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Due to the usage of high voltage direct current (HVDC) transmission links extensively in recent years, it
requires more studies in this issue. Two-terminal HVDC transmission link is one of most important ele-
ments in electrical power systems. Generally, the representation of HVDC link is simplified for optimal
reactive power flow (ORPF) studies in power systems. ORPF problem of purely AC power systems is
defined as minimization of power loss under equality and inequality constraints. Hence, ORPF problem
of integrated AC-DC power systems is extended to incorporate HVDC links taking into consideration
power transfer control characteristics. In this paper, this problem is solved by genetic algorithm (GA) that
is an evolutionary-based heuristic algorithm for the first time. The proposed method is tested on the
modified IEEE 14-bus test system, the modified IEEE 30-bus test system, and the modified New England
39-bus test system. The validity, the efficiency, and effectiveness of the proposed method are shown by
comparing the obtained results with that reported in literature. Thus, the impact of DC transmission links
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on the whole power systems is shown.
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1. Introduction

ORPF is an energy system problem that the scientists try to
solve for a long time [1-5]. The problem is minimization of the
power loss in an energy network. In other words, the aim is mini-
mization of objective function which is power loss in an energy
system. At the same time, the objective function of whole system
is minimized under equality and inequality constraints. The equal-
ity and inequality constraints in purely AC system are power
equalities defined for all the buses and physical constraints of
the energy system, respectively. All the constraints have been to
be satisfied while the power loss of whole the system is being
minimized.

The scientists have used many different methods for solving
ORPF problem of purely AC power systems [1-13]. These methods
are numerical and heuristic methods. According to the results re-
ported in literature, it can be seen that heuristic methods are supe-
rior from the numerical methods [4-13]. One important advantage
of heuristic methods is that they convergence to the optimum
solution in shorter time than others and without reaching local
minimums.
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Because of the energy consumption increasing rapidly in recent
years, it is required to increase the power generation capacity. This
causes to over load the transmission lines. Thus, even small pertur-
bations can cause a part of the energy system to leave the synchro-
nization even if it is subjected to the small perturbations. It is
needed to reschedule energy systems to avoid such undesirable sit-
uations like these and to maintain the continuity of the operating.
So in recent years, the power system planners try to reschedule the
energy systems to transfer the power through HVDC links in recent
years. There are many advantages of the power transmission
through HVDC links. For examples, reactive power is not trans-
ferred through HVDC links and energy loss of HVDC links is lesser
than long AC system transmission lines. Additionally, the instanta-
neous power in neighboring AC systems can be controlled by HVDC
links. Furthermore, HVDC links is used to stabilize electric power
systems [14]. Recently, many researches are performed on realiza-
tion of HVDC models for power flows studies [15-19]. The formu-
lation for the basic model of two-terminal HVDC link is given in
Ref. [20].

In ORPF problem of the integrated AC-DC power systems, DC
link constraints are included in the problem. In the literature, there
are two basic approaches for solving the power flow equations. The
first is the sequential approach [19,21,22]. In this method, AC and
DC equations are solved separately by successive iterations.
Although the implementation of the sequential method is simple,
it has convergence problems associated with certain situations.
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Furthermore the state vector does not contain explicitly DC vari-
ables. The second approach is known as the unified approach
[23]. In this study, the first method is used.

GA is a heuristic algorithm based on native selection. The basic
logic of this algorithm is based on the living of strong individuals in
nature and the dying of others. This algorithm consists of stages as
initial population, fitness scaling, selection, crossover, mutation
and stopping. GA has been used successfully for solution of the
engineering problem for a long time [24-29]. In this paper, GA is
used for solution of ORPF problem in integrated AC-DC power sys-
tems for the first time.

After this introduction, the modeling of DC transmission link is
represented in Section 2. The methodology of GA is explained in
Section 3. GA based optimal reactive power flow solution of HVDC
systems is explained in Section 4. In order to demonstrate validity,
efficiency and effectiveness of the proposed method, simulation re-
sults of the modified IEEE 14-bus test system, the modified IEEE
30-bus test system and the modified New England 39-bus test sys-
tem are given and the obtained results are extensively evaluated
and compared to that reported in the literature in section 5. Finally,
the conclusions are discussed in section 6.

2. The modeling of DC transmission link

Before analyzing DC transmission system, it is necessary to
model DC transmission link and the converters. The modeling is
made based on accepted assumptions in the literature. The
assumptions are as follows [23]:

e The main harmonic values of current and voltage in AC system
is balanced.

e The other harmonics except the main harmonic are ignored.

e The ripples in the form of DC current and voltages are ignored.

e The thyristors used in the converters are accepted as ideal
switch and it is supposed to be short circuit in the direction of
transmission and open circuit in the direction of plugging.

e No load current of the converter transformers and the losses are
ignored.

An AC bus having generators, AC lines, shunt compensators and
converters is represented in Fig. 1[30]. The active and reactive
power equalities at such a bus are given by Egs. (1) and (2).

Dgk = Pic + Par + Pk (1)

Qg + Ask = Qi + qar + i 2)

where pg is the active power generation of the kth bus; py the ac-
tive load of the kth bus; pg. the active power transferred to dc line

v, 20,

Pt 4,
—>

from the kth bus; p; the active power transferred to ac line from the

kth bus; qg the reactive power generation of the kth bus; gy the

reactive load of the kth bus; qg, the reactive power absorbed by

the converter in the kth bus; g, the reactive power transferred to

ac line from the kth bus; gg, the shunt compensator in the kth bus.
For rectifier bus,

Pax = P 3)
Qax = qr (4)
For inverter bus,

DPak = —Di (3)
Qak = 4; (6)

A basic schematic diagram of a two-terminal HVDC transmission

link interconnecting buses “r” (rectifier) and “i” (inverter) is illus-

trated in Fig. 2. The basic converter equations describing the rela-

tionship between AC and DC variables were expressed in Ref. [31].
The variables shown in Fig. 2 are defined as follows:

v, is the primary line-to-line ac voltage (rms) of the rectifier
side.

V; the primary line-to-line ac voltage (rms) of the inverter side.
¢, the phase angle of the rectifier side.

¢; the phase angle of the inverter side.

i ac current of the rectifier side.

i; ac current of the inverter side.

vy, the rectifier side voltage of DC link.

vy the inverter side voltage of DC link.

iy the direct current.

t the transformer tap ratio.

2.1. The equations for rectifier side of DC transmission link

The equations related to the rectifier operation of a converter
can be expressed as follows:

Vaor = Kty vy (7)

Var = Vgor COS 0L — T'erlg (8)

where vy, is the ideal no-load direct voltage, k = 3v2/7 and « is
the ignition delay angle; r. the so called equivalent commutating
resistance, which accounts for the voltage drop due to commutation
overlap and is proportional to the commutation reactance,
e = V3X, /7. The active power for the rectifier side is determined
by:

O=T—
Do T J4 g _l Pa T 749

jq‘vk
Pu+Jqx

Pr = Varla )
outgoing
ac lines
/ outgoing
dc lines

Fig. 1. The representation of the ac bus which is connected dc transmission link [30].
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Fig. 2. A basic schematic diagram of a two-terminal HVDC transmission link [31].
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Fig. 3. The equivalent circuit of a two-terminal HVDC link [32].
Table 1
Cases with respect to the population sizes. l
Cases 1 2 3 4 5
Initial population 10 20 30 40 50 Generate initial
Crossover 5 10 15 20 25 population
Mutation 1 2 3 4 5
Cases 6 7 8 9 10
Initial population 60 70 80 920 100
Crossover 30 35 40 45 50 I
Mutation 6 7 8 9 10
GENERATE NEW
POPULATION
Since losses at the converter and transformer can be ignored (p, = - bEvatl_Iuatfe th?
Pac), the reactive power at the rectifier side is determined as | selection | objective function
follows:
| crossover |
a, = ‘prtan(i)r‘ (]O)
where ¢, is the phase angle between the AC voltage and the funda- | mutation ‘
mental AC current and is calculated by neglecting the commutation NO
overlap as follows: ‘ Optimization
_ criteria met
¢y = €05 (Var/Vaor) (11)
The equivalent circuit of a two-terminal HVDC link is shown in
Fig. 3[32] and the related relationships are given by Egs. (8), (13),
and (17).
Best individuals
2.2. The equations for inverter side of DC transmission link
The equations related to the inverter operation of a converter l
can be expressed as follows: Result
Vdoi = kf,'Vj (12)
. Fig. 4. The simple flow scheme of GA [35].
Vi = Vdoi COSY — Tilg (13)
where 7 is the extinction advance angle.
Pi = Vdila (14)
2.3. DC link equation
g; = |p;tang;| (15)

The relationship between the voltages of both sides of DC link
¢i = oS~ (Vai/ Vaoi) (16) voltages can be expressed by Eq. (17):



4 U. Kili¢ et al. /Electrical Power and Energy Systems 55 (2014) 1-12

Fig. 5. The modified IEEE 14-bus test system [36].

Table 2
DC link characteristics for the modified 14-bus test system.
Rectifier Inverter
Bus number 5 4
Commutation reactance (p.u.) 0.1260 0.07275
DC link resistance (p.u.) 0.00334

Table 3
Minimum, maximum, average fitness values and the computational times of the
modified IEEE 14-bus test system using GA for all the cases.

Cases Minimum fitness = Maximum fitness  Average fitness Time

value value value (s)
1 44413 50260.7 25132.57 13.66
2 3.8589 22681.4 11342.63 26.77
3 3.6099 4.4261 4.01800 37.43
4 3.6062 4.4092 4.00770 54.82
5 3.5476 41244 3.83600 67.65
6 3.5349 4.0601 3.79750 81.05
7 3.5045 4.0024 3.75345 94.72
8 3.4648 3.9056 3.68520 107.88
9 3.4631 3.8399 3.65150 121.54
10 3.4372 3.7769 3.60705 135.95
15 x 10* ‘ ‘ ‘ ‘ ‘ ‘
——Best — Worst —— Average
g
< 10 | R
>
2
£ D 1
ic
ol= ‘ ‘ ‘ ‘ ‘ ‘

10 20 30 40 50 60 70 80 90 100
Iteration number

Fig. 6. The fitness values variations of the best, the worst and average individuals
against iteration number of the modified IEEE 14-bus test system for the case 5.
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Fig. 7. The power loss variations of the best, the worst and average individuals
against iteration number of the modified IEEE 14-bus test system for the case 5.

Var = Vai + T'aclg (17)

where 14 is DC link resistance.

3. Illustration of GA

GA is heuristic algorithm based on natural selection. GA’s were
firstly utilized by Holland in 1975 for solving optimization prob-
lems [33]. The base logic of the algorithm is that gens of powerful
individuals are based to be carried over next generation and others
are based to be detached in next generation. In natural selection, a
human born, grows, and dies. These stages of human life corre-
spond to the different operators in the algorithm. GA operators re-
lated these stages can be explained as the following.

3.1. Initial population

Initial population is determined in two ways. One of them is to
form random individuals as initial population size within their lim-
its. The second way is to form initial population of the certain indi-
viduals. The fitness values of individuals within population are
obtained to be put in objective function the formed individuals.
The individual number within initial population is randomly deter-
mined by Eq. (18).

Wij = Wiinj + 1and(0, 1) x (Wmaxj — Wiminj) (18)

where the parameters Wpinj and Wpax;j show the minimum and
maximum of the variable w;.

3.2. Fitness scaling

The scaling stage is one of GA operators. The scaling prevents
algorithm to get stuck on a local point. There are different scaling
methods as rank scales, top scales, and shift linear scales. In this
study, the better individuals than individual having average fitness
value are selected and can be formulated as follows:

Table 4
Comparative DC system results obtained by GA and Ref. [36] of the modified IEEE 14-
bus test system for the case 5.

Variables Limits GA Ref. [36]
Low High
Dar 0.10 1.50 0.6125 0.5000
Ddi 0.10 1.50 0.6117 0.4995
Gar 0.05 0.75 0.2067 0.1626
qai 0.05 0.75 0.1950 0.1553
t 0.90 1.10 0.99 0.9722
ti 0.90 1.10 0.98 0.9605
o (°) 7.00 15.00 14.5947 10.0216
v (°) 10.00 20.00 14.9273 12.9585
Vdr 1.00 1.50 1.3080 1.3012
Ygi 1.00 1.50 1.3064 1.3000
ig 0.10 1.00 0.4683 0.3842
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Table 5
Limits on the variables and comparative AC system results obtained by GA and Ref.
[36] of the modified IEEE 14-bus test system for the case 5.

Variables (p.u.) Limits Results
Low High GA Ref. [36]
Pet 0.0000 3.3240 0.5458 -
Pe2 0.0000 2.0000 1.0803 -
Qg1 —0.1000 0.5000 0.0003 —0.0838
Qg —0.1000 0.5000 0.0548 —0.0981
qcs —0.1000 1.0000 0.17 0.2873
des —0.1000 1.0000 0.51 0.1815
qes —0.1000 0.8000 0.09 0.327
qeo 0.0000 0.2000 0.18 0.00
qcio 0.0000 0.2000 0.10 0.00
12 1.0000 1.1500 1.060 1.0707
12 1.0000 1.1500 1.056 1.0618
12 1.0000 1.1500 1.041 1.0747
Vs 0.9500 1.0500 1.036 1.0495
Us 0.9500 1.0500 1.036 1.0422
Vs 1.0000 1.1500 1.041 1.0620
124 0.9500 1.0500 1.030 1.0498
Vg 1.0000 1.1500 1.045 1.1021
123 0.9500 1.0500 1.045 1.0499
V1o 0.9500 1.0500 1.044 1.0447
V11 0.9500 1.0500 1.040 1.0500
V12 0.9500 1.0500 1.027 1.0470
V13 0.9500 1.0500 1.024 1.0427
V14 0.9500 1.0500 1.018 1.0286
t(5-6) 0.9000 1.1000 1.07 1.0015
t(4-7) 0.9000 1.1000 1.05 1.0546
t(4-9) 0.9000 1.1000 0.93 0.9162
Power loss (p.u.) 0.035476 0.0425
0.5
—Qr—Qi
0.4 1
5
5 03} g
(¢
0.2 -, \/ L e
0.1 L L L L L L L L L
10 20 30 40 50 60 70 80 90 100

Iteration number

Fig. 8. The reactive power variations at rectifier and inverter sides against iteration
number for the modified IEEE 14-bus test system.
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Fig. 9. Transformer tap ratio variations at rectifier and inverter sides against
iteration number for the modified IEEE 14-bus test system.
Ne
Z':1 i
Faue = Il\]—k (19)

where Fg., Ni, and F; represent the average fitness value within
population, the number of individuals within population, and the
fitness value of ith individual, respectively.

3.3. Selection

In this stage, the parents to be crossed for producing a child are
selected. There are different selection methods as stochastic uni-
form, remainder, uniform, shift linear, roulette and tournament.
In this study, the tournament method is preferred and can be for-
mulated as follows:

F;
ZJ['V:leJ'

where 7; represents the weight of ith individual within population.
Furthermore, the sum of the elective probabilities of all the individ-
uals within population is 1 as given by Eq. (21).

Nk
Z‘E,‘ =1
i=1

The twice individual of the children number determined in the
beginning of the algorithm is selected from individuals within pop-
ulation for crossover. The percentage distribution of the individuals
within population is proportional to its fitness value. The best indi-
viduals are shown by the high-level percentage distributions in rou-
lette selection. After all the individuals are shown as the percentage
distribution between 0 and 1, the roulette selection in the definite
number is performed. Thus, the individuals are selected for
Crossover.

Ti =

(20)

(21)

3.4. Crossover

In this stage, a child is produced to be crossed the parents. New
individuals same as the determined number are produced to be
used the crossing method with the scattered parameter from par-
ents selected via the tournament method explained in selection
stage.

The value of 1 and 0 as gen number of an individual is randomly
produced. If the value is 1, then gen is taken from mother, the value
is 0, then gen is taken from father and thus the child is produced.

Cross: 10110
Mother:abcde
Father: xyzuw
Child:aycdw

3.5. Mutation

In mutation stage, new individuals are produced to be changed
all or some gens of the selected individuals within population. The
number of individual undergo mutation has to be determined in
the beginning of the algorithm. The individuals undergo mutation
are reproduced to be formed all the gens of the selected individuals
within algorithm. Thus, new individuals as the number determined
by Eq. (18) are randomly produced.

3.6. The stopping criterion of algorithm

There are many criterions for stopping algorithm. Some of these
are the fitness value, time, and iteration number. In this study, iter-
ation number is preferred as the stopping criterion. More informa-
tion related to GA operators is available in Ref. [34]. Final
population is formed to be included the reproduced individuals
in stages above to initial population. After the individuals within
final population are classified according to fitness value, the indi-
vidual same as initial population is carried over the next iteration.
A simple flow scheme of GA is shown in Fig. 4 [35].
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Fig. 10. The modified IEEE 30-bus system [37].

modified IEEE 30-bus test system using GA for all the cases.

Cases Case A Case B Time (s)
Min. Max. Min. Max.
1 13.1991 9638.4 13.8739 98282 14.89
2 12.7144 8267.8 13.8671 48105 29.82
3 12.5840 1016.29 12.2364 34138 46.23
4 12.4832 197.680 12.1307 11216 62.40
5 12.4065 14.2020 12.0150 13.5989 74.86
6 12.1908 13.4281 11.6110 12.2419 89.47
7 12.1855 13.0647 11.5668 12.1656 107.84
8 11.9083 12.7198 11.5198 12.1189 119.85
9 11.7488 12.5078 11.4933 12.0325 134.50
10 11.7081 12.1332 11.4872 11.8849 153.78
4 x10*
—Best —Worst — Average
33 1
©
>
» 2 4
1%
1]
£ ]
£
0 . . . . . . . .
10 20 30 40 50 60 70 80 90 100

Fig. 11. For Case A, the fitness value variations of the best, the worst and average
individuals against iteration number of the modified IEEE 30-bus test system for the

case 5.

Iteration number

—Best —Worst — Average

Fitness value

0 L L n L L L
10 20 30 40 50 60 70 80 90 100

Iteration number

Fig. 12. For Case B, the fitness value variations of the best, the worst and average
individuals against iteration number of the modified IEEE 30-bus test system for the
case 5.
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Iteration number
Fig. 13. For Case A, the power loss variations of the best, the worst and average

individuals against iteration number of the modified IEEE 30-bus test system for the
case 5.

4. Optimizing reactive power flow of HVDC systems using GA

In order to solve ORPF problem of HVDC systems, we have to
determine the control and the variables. The control variables
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0.3 . . . . . . . . . Table 8
= —Best — Worst — Averag Limits on the variables and comparative AC system results obtained by GA and Ref.
g 025¢ 1 [37] of the modified IEEE 30-bus test system for the case 5.
12}
& o2} 1 Variables (p.u.)  Limits Case A Case B
% 045 Fj@[y@ ] low  High GA Ref. [37] GA Ref. [37]
&, ‘ ‘ ) ‘ ‘ ‘ ‘ ‘ ‘ Pt 000 3.602 1.6057 - 15897 -
) 10 20 30 40 5 60 70 80 90 100 Pg2 0.00 1.40 13552 - 13673 -
lteration number g1 -1.00 1.00 02951 —0.7280 0.1921 0.4065
g2 -0.40 0.50 0.2605 0.4890 0.2027 0.3101
Fig. 14. For Case B, the power loss variations of the best, the worst and average qes -040 040 034 03882 039 0.0362
individuals against iteration number of the modified IEEE 30-bus test system for the qes -0.10 040 032 03988 032 0.3343
case 5. et -0.06 024 008 0.2351 0.19 0.2311
qe13 -0.06 024 023 0.1438 0.3 0.0865
7 1.00 115 1.075 11114 1.063  1.0994
» 1.00 115 1.050  1.0883 1.041  1.0867
v 090 105 1.026 - 1.021 -
Table 7 U 090 105 1014 - 1.010 -
Comparative DC system results obtained by GA and Ref. [37]. Us 1.00 1.15 1.007 1.0708 1.006 1.0754
- . s 090 105 1003 - 1.002 -
Variables Limits Case A Case B o 090 1.05 0.997 _ 0.996 _
Low High GA Ref.[37] GA Ref. [37] v 1.00 115 1.001  1.0585 1.000  1.0679
090 105 1049 - 1.047 -
Par 0.10 1.50 02749  0.2502 02749  0.2503 :f’o 090 105 1019 1031
| X . . - X -
Pai 010 150 02719 - 02720 - - 100 115 1064 11159 1084  1.1064
Qar 0.05 0.75 0.0641  0.1000 0.0752  0.1002 ’ 090 105 1047 1045
12 . . . - X —
Gai 005 075 00664 - 00614 - 3 100 115 1077 10555 1079  1.0211
t, 1.00 1.10 1.00 1.0020 1.02 1.025 ’ 090 105 1044 - 1033 -
t 1.00 110 1.00 1.0034 1.00 1.020 o 090 105 1024 - 1028 -
o (°) 9.74 2291 125255 225630 149068  22.9125 v‘s 090 105 1027 - 1038 -
7 (°) 859 2291 13.8534  14.6276  12.1654  22.6833 v‘s 090 105 1017 1028
17 . B . - X -
Ugr 1.00 1.50 13786 - 13800 - e 090 105 1010 - 1017 -
Ui 1.00 1.50 13636 - 13651 - ’ 090 105 1004 1013
; 19 X . . - X -
ig 0.10 1.00 0.1994 0.1007 0.1992 0.3000 o 090 1.05 1.007 _ 1.017 _
1 090 105 1007 - 1.018 -
2 090 105 1008 - 1.019 -

. 3 090 105 1010 - 1.016 -
should be Fhe same as those of the problem to be optimized. The Von 090 105 1000 - 1009 -
control variables of the AC-DC system are: s 090 1.05 1.010 1.0049 1.020 0.9935
U= U1 2 e 090 105 0992 09823 1.002 09716

= [uac, nc] (22) Va7 090 105 1.025 1.0129 1.035  0.9940
thg 090 105 0997 - 0996 -
Uac = [Dg2,- -+ > Dang> Vets - - - VaNgs Gsts - 5 Qsngs L1, - - -5 ENp - (23) 9 090 1.05 1.005 09676  1.015  0.9502
50 090 105 0994 09714 1.004  0.9547
_ . 24 t(6-9) 090 1.10 092 1.0269  0.96 1.0001
upc = [Py, Pi> 4 Qi 1d] (24) {(6-10) 090 110 101 1.0000 093 1.0000
_ . . . t(4-12) 090 110 095 1.0000  0.95 1.0001
where pg; except the slack unit pgc is the generator active power 128-27) 090 110 094 10010 093 1.0380
outputs, 7,; the generator voltage, N, the number of generator Power loss (p.u.) 0.1240 02841 0.1201 02811
buses, Ns; the number of shunt compensators and Ny the number
of transformers, respectively.
The state variables of the AC-DC system are:
X = [Xac, Xpc] (25) 0 —Qr—Qi
= v v 26 — 015} i
Xac = [pgslack7qg17~~ . ﬁqugv .- INJ ( ) g_
g o1 ]
Xpc = [tr, i, 0, ), Var, Vail (27)
0.05 . . .

where pggqck is the slack bus active power output, gg; the reactive
power output, 7 the load bus voltage, N, the number of load buses,
respectively.

For updating active and reactive power at rectifier and inverter
bus, we use the following formulas:

For rectifier bus:

d
Piond = Proad + Pr (28)
update __
qload = Qioad + 9qr
For inverter bus:
update __
pload = Dioad — Pi (29)

update __
Qioad = Qioad + Gi

The fitness value for each individual is obtained by Eq. (30) as
follows:

10 20 30 40 50 60 70 80 90 100
Iteration number

Fig. 15. For Case A, the reactive power variations at rectifier and inverter sides
against iteration number for the modified IEEE 30-bus test system.

) Ng . Ny
Fi= KlpLoss + K2|pslack - p?lranck‘ + K3 § |qgi - q‘lglqm| + Ky E ‘vli
i=1

i=1
— VM| 4 K|t — ) K|ty — 6™ + K7l — "™ + Kg|y

1

_,Vlim|+K9‘vdr_vbi;"|+K10‘vdi—vbiim (30)

where plim, | glim, ylim, glim, glim glim olim ylm and ylim show the limits
of the related variables, respectively; K1, K>, K3, K4, Ks, Kg, K7, Kg, Ko,

and Ko are penalty weights of power loss, real power output of
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Fig. 16. For Case B, the reactive power variations at rectifier and inverter sides
against iteration number for the modified IEEE 30-bus test system.

1.18 T T T T —
—tr—ti
1141 ]

11 i

1.06 4
1.02 4
0.98 L L L L L L

10 20 30 40 50 60 70 80 90 100
Iteration number

Transformer tap ratio

Fig. 17. For Case A, transformer tap ratio variations at rectifier and inverter sides
against iteration number for the modified IEEE 30-bus test system.
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Fig. 18. For Case B, transformer tap ratio variations at rectifier and inverter sides
against iteration number for the modified IEEE 30-bus test system.

slack bus, reactive power outputs of generator buses, load bus volt-
age magnitudes, the effective transformer ratio’s of rectifier and in-
verter sides, the angles of rectifier and inverter sides, the direct
voltages of rectifier and inverter sides respectively. Note that the
value of penalty function grows with a quadratic form when the
constraints are violated and is O in the region where constraints
are not violated.

The power flow calculation for each individual in heuristic
methods is performed and a fitness value F; for each individual is
calculated to evaluate its quality as follows:

Step 1: Update pjoqaq and qpoqq at rectifier and inverter sides by
using Egs. (28) and (29)

Step 2: Run Newton-Raphson

Step 3: Calculate the values of t,, t;, &, ), Var, Vai

Step 4: Calculate the fitness value F; by using Eq. (30)

Ng N
DPioss = Zpgi - Zplj (31
i1 =

where pjoss represents the real power transmission line losses, pj;
represents the active load of jth bus.
The flowchart of genetic algorithm is defined as follows:

Step 1. Read system data and GA parameters.

Step 2. Generate initial population of n individuals via control
variable u.

Step 3. Calculate the fitness value F; of each chromosome in the
population.

Step 4. Create a new population by repeating the following steps
until the new population is completed.
Step 5. Select the parents by tournament selection.
Step 6. Crossover the parent chromosomes to form a new child
with scattered.
Step 7. Mutate new child with a mutation probability.
Step 8. Calculate the fitness F; of each new child.
Step 9. Include new child to the population.
Step 10. Classify the all individuals from minimum to maximum.
Step 11. Carry over the individual same as initial population to
the next iteration.
Step 12. If the stopping criterion is satisfied, stop algorithm and
show the best solution in current population else, go to
Step 4..

5. Application of GA on test systems and the simulation results

In this study, the proposed method is applied to four different
test systems those are the modified IEEE 14-bus test system, the
modified IEEE 30-bus test system and the modified New England
39-bus test system. The simulations are performed for different
population sizes given in Table 1. For these systems, minimum,
maximum, average fitness values and the computational times ob-
tained by GA are given in the bottom. It can be seen from results
that the optimum solution is not obtained by increasing the popu-
lation size and the computational times of the software increase as
the population size increases. The optimum solution is obtained by
trials. The crossover rate and the mutation rate inside of the algo-
rithm are taken into account as a constant such as the population
can be compared to other studies. These values are 50% and 10%,
respectively. Furthermore, the results obtained by the proposed
method are compared to those reported in literature. The proposed
algorithm is run on a computer with I3 CPU 2.4 GHz, 2 GB RAM. In
order to test the validity, the effectiveness, and the efficiency of the
proposed method, the test systems mentioned above are used. The
algorithm proposed in this study is developed via real GA codes
without using GA tool on Matlab.

In this study, the transformer tap ratios and the switchable
shunt capacitor/reactor banks are taken into consideration as dis-
crete variables. The transformer tap-step and the bank/unit capac-
ity-step are also selected as being 0.01 p.u.

5.1. The modified IEEE 14-bus test system

The modified IEEE 14-bus test system is shown in Fig. 5[36]. A
two-terminal HVDC link is included to between buses 4 and 5 in
the original IEEE 14-bus test system. This system has 20 ac trans-
mission lines, 2 generators, 3 transformers, 3 synchronous con-
densers and 2 switchable VAR compensators. The bus 4 is
selected as rectifier and then the bus 5 is selected as inverter bus.

The characteristics of DC transmission link are given in Table 2.

For all the cases, minimum, maximum, average fitness values
and the computational times obtained by GA for the modified IEEE
14-bus test system are given Table 3. Although the computational
times of the software are very low for the population sizes in cases
1, and 2 minimum, maximum and average fitness values are so
much and the variables exceed their limits. The variables do not
exceed their limits for the population sizes in cases 3-10. For these
cases, it can be seen from Table 3 that the computational times in-
crease considerably, as the average fitness values decrease from
case 3 to case 10. In order to show the superiority of the proposed
method, the population size which obtains better than solution re-
ported in literature is determined as best one. Therefore optimum
population size for this test system is taken into account as case 5.
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Fig. 19. The modified New England 39-bus system [38].

Table 9
Minimum, maximum, average fitness values and the computational times of the
modified New England 39-bus test system using GA for all the cases.

Cases Minimum fitness Maximum fitness  Average fitness  Time
value value value (s)
1 44.5042 513933.5 256989 253
2 40.8734 196732 98386.44 51.1
3 39.546 4665.05 2352.298 72.3
4 38.4446 1806.05 922.2473 99.6
5 37.1844 56.4434 46.8139 1214
6 36.1538 47.4554 41.8046 150.6
7 35.5116 46.1185 40.81505 178.9
8 35.4762 45.0288 40.2525 209.6
9 35.0795 43.6327 39.3561 229.8
10 34.8669 42.5273 38.6971 2504

For the case 5, the fitness values variations of the best, the worst
and average individuals against iteration number of the modified
IEEE 14-bus test system are shown in Fig. 6.

The power loss variations of the best, the worst and average
individuals against iteration number of the modified IEEE 14-bus
test system for the case 5 are shown in Fig. 7.

For the case 5, comparative DC system results obtained by GA
and Ref. [36] of the modified IEEE 14-bus test system are given
in Table 4.

Comparative AC system results obtained by GA and Ref. [36] of
the modified IEEE 14-bus test system for the case 5 are given in Ta-
ble 5. As can be evidently seen from Table 5, the power loss ob-
tained by GA is lesser than that reported in Ref. [36] by 16.32%.

The reactive power variations at rectifier and inverter sides
against iteration number for the modified IEEE 14-bus test system
are shown in Fig. 8.

10°
8l : ‘

— Best — Worst — Average

Fitness value
S
A

10 20 30 40 50 60 70 80 90
Iteration number

100

Fig. 20. The fitness values variations of the best, the worst and average individuals
against iteration number of the modified New England 39-bus test system for the
case 5.

Transformer tap ratio variations at rectifier and inverter sides
against iteration number for the modified IEEE 14-bus test system
are shown in Fig. 9.

Best — Worst — Averagé

Power loss (p.u.)

0.2 . . . . . . . . .
10 20 30 40 50 60 70 80 90

Iteration number

100

Fig. 21. The power loss variations of the best, the worst and average individuals
against iteration number of the modified New England 39-bus test system for the
case 5.
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Table 10
DC system results for the modified New England 39-bus test system.
Control Tap-  Active Reactive DC current
angles (°) ratio  power (p.u.) power (p.u.) (p.u.)
GA Rec. 9364390 0.93 0.910674 0.317602 0.757387
Inv. 10979469 0.94 0.908758 0.286124
—Qr—AQi
08 g
5
g 06F A
(¢}
04 1
0.2 . . . . . . .

10 20 30 40 50 60 70 80 90 100
Iteration number

Fig. 22. The reactive power variations at rectifier and inverter sides against
iteration number for the modified New England 39-bus test system.

5.2. The modified IEEE 30-bus test system

The data of the modified IEEE 30-bus test system is given in Ref.
[37]. The study is realized for different cases of the modified IEEE
30-bus test system. These are;

Table 11
AC system results for the modified New England 39-bus test system.

1.18
1.14

1.1
1.06
1.02
0.98
0.94

09 L L L L L L
10 20 30 40 50 60 70 80 90 100

Iteration number

Transformer tap ratio

Fig. 23. Transformer tap ratio variations at rectifier and inverter sides against
iteration number for the modified New England 39-bus test system.

HVDC Case A: A two-terminal HVDC link is included to between
buses 2 (rectifier bus) and 14 (inverter bus) in the original IEEE 30-
bus test system.

HVDC Case B: A two-terminal HVDC link is included to between
buses 2 (rectifier bus) and 16 (inverter bus) in the original IEEE 30-
bus test system.

For both HVDC cases, the modified IEEE 30-bus test system is
shown in Fig. 10.

For both HVDC cases, the maximum, minimum and average fit-
ness values and the computational times obtained for different
population sizes are given in Table 6.

As can be evidently seen from Table 6, for some trials in the
population cases of 1-4, the minimum fitness values are within
the normal range whereas the maximum fitness values exceed
the normal range.

Bus number v (p.u.) Angle (°) pg (p.u.) qg (p.u.) Transformer tap ratio
1 1.000 —10.043 - - ti2-11 1.03
2 1.022 -8.1610 - - ti2-13 1.05
3 1.014 -11.703 - - te-31 1.04
4 0.987 -12.588 - - t10-32 0.96
5 0.999 -10.166 - - ti9-33 1.06
6 1.003 -9.270 - - t20-34 0.95
7 0.991 -11.463 - - tyo 35 0.98
8 0.990 -11.957 - - t23-36 1.02
9 1.008 -10.824 - - trs5_37 1.00

10 1.018 -6.395 - - tr 30 0.99

11 1.012 ~7.368 - - tr9 38 1.00

12 1.024 —7.284 - - t19-20 1.03

13 1.015 -7.071 - -

14 1.013 -8.619 - -

15 1.006 -10.84 - -

16 1.015 -10.161 - -

17 1.024 -11.302 - -

18 1.019 —11.896 - -

19 1.013 —5.601 - -

20 1.007 —6.683 - -

21 1.005 —-8.032 - -

22 1.009 -3.671 - -

23 1.012 —4.078 - -

24 1.020 -10.172 - -

25 1.036 —7.359 - -

26 1.057 -10.783 - -

27 1.038 -12.186 - -

28 1.051 -9.64 - -

29 1.040 ~7.576 - -

30 1.016 —4.88 3.28362 —0.26788

31 1.000 0.00 6.24765 2.366

32 1.014 1.747 7.02286 2.28483

33 1.059 -1.524 5.60843 0.20751

34 0.973 —0.699 5.41427 1.24117

35 1.059 0.893 6.25942 —-0.037

36 1.050 2.904 4.86081 0.90016

37 1.009 0.541 6.07412 —0.02089

38 1.024 —2.228 6.34158 —1.7428

39 0.963 -9.777 11.80329 —2.43789

Power loss (p.u.) 0.37184 -
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The minimum and maximum fitness values are within the nor-
mal range in the population cases of 5-10. Although the computa-
tional time difference between population cases 5 and 10 is great,
the fitness value difference between cases 5 and 10 is low. On this
account, acceptable population size is determined as case 5 for
both HVDC cases.

For both HVDC cases, the fitness value variations of the best, the
worst and average individuals against iteration number are shown
in Figs. 11 and 12, respectively.

For both HVDC cases, power loss variations of the best, the
worst and average individuals against iteration number are shown
in Figs. 13 and 14, respectively.

Comparative DC system results obtained by GA and Ref. [37] are
given in Table 7.

Comparative AC system results obtained by GA and Ref. [37] are
given in Table 8. As can be evidently seen from Table 8, the power
losses obtained by GA and the numerical method in Ref. [37] for
HVDC Case A are 0.1240 and 0.2841, respectively. The power losses
obtained by GA and the numerical method in Ref. [37] for HVDC
Case B are also 0.1201 and 0.2811, respectively. For both HVDC
cases, the results obtained by GA are lesser than those reported
in Ref. [37] by 56.35% and 57.27%, respectively.

For both HVDC cases, the reactive power variations at rectifier
and inverter sides against iteration number are shown in Figs. 15
and 16, respectively.

For both HVDC cases, transformer tap ratio variations at recti-
fier and inverter sides against iteration number are shown in
Figs. 17 and 18, respectively.

For both HVDC cases, as can be evidently seen from Figs. 17 and
18 that the transformer tap ratios are within limits at the end of
the iteration.

5.3. The modified New England 39-bus test system

AC transmission line between buses 4 and 14 in the original
New England 39-bus test system is replaced with a two terminal
HVDC link and the modified New England 39-bus test system
shown in Fig. 19 is obtained [38]. The upper and lower limits of
the transformer tap ratios in power system are 1.1 p.u. and 0.9
p.u., respectively. DC link data for this test system is the same as
that of the modified 14 bus-test system.

The simulation results obtained by the trials are given in
Table 9.

By reason of comparison of the fitness values and the computa-
tional times, the optimum solution is determined as case 5. For
case 5, the variations of the best, the worst, and the average fitness
values against iteration number is shown in Fig. 20.

The power loss variations of the best, the worst and average
individuals against iteration number for case 5 of the modified
New England 39-bus test system are shown in Fig. 21.

AC and DC system variables obtained by the proposed algorithm
are given in Tables 10 and 11, respectively.

The reactive power variations at rectifier and inverter sides
against iteration number for the modified New England 39-bus test
system are shown in Fig. 22.

Transformer tap ratio variations at rectifier and inverter sides
against iteration number for the modified New England 39-bus test
system are shown in Fig. 23.

6. Conclusion and discussion

In this study, ORPF problem of an integrated AC-DC power sys-
tem is firstly solved by GA. In order to show the validity, the effi-
ciency, and the effectiveness of GA, ORPF problem of an
integrated AC-DC power system is tested on three test systems

which are the modified IEEE 14-bus test system, the modified IEEE
30-bus test system and the modified New England 39-bus test sys-
tem. As can be evidently seen from Tables 5 and 8, ORPF results ob-
tained by GA for the modified IEEE 14-bus test system and the
modified IEEE 30-bus test system is lesser than those obtained
by the numerical method in Ref. [36,37]. As can be evidently seen
GA is also faster than the numerical methods in terms of the con-
vergence times. In comparison with other methods, GA converges
reliably and rapidly to the true optimal point. In future, this algo-
rithm and the other heuristic algorithms can be applied to ORPF
of the large-scale multi-terminal HVDC systems.

As a result, it can be seen that the size of the system is not pro-
portional to the population size and it is needed to make trials with
respect to different population sizes for each system.
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