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Abstract

In the deregulated electricity market, secure operation is an enduring concern of the independent system operator (1SO).
For a secure and economical hourly generation schedule of the day ahead market, ISO executes the security constrained
unit commitment (SCUC) problem. In this paper, a new formulation of SCUC problem, considering more practical
constraints are presented. The proposed SCUC formulation includes constraints, such as hourly power demand, system
reserves, ramp up/down limits, minimum ON/OFF duration limits. Unlike the traditional SCUC techniques the proposed
method solves the Security Constrained Economic Dispatch (SCED) from the UC. To solve such SCUC model, a hybrid
solution method consists of an enhanced inherited genetic algorithm (EIGA) is used for unit commitment master problem
and Lambda relaxation method is used for the economic dispatch sub-problem. The message passing interface (MPI)
based technique is used to implement the hybrid EIGA in distributed memory model. The time complexity and the solution
quality with respect to the number of processors in a cluster are thoroughly analyzed. The effectiveness of the proposed
method to solve the SCUC problem is shown on different test systems.
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1 Introduction

Unit commitment (UC) plays a major role in the daily operation planning of power systems. System operators need to
perform many UC studies, in order to economically assess the spinning reserve capacity required to operate the system as
secure as possible. The objective of the UC problem is the minimization of the total operating cost of the generating units
during the scheduling horizon, subject to system and unit constraints. The solution of the above problem is a very
complicated procedure, since it implies the simultaneous solution of two sub problems: the mixed-integer nonlinear
programming problem of determining the ON/OFF state of the generating units for every hour of the dispatch period and
the quadratic programming problem of dispatching the forecasted load among them. However, the UC schedules are
always unfeasible because of the network security constraints, such as the available of transmission capacity, are not taken
into account in the traditional UC problems. Therefore the security constrained unit commitment (SCUC), which actually
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can provide a financially viable UC, that is physically feasible, is considered to be one of the best available options in
power system operation 2.

The security analysis of the power system is the process of finding whether the existing system is in secure state or not.
When the load is satisfied and no violations in the limits due to uncertainties, then the system is in the secure state. If the
limits are violated or the loads are not meeting the demands then the system is in insecure state.

Power system security problems are classified as static and dynamic ©!. Evaluating the power system problem without
considering the transient and time dependent variations is termed as static security problem. There are so many methods
are executed to solve static problems. The dynamic problems are solved by the methods like priority list method ™,
dynamic programming methods © ©, branch and bound methods, Benders partitioning methods and Lagrangian relaxation
(LR) methods [, The LR approaches are characterized by their ability to handle various constraints and to estimate the
optimality of the solution in practical applications. The Lagrangian dual function is formed by adjoining a set of coupling
constraints to the unit commitment primal objective function via Lagrange multipliers. The dual problem is decoupled into
unit based sub-problems which are easier to solve. Due to the non convexity of the resource scheduling problem,
difficulties were reported in obtaining a feasible solution. This paper solves the SCUC problem with line flow constraints
through effective application of parallel hybrid EIGA in a distributed cluster. The constraints such as minimum up/down
time, ramp up/down constraints, system transmission losses, and power balance equation as an equality constraint, limits
on the active power generations of the units and limits on the currents in different lines as the inequality constraints are
considered. The performance of the parallel hybrid EIGA in terms of solution quality is compared with that of other
algorithms reported in literature.

This paper is organized as follows: Section 2 gives the problem formulation. Setting up of distributed cluster model is

presented in section 3. The theory of enhanced inherited GA is presented in section 4. The simulation results are discussed
in section 5 and the conclusion is in Section 6.

2 Problem formulation

The objective of SCUC is minimizing the fuel cost simultaneously satisfying equality and inequality constraints with
security and transmission network constraints. The objective function of the SCUC can be formulated as follows:

Minimize
TN . .
tZl_Zl [Fi (Piy) ™ Lty +SUG * (o) * Q=1 t—n)) + SDj * (L= 15 )] @
=1li=

where i- unit index (generator i=1..N), N- number of units, t- hour index (t=1...T), R y)-active power output of unit i at

time t (MW), 1; 1) - commitment state of unit i at time t (1=ON and 0=OFF), SU ,t : SDit are the startup cost and shut down

cost of unit i at time t, respectively.
Fi(Piy) =a+b*Pgy+c*Pdy )
where, F; (P 1)) - Fuel cost function of ith unit ($/h),a ,band c are the fuel cost co-efficients.

Subject to the following constraints:
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2.1 System constraints
Power balance constraints

N
PGi,t - PDi,l :Vi,t _Zlvj'yt (G” cos 9,1 + B” sin g']) le NBfl (3)
j=
O =V YV (Gesin 6 — B cosd) i (4)
Qait — Qpit =Vigt Zlvj,t (Glj sin glj Blj cos glj) ieN PQ
j=

where, Fg;t,Qgi ¢ - The active and reactive power generation at bus i at time t, respectively. Pp;,Qp; ¢ - The active and

reactive power demand at bus i at time t, respectively. G;j;, Bj; - Conductance and susceptance between bus i and bus j,

respectively. V;  -Voltage magnitude of bus i at time t (pu). Ng-Number of busses Ng_; - Number of busses excluding
slack bus, Npg - Number of PQ buses. For this problem the full Newton-Raphson method is used for solving the AC

power flow equations.

Spinning reserve constraints
N
.Zl(ﬁ,max*l(i,t))z Load;, k €[L,T] (5)
1=

Where, t is the time index and T is the total number of hour.
2.2 Unit constraints

2.2.1 Minimum up and down time constraints
A unit must be ON/OFF for a minimum period before it can be shut off or brought online respectively.

[X (it =1) =T (@] *[1it-1) — 1i,n1=0 (6)
XM t-1) =T @ *[y — ey 2 0 @
where XO”(ix)XOﬁ(i,t) - ON and OFF duration of unit i at time t, respectively. T°" (i),TO"f (i) - Minimum up (MUT) and
down (MDT) time of unit i, respectively.
2.2.2 Unit ramp constraints
Ramp rate limits reflect the time it takes to turn the generators on/off, while uptime and downtime constraints ensure that

once a generator is up/down, it stays at that state for at least a given length of time.

Pa.ty = Pit-1) < UR (i) (8)

IN

Pa.t-1) — P¢ity < DR (i) 9)

where, UR(j) - Ramp-up rate limit of ith generator unit, pr()- Ramp-down rate limit of ith generator unit.

Security constraints
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Vi <y < vme ieNg 4 (10)
BF,|< BF™ ie N, (11)

where, V™" ;™ _ Minimum and maximum voltage magnitude limit at bus i (pu), respectively. BF; ¢ -Power flow

through branch i at time t (MVA). BF;"® - Maximum flow limits for branch i (MVVA). These security constraints are
related to steady state conditions and it should be considered in the post-contingency states.

Reactive power generation limits

Q4™ < Qgip < QT (12)

where Q&", Q& -Minimum and maximum reactive power generation limit for unit i, respectively.

3 Parallel clustering environment

In clusters, powerful low cost workstations and/or PCs are linked through fast communication interfaces to achieve high
performance parallel computing. Workstation clusters have become an increasingly popular alternative to traditional
parallel supercomputers for many workloads requiring high performance computing. The use of parallel computing for
scientific simulations has increased tremendously in the last ten years, and parallel implementations of scientific
simulation codes are now in widespread use ™!, There are two dominant parallel hardware/software architectures in use
today are Distributed memory, and Shared memory. In shared memory systems, parallel processing occurs through the use
of shared data structures, or through emulation of message passing semantics in software. Distributed memory systems are
composed of a number of interconnected computational nodes, which do not share memory, but can communicate with
each other through a high-performance ether net switch (HPES) as shown in Figure 1. Parallelism is achieved on
distributed memory systems with multiple copies of the parallel program running on different nodes, sending messages to
each other to coordinate computations. The cluster should perform as a parallel computing resource, achieving higher
performance than possible using workstations configured in a more standard way. The nodes in the cluster are always used
in groups, not individually as in a general purpose workstation laboratory.

Wiz El, .“"-lflg_' Wi E_l' Wig \E_" Wig \EJ,
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Figure 1. Distributed cluster of workstations (20 Nodes)
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Speedup factor and efficiency

To evaluate the parallel performance of the parallel hybrid EIGA, the speedup factor SWh and efficiency EWh of the
cluster ! is calculated as follows;

SW,, =W, /Wy, (13)
EW, = SW, /W, (14)

where W, and W, are the execution time of single processor and cluster respectively.

4 Overview of genetic algorithm

GA is general purpose optimization algorithm based on the mechanics of natural selection and genetics *>*"). They operate
on string structures (chromosomes), typically a concatenated list of binary digits representing a coding of the control
parameters (phenotype) of a given problem. Chromosomes themselves are composed of genes. The criterion which
evaluates the quality of each chromosome is given by the Fitness corresponding to the evaluation of each individual for the
objective function. Once the fitness of each of the individuals in the population is known, it is subjected to a Selection
process in which the best evaluated individuals have a greater probability of being chosen as Parents for the exchange of
genetic information called Crossover. Then a percentage of the Offspring's (individuals generated in the crossover) are
subjected to the Mutation process in which a random change is generated in the chromosome. This mutation process
provides greater diversity between the individuals in the population. When the crossover and mutation processes are
complete a new population is generated which replaces the original population. This must be repeated until one of the
convergence criteria defined for the problem is met. Each of these cycles is known as a Generation.

4.1 Enhanced inherited crossover operation

Crossover is an extremely important operator for the GA. It is responsible for the structure recombination (information
exchange between mating chromosomes) and the convergence seed of the GA and is usually applied with high probability
(0.6-0.9). The chromosomes of the two parents selected are combined to form new chromosomes that inherit segments of
information stored in parent chromosomes.

Chromosomes Chromosomes after crossover operation

| #3 f“}_._:l ,
-

' - =g
i o »

Figure 2. Traditional crossover operation

Traditionally, in GA a linear crossover is performed on the two chromosome represented as a string, as shown in Fig.2.
Here a chromosome 1 is combined with chromosome 2 of randomly selected chromosomes and two new chromosomes are
formed from the information stored in parent chromosomes. Similar new chromosomes are formed between 3 and 4 and so
on. Here chance of inheriting information from parent chromosomes is less, since there may be chance to inherit more
information while combining the chromosomes 2 and 3 instead of chromosomes 1 and 2. In order to avoid this
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disadvantage, an enhanced inherited crossover operation is carried to transfer more information from parent to

chromosomes 181,

Chromosomes after crossover operation
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Figure 3. Enhanced inherited crossover operation
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Figure 3 clearly shows the enhanced inherited crossover operation. At the end of the enhanced crossover operation, the
number of population in GA is doubled, thereby the proposed enhanced inherited crossover operation inheriting more
operation from the parent chromosomes. Then a percentage of the offspring (individuals generated in the crossover) are
subjected to the Mutation process in which a random change is generated in the chromosome. This mutation process is
carried for 2p size population and provides greater diversity between the individuals in the population when compared to
simple genetic algorithm.

When the crossover and mutation processes are complete, for new 2p size population, the fitness is evaluated for each
individual for the objective function. Once the fitness of each of the individuals in the population is evaluated, then
individuals are arranged in descending based on the fitness values. Then first p population is picked up for the next
generation and process is repeated until it termination criteria is met. Here p is a population size. The flow of algorithm
is shown in Figure 4.

The total population is shared among all slaves by using population sharing policy (PSP).

4.2 Population sharing policy

The master node decides the sharing of population by PSP. The population allocated in a slave processors or workers is
given by

PoPpe = {x, if Npop divisi-ble by Wi, N _
(x + 1) for the first hx slavesand x for the remaining, Otherwise (17)
Where
x=floor (N pop /W) (18)
hX = N pop —(X*Wp,) (19)

The master node allocates (x+1) population to the first hx slaves in the w, cluster w,..wy,...w,)and x population to the

remaining slaves w,,,;..w;) -

5 Results and discussions

Simulations are carried out on a standard benchmark 6 bus system with 3 generators and a modified IEEE 30 bus system
with 9 generators. All simulations are performed using a 20 node cluster on the MATLAB 7.5 environment. The cluster
contains each computer nodes with Pentium(R) 3.40 GHz, 1GB RAM system.

5.1 Case 1: Standard 6 bus System

The proposed method has been applied to standard 6 bus system with 3 generators and 5 transmission lines and two tap
changing transformers. The data is taken from the references ' *°, The test system is validated for the traditional unit
commitment and security constrained unit commitment. The problem has been solved at two phases, the UC has been
solved by the parallel EIGA method as the maser problem and the economic dispatch with security constrained
sub-problem by Lambda iterative method. The parameter settings for the EIGA as population= 50; crossover=0.8,
mutation=0.04 and maximum number of iterations is 100. The parameters are fixed by the trial and error method.
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The results obtained are compared with the existing literature. In this case, the economical unit G1 is fully committed and
the expensive units G2 and G3 are not committed at certain hours in order to minimize the operating cost. The network
constraints are checked and the constraints maintained within the limits. The daily operating cost is $83406.08 for
traditional UC and a daily operating cost of $84262.80 for SCUC. In both cases the proposed parallel hybrid EIGA method
overcomes the available method which is in the literature. The dispatch schedule of the six bus system for traditional UC
and SCUC and its related costs are given in Table 1.

Table 1. Dispatch schedule of six bus system for traditional UC and SCUC

UC-six - bus SCUC-six-bus
Hour Gl G2  G3  FuelCost Start-up g::r'aﬂng Gl G2 G3  FuelCost Start-up g;?r'aﬁng

MW)  (MW)  (MW)  ($) Cot® oo MW MW Mw) Cot®  Conrs)
1 17869 10 0 305799 0 305799 16934 10 0 203050 0 293050
2 16845 0 0 246233 0 246233 169.09 O 0 247110 0 2471.10
3 16184 0 0 237222 0 237222 16243 0 0 238030 0 2380.30
4 15783 0 0 231757 0 231757 15839 0 0 232520 0 2325.20
5 15816 0 0 232207 0 232207 15872 0 0 232070 0 2329.70
6 16369 0 0 239743 0 239743 16429 0 0 240560 0 2405.60
7 17686 0 0 257702 0 257702 17756 0 0 258660 0 2586.60
8 19821 0 0 286845 0 286845 19909 O 0 288050 0 2880.50
9 199.67 1000 O 334439 200 354439 20054 1000 O 335630 200 3556.30
10 21354 1000 O 353393 0 353393 20444 1000 1000 372310 0 3723.10
11 21318 1000 1000 384250 O 3842.5 21372 1044 1000 386430 0 3864.30
12 22000 1000 1080 394986 0 304086 21926 1000 1881 408090 0 4080.90
13 22000 1000 1703 405967 0 4050.67 22000 1050  17.58 408590 O 4085.90
14 22000 1000 1847 408507 O 408507 21961 1000  19.90 410500 0 4105.00
15 22000 1383 2000 423701 O 423701 21960 1562 2000 420000 0 4290.00
16 22000 3090 2000 479425 0 479425 21994 3200 2000 482940 0 4829.40
17 22000 5012 2000 542238 0 542238 21966 5150 2000 546290 0 5462.90
18 22000 1168 2000 416686 O 416686 21921 1350 2000 421540 0 4215.40
19 22000 1089 2000 414109 0 414109 21841 1350 2000 420450 0 420450
20 22000 1000 1210 397276 O 397276 21295 1000 2000 401570 0 4015.70
21 22000 1000 1205 397188 O 397188 21959 1000 1350 402930 0 4029.30
22 22000 1168 0 3677.06 0 367706 21174 1000  10.89 383500 0 3835.00
23 19807 0 0 286653 0 286653 19895 O 0 287860 0 2878.60
24 19069 0 0 276576 0 276576 19151 O 0 277700 0 2777.00
Total Cost 83406.08 Total Cost 84262.80

From the Table 1 itself it is understood that the UC schedule is not a feasible one for the practical operations. At hour 10
the line flow limit of line 1-4 is 100 MW only. It is violated in the UC schedule meanwhile it is corrected in the SCUC
schedule by scheduling the third generator into ON condition. In this method all the voltage limits of the busses are
generated and maintain between the ranges of 0.95 to 1.1. So the voltage violations are controlled. Table 2 shows the
superiority of the proposed hybrid EIGA method with the other method, which is available in the literature.

Table 2. Comparison of results for six bus system

Problem Method Operating cost
e spp 83429.10

Parallel Hybrid EIGA 83406.08

SDp i 84268.70
SCuC .

Parallel Hybrid EIGA 84262.80
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Even though the proposed hybrid model produces better results than the existing method, more execution time is required
for simulation. In order to reduce the execution time the hybrid model is validated in a distributed cluster model with
varying cluster sizes. It shows a tremendous reduction of computation time in the simulation.

Table 3 shows the execution time, speedup factor and cluster efficiencies achieved by the different cluster sizes for UC.
When the cluster size increases the speedup factor also increases. i.e., performance of the cluster will increase. The time
taken for sequential execution of the six bus 3 unit system is 128.42 sec and it has been remarkably reduced to 13.77 sec,
when it is executed by a 20 node cluster.

Table 3. Comparison of execution time, speedup factor and cluster efficiencies of six bus system for UC

No of Processors 1 2 4 6 8 10 12 14 16 18 20
Execution time (s) 128.42 81.52 50.99 3742 2826 2348 20.32 1797 15.86 1452 13.77
Speedup factor -- 1.57 2.51 3.42 4,53 5.45 6.31 7.13 8.07 8.81 9.29

Cluster efficiency

%) -- 78.5 62.75 57 56.62 54.5 52.58 50.92 50.43 48.94 46.45

Table 4 shows the execution time, speedup factor and cluster efficiencies achieved by the different cluster sizes for SCUC.
When the cluster size increases the speedup factor also increases. i.e., performance of the cluster will increase. The time
taken for sequential execution of the six bus system with 3 generators for SCUC is 1068.24 sec and it has been remarkably
reduced to 118.42 sec, when it is executed by a 20 node cluster.

Table 4. Comparison of execution time, speedup factor and cluster efficiencies of six bus system for SCUC

No of Processors 1 2 4 6 8 10 12 14 16 18 20
Execution time (s) 1068.24 69351 42891 31319 23839  199.62  170.61  151.92 13657  124.04 118.42
Speedup factor -- 1.54 2.49 341 4.48 5.35 6.26 7.03 7.82 8.68 9.02
Cluster efficiency (%)  -- 77 62.25 56.83 56 53.5 52.26 50.21 48.87 48.22 45.1

5.2 Case 2: IEEE 30 bus System

The proposed method has been applied to modified IEEE 30 bus system with 9 generators and 41 transmission lines. The
data is taken from the reference ?°!. The test system is validated for security constrained unit commitment. The parameter
settings for the Case 1 are extended for this test system also.

The result obtained is compared with the existing literature. In this case, the economical units G4, G5, G6 and G7 are fully
committed and the expensive units G8 and G9 are partially committed. Meanwhile the high expensive units G1, G2 and
G3 are fully neglected to perform the economic operation. The network constraints are checked and the constraints are
maintained within the limits. The daily operating cost of $151128.30 for SCUC by the proposed hybrid EIGA model. In
this case the proposed parallel hybrid EIGA method overcomes the available method, which is available in the literature.
Ali Daneshi and et al. ®@ proposed a SCUC method in their Integration of Wind power and Energy Storage in SCUC
problem paper and they recorded the operation cost as $151,119.09. Meanwhile the SCUC problem solved using parallel
hybrid EIGA method obtain a lesser operating cost of $151,113.20. The dispatch schedule of the 30 bus system for SCUC
and its related costs are given in Table 5.

Table 6 shows the execution time, speedup factor and cluster efficiencies achieved by the different cluster sizes for SCUC.
When the cluster size increases the speedup factor also increases. i.e., performance of the cluster will increase, the time
taken for sequential execution of the 30 bus 9 unit systems is 1562.34 sec and it has been remarkably reduced to 141.74
sec, when it is executed by a 20 node cluster.
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Table 5. Dispatch schedule of IEEE 30 bus system for SCUC

Hour Dispatched Power in MW Fuel Cost Startup  Total
Gl G2 G3 G4 G5 G6 G7 G8 G9 $) Cost Operating Cost
(%) (%)

1 0 0 0 6040 50 50  100.00 0 60.00  5486.00 100 5586.00
2 0 0 0 5500 50 50 95.30 0 60.00  5329.90 0 5329.90
3 0 0 0 55.00 50 50 88.91 0 58.30 5223.60 0 5223.60
4 0 0 0 55.00 50 50 89.20 0 60.00 5259.50 0 5259.50

5 0 0 0 63.40 50 50 100.00 0 60.00 5542.50 0 5542.50

6 0 0 0 76.40 50 50 100.00 10.00 60.00 6270.30 95 6365.30

7 0 0 0 5760 50 50  100.00 4570  60.00 6625.20 0 6625.20
8 0 0 0 63.40 50 50  100.00 50.00 60.00 6821.80 0 6821.80

9 0 0 0 69.40 50 50  100.00 50.00 60.00 6935.20 0 6935.20
10 0 0 0 7640 50 50  100.00 50.00 60.00 7068.10 0 7068.10
11 0 0 0 71.40 50 50 100.00 50.00 60.00 6973.10 0 6973.10
12 0 0 0 67.40 50 50 100.00 50.00 60.00 6897.30 0 6897.30
13 0 0 0 59.40 50 50 100.00 50.00 60.00 6746.40 0 6746.40
14 0 0 0 56.00 50 50 100.00 42.30 60.00 6526.30 0 6526.30
15 0 0 0 56.60 50 50  100.00 37.70  60.00  6444.90 0 6444.90
16 0 0 0 56.60 50 50  100.00 3470  60.00 6384.60 0 6384.60
17 0 0 0 56.60 50 50  100.00 39.70 60.00  6485.10 0 6485.10
18 0 0 0 5760 50 50  100.00 46.70  60.00  6645.40 0 6645.40
19 0 0 0 69.70 50 50 100.00 43.70 60.00 6813.10 0 6813.10
20 0 0 0 60.00 50 50  100.00 39.30 60.00 6541.00 0 65410

21 0 0 0 56.00 50 50 100.00 31.30 60.00 6305.40 0 6305.40
22 0 0 0 80.00 50 50 100.00 48.40 10.00 6164.30 0 6164.30
23 0 0 0 78.40 50 50 100.00 50 0 5752.70 0 5752.70
24 0 0 0 74.40 50 50 100.00 50 0 5676.50 0 5676.5.00
Total Fuel Cost ($) 150918.20 195 151113.20

Table 6. Comparison of execution time, speedup factor and cluster efficiencies of IEEE 30 bus system for SCUC

No of Processors 1 2 4 6 8 10 12 14 16 18 20
Execution time (s) 1562.34 929.76  551.94 394.44 300.38 251.52 213.67 190.48 169.04 15343 141.74
Speedup factor - 1.68 2.83 3.96 5.2 6.21 7.31 8.2 9.24 10.18 11.02
Cluster efficiency (%)  -- 84 70.75 66 65 62.1 60.91 58.57 57.75 56.55 55.11

6 Conclusion

This paper presents a parallel hybrid EIGA algorithm for security constraint unit commitment using distributed memory
model. The constraints minimum up/down, ramp up/down, line flows and bus voltages are considered for simulation. The
proposed approach utilizes the global and local exploration capabilities of parallel hybrid EIGA to search for the optimal
setting of the state variables by considering security constraints into account. Two test systems (Standard 6 bus system and
IEEE 30 bus system) are used for testing the superiority of the proposed method. The method has been shows better results
than the other methods, which are available in the literature. The performance analysis is carried out based on the speedup
factor with varying cluster sizes. The parallel approach is not only reduced the execution time but also improved the
quality of solution. To economies the optimum use of available personal computers or workstations, distributed clusters
are found to be an alternative viable option.
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