 -2.2487
p 10 1 124275 11,2695 15 23 16 10.7692 13.5735
9 11 90 0981162 -100.0000 ;g ;j ié 1;?2;3 12'22(2::
9 10 95 85.0435 80.4325 ’ ’
4 12 &5 9 6450 3 9450 24 25 16 0.0806 2.0794
12 13 95 -05.3783 -110.0000 3 26 16 78740 8.6614
12 14 32 18.4307 20.66%9 25 27 16 7934 -6.3820
12 15 44 43.0074 48.7876 28 27 65 36.9399 38.6432
12 16 32 18.4137 21.8978 27 29 16 13.6024 14.9627
14 15 15 15042 52717 27 30 32 15.5441 17.0985
16 17 16 10.5397 13.2364 28 30 16 8.2049 .0254
15 18 16 14.5547 16.9724 8 28 130 18.1453 17.5486
18 19 16 7.3792 9.0794 3] 28 32 18.7946 21.0945
19 20 32 -13.8933 -14.3204
10 20 32 18.8463 19.7687
10 17 32 9.6533 8.9759 CONCLUSION
10 21 a0 37.4945 40.6941
;(1) ;g g% I?iigg lg'ii;g Tn this study, two general methods for energy and SR
15 23 16 14.7154 17.0003 dispatch are presented. It is shown that SD method 1s not
22 24 32 16.7109 17.4709 a proper technique for energy and SR dispatch because of
23 24 16 7.5399 9.1072 -
) 35 16 47563 S 1342 two fundajmenFaI problems .mlght be. encountc.ared.
25 26 16 7.8740 8.6614 Therefore, m this study a new joint algorithm associated
;g ;; ég sgéég 32;2;3 with a GA-based technique is proposed for energy and SR
27 29 16 13 6024 14 9627 joint dispatch, while transmission line limit is considered.
27 30 32 15.5441 17.0985 The results of applying the proposed method for
29 30 15 8.2049 9.0254 : :
5 28 130 15,5499 16.9125 scheduling a 6 UIll.t shgw that thf: proppsed method can
6 28 32 16.7143 18.6458 offer a better solution in comparison with the sequential

dispatch method. It 1s also shown that the proposed
Table 9: DC power flow results for 19 h considering energy and SR pattern

via ID method with transmission limit method can prevent happening the bottling of reserve

5 P P problem and overload in the lines properly. Significant

i 1 i
Frombus  Tobus W) (VW) W) simulation results presents the effectiveness of the
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1 3 130 39.0708 39,3999 ‘s :
s 4 65 20,0574 313333 electricity environment.
3 4 130 33,6733 334626
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