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ABSTRACT Nowadays, specialized literature uses different test systems to verify their proposed models
and methodologies regarding reconfiguration and operation of distribution networks. However, none of these
research works include various test systems with enough information in order to endorse studies that approach
distribution system reconfiguration and operation issues. This paper contains several test systems including
the load data, network configuration, line characteristics, maximum current of branches, and nominal powers
and voltages. The main objective is to provide all the details and information required to evaluate models
and methods developed for reconfiguration and operation of radial distribution systems. Verification of all
presented data and information has been performed by solving the network reconfiguration problem using
established techniques. Moreover, in order to check the radiality of test systems and correctness of their given
data, a data visualization technique is employed to online depict network topologies based on the electrical

distance between buses.

INDEX TERMS  Data visualization, electric power distribution networks, reconfiguration and operation,

test systems.

I. INTRODUCTION

ISTRIBUTION networks are essential part of the elec-
D tric power system that links transmission networks [1]
to end-users of electric energy in order to deliver the electric-
ity produced by the generation system [2] to individual cus-
tomers [3]. Distribution networks in urban areas are typically
constructed as a meshed structure and are usually operated
in a suitable radial topology, which can be set or changed
by opening normally closed sectional switches and closing
normally open tie line switches, which is commonly denoted
as distribution network reconfiguration (DNR) [4]. Histori-
cally, the DSR problem was considered for minimizing active
power losses during normal operating conditions, as these
losses directly affect the operational cost and the system
voltage profile and are therefore important for increasing
the distribution system efficiency and improving operational
performance.

After publication of Merlin and Back’s paper in 1975 [5],
much research has been done on the field of distribution
system reconfiguration till now. Some of these research
works are related to the problem solution method. Some
others, irrespective of the solution method, proposed new
models for DNR considering parameters such as load bal-
ancing [6], uncertainty [7]-[9], reliability [10], [11], volt-
age stability [12]-[17], and protective coordination [18].
Also, some of them investigated this problem and capaci-
tor placement together [19], [20]. However, none of these
research works has presented various test systems with
their complete information including network configura-
tion, line and load characteristics, and other required data
for researching reconfiguration and operation of electric
power distribution systems. For this, [21] developed large-
scale distribution test systems based on load estimation,
smart dataset, and operational experiences. Although [21]
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can provide useful data for applying new ideas to smart
grids, especially those include solar units, electric vehicles,
and energy storage systems, application of new models
and methodologies first should be implemented on stan-
dard test systems and then applied to real large distribution
networks.

Test systems play an important role in showing the effi-
ciency of proposed models and methodologies. Thus, it is
desirable to have a reference paper that incorporates test
systems with all basic data needed in distribution network
reconfiguration and operation. The present paper describes
the load data, network configurations, characteristics and
maximum currents of distribution lines, and rated powers
and voltages. Also, it provides the topologies of the most
important practical and standard distribution systems drawn
based on a visualization method that can be used in the
monitoring and control rooms for online observation of
the topology of the distribution networks. In this paper,
the system diagrams are drawn using the technique in [22],
which positions buses in a two dimensional diagram based
on the electrical distances between them. In this applica-
tion, the total parallel impedance between each node pair
is calculated using the Klein resistance method [23] and
this is projected into two dimensions using multidimen-
sional scaling [24]. This visualization function is available
as part of the MATPOWER package, version 6.0 [25] and
online at [26].

Therefore, the provided diagrams in the present paper are
electrically meaningful: for instance, a node that is seen to
be remote from the nearest voltage-controlling transformer
might be prone to under-voltage problems, as any power
consumed there must flow through a substantial impedance.
Verification of all presented data and information has been
done by CPLEX in a mathematical programming language
(AMPL) [27], as well as decimal codification genetic algo-
rithm (DCGA) [1] and discrete particle swarm optimization
(DPSO) [2] in MATLAB. To the best knowledge of the
authors, this paper, for the first time, provides electrically
meaningful diagrams of a range of test distribution networks
alongside their simulation parameters. Hence, the main con-
tributions of the current paper are:

« Providing all basic parameters such as load data, net-
work configurations, maximum currents of lines, and
nominal powers and voltages for reconfiguration and
operation studies.

o Data visualization of the most important practical and
standard distribution systems.

o Verification of all information by data visualization
technique, AMPL software, and DCGA and DPSO
algorithms at the same time.

Il. TEST SYSTEMS AND EXAMPLE NETWORKS

In order to provide information required for efficient imple-
mentation of models and methodologies related to reconfig-
uration and operation of distribution networks, several test
systems including example and real distribution networks
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TABLE 1. Line characteristics for test system 1.

Branch  From To Resistance  Reactance Maximum
(Br) Bus Bus R) X) Current Flow
F)  (To) 0
1 1 2 0.0922 Q 0.0407 Q 500 A
2 2 3 0.4930 Q 0.2510 Q 500 A
3 3 4 0.3660 Q 0.1864 Q 500 A
4 4 5 0.3811 Q 0.1941 Q 500 A
5 5 6 0.1872 Q 0.6188 Q 500 A
6 6 7 1.7114 Q 1.2351 Q 500 A
7 7 1 1.0300 Q 0.7400 Q 500 A

TABLE 2. Load data of test system 1.

Bus Type (T) Active Power Reactive Power
(B) Demand (P) Demand (Q)

1 Generation (G) 0 kW 0kVAr

2 Load (L) 100 kW 60 kVAr

3 Load (L) 90 kW 40 kVAr

4 Load (L) 90 kW 40 kVAr

5 Load (L) 120 kW 80 kVAr

6 Load (L) 60 kW 30 kVAr

7 Load (L) 60 kW 20 kVAr

with all their required data are described in this section.
Distribution systems are often shown by single-line dia-
grams without enough explanations about results of their
power flow calculations. Understanding the inner electrical
structure of the network can be more important for distri-
bution system operators and researchers. To this end, a net-
work diagramming technique based on inter-node electrical
distances is used to explicitly portray the topological con-
nectivity of the network [22]. In these data visualizations,
tie switches of each test system were considered to be open
in order to recognize radiality and connectivity of original
topologies. The data visualization technique uses multidi-
mensional scaling [24] to project the calculated matrix of
inter-node electrical distances into two dimensions. Mul-
tidimensional scaling is a well-established dimensionality
reduction technique that iteratively repositions each node in
a Cartesian plane until the fitted distances are maximally
consistent with the calculated electrical distances, as mea-
sured through a particular stress function. The electrical
distance between each node is calculated using the Klein
resistance [23], which uses the elements of the Zp,; matrix to
ascertain the effective parallel impedance between any pair
of buses.

Full data for each system is available in the persistent
online repository at [26].

A. SMALL SYSTEMS

o Test System 1: Single-line diagram of this 7-bus test system
with one substation bus is shown by Fig. 2 in [27]. All data
related to this system are listed in Tables 1 and 2. The base
power, nominal voltage, and initial losses (before reconfig-
uration) are 1 MVA, 12.66 kV, and 1.44 kW, respectively.
A diagram of test system 1, drawn in Fig. 1 using the intro-
duced visualization method so that distances between buses
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FIGURE 1. Diagram of test system 1 based on a projection of inter-node impedances into two dimensions.

TABLE 3. Line characteristics for test system 2.

TABLE 5. Line characteristics for test system 3.

Br F To R(Q X [Br F To R(Q X (Q) Br F To R(Q X [Br F To R(Q X(Q
1 0 1 00558 004770 | 8 7 8 0.0165 0.01750 11 1 4 039675 05290 |20 9 12 04232 0.5819
2 1 2 00495 0.05250 | 9 8 9  0.0330 0.03500 %g 3 g 8'322%8 8.382 % 133 %3 8'451223%3 8'52%3

47 95 5 0. 5
i § i 88822 8'85222 }? 190 }? g'ggg 885?8 14 6 7 021160 02116 |24 13 14 04761 0.6348
: : - : 16 2 8 058190 05819 |25 15 16 02116 02116
5 4 5 00825 008750 | 12 7 8  0.0558  0.04770 17 8 10 058190 05819 |15 5 11 02116 02116
6 5 6 00330 0.03500 | 13 7 11 0.00742 0.00787 18 8 9 042320 05819 |21 10 14 02116 02116
7 6 7 00247 002625 | - - - 3 B} 19 9 11 058190 0.5819 | 26 7 16 0.6348 0.6348

TABLE 4. Load data of test system 2. TABLE 6. Load data of test system 3.

B T PkW) QkVA) [B T P&W) Q(kVAr B T PkW) QGkVAr) | B T PEW) Q(kVAr
0 G 0 0 6 L 178711 149.504 1 G 0 0 9 L 5000 1800
1 L 0 0 7 L 178711 149.504 2 G 0 0 10 L 1000 900
2 L 178711 149.504 8§ L 178711 149.504 3 G 0 0 11 L 600 -500
3 L 178711 149.504 9 L 178711 149.504 4 L 2000 1600 12 L 4500 - 1700
4 L 0 0 10 L 178711 149.504 5 L 3000 400 13 L 1000 900
5 L 178.711 149.504 11 L 178711 149.504 6 L 2000 -400 14 L 1000 - 1100
7 L 1500 1200 15 L 1000 900
8 L 4000 2700 16 L 2100 — 800
®
3
@
1
®
2
®

FIGURE 2. Diagram of test system 2 based on a projection of
inter-node impedances into two dimensions.

gives a visual indication of the impedance between them.
This topology is drawn considering that the tie line between
bus 1 and bus 7 is open according to the normal operation
situation.

o Test System 2: This 12-bus network represents an actual
system, which is part of the distribution network of Baghdad
city in Iraq. Its single line diagram is shown in Fig. 6 of [27].
The feeder is connected to the Al-Mansoor substation, which
has a nominal (base) voltage of 11.1 kV and a capac-
ity of 2250 kVA. The relevant data of system are given
in Tables 3 and 4. The maximum current flow (I) of each
branch is 500 A. Also, the configuration of this real network
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FIGURE 3. Diagram of test system 3 based on a projection of
inter-node impedances into two dimensions.

is simulated by data visualization method according to infor-
mation of Tables 3 and 4 (see Fig. 2). In Fig. 2, substation
bus 0 is represented by bus 1, because defining number 0 in
MATPOWER is not possible.

o Test System 3: A three-feeder 23 kV distribution system
connected to substation buses 1, 2 and 3 has been shown
in Fig. 10 of [27]. All data, such as resistance and reac-
tance of branches, and nodal active and reactive demand
have been provided in Tables 5 and 6. The base power and
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FIGURE 4. Diagram of test system 4 based on a projection of inter-node impedances into

two dimensions.

TABLE 7. Line characteristics for test system 4.

TABLE 9. Load data of test system 4.

Br F To R X Br F To R X B T P Q Voltage | B T P Q \%
(mQ)  (mQ) (mQ)  (mQ) &W) (kVAD (V) (kW) (kVAD (kV)

2 2 3 28049 37398 | 18 18 20 79.928 47.336 - 0 0 110kV [ 15 L 549 16 10
3 2 4 18768 15776 | 19 19 21 76.220 42.550 % {l 8 8 ;g tx }g I]: 1701(i]3 %;g }8
6 5 10 27810 164.70 | 20 20 23 129.99 76.982 7L 0 0 33Ky |18 L 1297 378 10
7 6 7 29252 17324 | 21 21 26 16480 10.736 5 L 0 0 10kV | 19 L 1945 56.7 10
8 7 12 51520 16.100 | 22 22 23 179.01 106.02 g) II: 12(% . 392 %811% %(1) II: 88439 22448 %8
9 13 8 27840 87000 | 23 23 24 23.690 14.030 2 L 1216 363 kv 122 T 505 209 10
10 9 10 77200 40.000 | 24 24 25 47478 24.600 9 L 1302 38 kv | 23 1T 1247 364 10
11 11 12 145,60 45500 | 25 25 26 39.565 20.500 10 L 756 22 10kV |24 L 1053 30.7 10
12 12 13 55391 28.700 | 26 22 27 164.16 51.300 H ]I: 1608634 %g?‘ %8 ]l% %2 i 2353648 79479 }8
13 9 22 58710 34770 | 27 23 28 64.066 37.942 53 L 1007 355 0KV |27 L 983 226 10
14 13 17 64.640 20.200 | 28 3 4 23.124 30.833 14 L 1054 30.7 10kv | 28 L 726 212 10
15 14 15 44800 14.000 | 29 10 11 85490 50.630

16 15 16 61.800 36.600 | 30 14 18 51.200 16.000

17 16 17 61.800 36.600 | 31 17 19 13.019 72.680

TABLE 8. Data of transformers for test system 4.
Br F To R(Q) X (Q) Primary Secondary Nominal
Voltage Voltage Power

1 1 2 13000 32656 110kV  35kV  40kVA e

4 3 5 1.0311 10.645 35kV 10 kV 8 kVA |

5 4 6 1.0311 10.645 35kV 10 kV 8 kVA

initial power losses (before reconfiguration) are 10 MVA
and 511.44 kW, respectively. Also, the maximum currents
of branches 11, 16, and 18 are considered 500 A, 500 A,
and 300 A, respectively, while those of all other branches
250 A. Furthermore, the diagram of this test system is
shown in Fig. 3 using data visualization where the distance
between buses is based on the electrical distance which can
provide important information to operators in monitoring
rooms.

o Test System 4: This real network is part of the electrical
power distribution system in the city of Koprivnica, Croa-
tia. It consists of 28 buses and two radial feeders with one
substation bus. The single-line diagram of the Koprivnica
distribution system is shown in Fig. 14 of [27] and its data
are presented in Tables 7 to 9. The maximum current of
all branches and the initial active power losses are 500 A
and 46 kW, respectively. A diagram of test system 4 is also
drawn in Fig. 4 based on the visualization techniques so that
distances between buses may give a visual indication of the
impedance between them.

e Test System 5: Single-line diagram of this exam-
ple system with six tie lines and 28 normal branches is
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FIGURE 5. Diagram of test system 5 based on a projection of
inter-node impedances into two dimensions.

shown in Fig. 17 of [27]. Also, the network data are listed
in Tables 10 and 11. Diagram of the network is depicted
in Fig. 5 using data visualization which reflects the electrical
distance between buses. The nominal values are 1 MVA and
18.6 kV and initial losses are 1240 kW.

o Test System 6: The system includes two 12.66 kV radial
feeders and 32 sectional switches, as shown in Fig. 20 of [27].
The data of this test system are available in Tables 12 and 13,
in which they were visualized according to Fig. 6. In this
figure, substation bus (node 0) is represented by bus 1.
Moreover, maximum current flow of each branch and the
power losses of initial network are 500 A and 202.68 kW,
respectively. The MVA and kV base are 1 and 12.66, respec-
tively. The visualized diagram in Fig. 6 presents the electrical
distances between buses so that it gives a visual indication of
the impedance between them.

VOLUME 8, 2021
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TABLE 10. Line characteristics for test system 5.

Br F To R(Q) X(Q I(A)]|Br F To R(Q X(Q 1(A)]| Br F To R(Q) X(@©Q I(A)
1 2 1 0.0840  0.0630 144 13 14 13 02033 04280 510 25 26 25 04272  0.5981 340
23 2 1380 10395 215 | 14 15 1  0.1800 0.1350 144 | 26 27 26 09940 0.7384 230
3 4 3 06018 04513 215 |15 16 15 0.1800 0.1350 215 | 27 28 26 07357  0.5465 230
4 5 3 08220 06165 215 |16 17 1 04455 06237 228 | 28 29 27 13440 0.9984 230
5 6 4 45752 44548 125 | 17 18 17 0.4455 0.6237 340 | 29 29 30 0.1079 02158 355
6 7 5 2382 17897 215 | 18 19 18 03870 05418 340 | 30 8 30 13931 27862 355
7 8 7 38640 28980 215 | 19 20 19 0.1650 02310 340 | 31 4 18 0.0825 0.1155 340
8 9 1 01463 03080 342 | 20 21 20 13554 18976 340 | 32 6 22 07194 0539 215
9 10 9 05960 12548 400 | 21 22 20 0.0480 0.0360 215 | 33 14 28 0.0414 0.0311 215
10 11 10 20280 15210 215 |22 23 20 02400 0.1800 215 | 34 11 23 0.0180 0.0135 215
1112 10 09595 20200 400 | 23 24 21 02535 03549 340 - - - - - -
12 13 12 0.3268 0.6880 400 24 25 24 03150 0.4410 340 - - - - - -
TABLE 11. Load data of test system 5.
B T P(kW) PowerFactor(PF) | B T P PF [B T P PF | B T p PF | B T P PF
1 G 0 1 7 L 9061 085 |13 L 9474 085]19 L 357 085]25 L 8739 085
2 L 0 1 8 L 1091.6 085 | 14 L 30514 085|20 L 7.1 08|26 L 856 085
3 L 4524 0.86 9 L 0 1 |15 L 0 1 |21 L 36 08|27 L 4281 085
4 L 2604 0.85 10 L 4445 085 |16 L 31248 085 |22 L 0 1 |28 L 22145 085
5 L 1391 0.85 11 L 499 085 |17 L 0 1 |23 L 428 085]29 L 22388 085
6 L 7762 0.85 12 L 2319 08|18 L 713 08524 L 1641 085]30 G 0 1
TABLE 12. Load data of test system 6.
B T P Q B T P Q|B T P Q
(kW) (kVAr)
1 G 0 0 12 L 60 35[23 L 90 50
2 L 100 60 13 L 60 35|24 L 420 200
3L 90 40 14 L 120 80|25 L 420 200
4 L 120 80 15 L 60 10|26 L 60 25
5 L 60 30 16 L 60 20|27 L 60 25
6 L 60 20 17 L 60 20|28 L 60 20
7 L 200 100 |18 L 90 40|29 L 120 70
8 L 200 100 |19 L 90 40|30 L 200 600
9 L 60 20 |20 L 90 40|31 L 150 70 y
10 L 60 20 |21 L 90 40|32 L 210 100 &
11 L 45 30 [ 22 L 90 40 {33 L 60 40
TABLE 13. Line characteristics for test system 6.
Br F To R(Q X(@@ |[Br F To R(©Q X(Q FIGURE 6. Diagram of test system 6 based on a projection of
1 1 2 00922 00477 | 20 20 21 04095 04784 inter-node impedances into two dimensions.
2 2 3 04930 02511 |21 21 22 0708 09373
3 3 4 03660 0.1864 |22 3 23 04512 03083
4 4 5 03811 0.1941 |23 23 24 0.8980 0.7091
5 5 6 08190 07070 | 24 24 25 0.8960 0.7011
6 6 7 01872 06188 |25 6 26 02030 0.1034 . . .
7 7 8 07114 02351 | 26 26 27 02842 0.1447 .feed.er. The single-line .dlagram of the sys.tem has been shown
8§ 8 9 1.0300 07400 | 27 27 28 1.0590 0.9337 in Fig. 24 of [27] and its data are listed in Tables 14 and 15.
9 9 10 1.0440 0.7400 | 28 28 29 0.8042 0.7006 : . S
10 10 11 01966 00650 | 25 20 30 05075 0258 The active power loss of network before re.conflguratlon is
11 11 12 03744 0.1238 | 30 30 31 09744 0.9630 10.5 kW. Maximum current of each branch is 500 A. Result
1212 13 14680 1.1550 | 31 31 32 03105 0.3619 of data visualization is shown in Fig. 7, where substation bus
13 13 14 05416 07129 | 32 32 33 03410 0.5302 .
14 14 15 05910 05260 | 33 8 21 2.0000 2.0000 0 is represented by bus 49.
12 12 }6 O.Zggg 0.542158 ;4 92 5 §.Oggg g.gOgO o Test System 8: Fig. 28 in [27] shows single-line diagram
16 1 7 L 1.721 51 0 .0000 . Lo . )
17 17 18 07320 05740 | 36 18 33 05000 0.5000 qf th.IS 3?) kV real dlStl‘lbutI.OIl network. .It is a region of the
18 2 19 0.1640 0.1565 | 37 25 29 0.5000 0.5000 distribution system of the city of Ahvaz in the south of Iran.
19 19 20 15042 13554 ] - - - - - Load and line data for this real distribution network are given

B. MEDIUM-SIZE SYSTEMS

o Test System 7: The test system is part of the real dis-
tribution network of Baghdad city in Iraq with 49 buses,
five tie lines, 48 sectional switches, and an 11 kV radial

VOLUME 8, 2021

in Tables 16 and 17. The active power losses of original net-
work configuration are 178.66 kW. Also, maximum current
of each branch in system 8 is 500 A and the result of data
visualization is shown by Fig. 8, so that distances between
buses reflecting a visual indication of the impedance between
them are clearly shown.
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FIGURE 7. Diagram of test system 7 based on a projection of
inter-node impedances into two dimensions.

TABLE 14. Line characteristics for test system 7.

Br F To R(Q X [Br F To R@Q X

T 0 1 00310 00220 |28 27 28 04400 03230
2 1 2 00310 0.0220]29 28 29 03660 0.2690
32 3 07440 05470 | 30 29 30 04500 0.3300
4 3 4 08680 06380 | 31 30 31 02950 02160
S 4 5 04340 03190 | 32 31 32 02850 02100
6 5 6 01628 01200 |33 32 33 04590 03370
7 6 7 06200 04600 |34 33 34 1.0217 1.0160
8 7 8 0580 04330 |35 1 35 00372 00273
9 8 9 03570 02620 | 36 35 36 02880 02120
10 9 10 1.0186 1.0137 | 37 36 37 04190 0.3080
11 11 00434 00319 | 38 37 38 04030 0.2960
12 11 12 10171 1.0125 | 39 38 39 08680 0.6380
13 12 13 04340 03190 | 40 1 40 00620 0.0456
14 13 14 1.0403 1.0296 | 41 40 41 02110 0.1550
15 14 15 03660 02690 | 42 41 42 02170  0.1600
16 15 16 01860 01370 | 43 42 43 04190 03080
17 1 17 00233 00171 | 44 43 44 10388 1.0285
18 17 18 03830 02850 | 45 44 45 06360 0.4670
19 18 19 02790 02050 | 46 45 46 1.0140 0.6105
20 19 20 05520 04050 | 47 1 47 0.1023 0.0752
21 20 21 03970 02920 | 48 47 48 00285 0.0210
22 21 22 1.0233 10171 [ 49 10 16 0388  0.285
23 22 23 00780 00570 | 50 25 34 0.118  0.087
24 23 24 09900 07300 | 51 39 46 0481 0353
25 24 25 09900 07300 | 52 39 48 0837 0615
26 1 26 00160 00120 | 53 46 48 0357 0262
27 26 27 03720 02730 | - - - - -

e Test System 9: This 12.66 kV radial distribution system
with one substation is shown in Fig. 31 of [27]. Tables 18 and
19 list data of this example network and Fig. 9 shows result of
data visualization. The initial loss is 225 kW and base MVA
is 1. The maximum currents of all branches are 200 A except
for those of branches 1 to 9 that are 400 A and branches 46 to
49 and 52 to 64 that are 300 A, respectively.

e Test System 10: This test system is an 11 kV radial
distribution network with two substation buses and four
feeders, as shown in Fig. 35 of [27]. Data for this system
are provided in Tables 20 and 21. Diagram of the network
is drawn in Fig. 10 using data visualization based on the
electrical impedance between buses. The active power losses
for initial network configuration are 227.5 kW with nominal
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TABLE 15. Load data of test system 7.

B T PkW) OQ(VA) | B T PkW) Q(KVAD
0 G 000000  0.00000 | 25 L 632267 306.220
1 L 000000 000000 | 26 L 559313 270.888
2 L 969.679  469.637 | 27 L 838970  406.332
3 L 401246 194333 | 28 L 125845  609.499
4 L 100311 48.582 20 L 125845  609.499
5 L 401246 194333 | 30 L 1817.77  880.386
6 L 1003.11 485832 | 31 L 223725  1083.55
7 L 936243 453470 | 32 L 181777  880.38
8 L 735619 356284 | 33 L 1957.59  948.108
9 L 869369  421.054 | 34 L 195759  948.108
10 L 127061 615388 | 35 L 607.950  294.444
11 L 922058 446572 | 36 L 192517  932.40
12 L 127669 618332 | 37 L 303975 147.221
13 L 638347 309166 | 38 L 334372  1619.44
14 L 290802 140841 | 39 L 222915  107.962
15 L 922.058 446572 | 40 L  719.407  348.425
16 L 425565 487060 | 41 L 172657  836.220
17 L 179142  867.626 | 42 L  1582.69  766.535
18 L 126453 612442 | 43 L 3597.03 1742.12
19 L 948402 459332 | 44 L 287763  1393.69

20 L 421512 204147 | 45 L 388479  1881.49

21 L 189680 918663 | 46 L 467746 226539

22 L 168604 816590 | 47 L 149150  722.367

23 L 316134 153110 | 48 L 175089  847.99

24 L 105378 510.368 - - -

TABLE 16. Line characteristics for test system 8.

Bt F To R(Q X(Q |Br F To R(Q X(Q
1 1 2 008 006l |33 33 34 0027 0.020
2 2 3 0135 0101 |34 34 35 0054 0.041
33 4 0027 0020 |35 35 36 0027 0.020
4 4 5 0027 0020 |36 36 37 0027 0.020
5 5 6 0027 0020 |37 37 38 0027 0.020
6 6 7 0027 0020 |38 34 39 0027 0.020
7 7 8 0540 0405 |39 39 40 0027 0.020
8 8 9 0540 0405 | 40 40 41 0054 0.041
9 9 10 0270 0203 | 41 40 42 0054 0.041
10 10 11 0540 0405 | 42 42 43 0027 0.020
11 11 12 0540 0405 | 43 43 44 0027 0.020

8 13 0027 0020 | 44 44 45 0027 0.020

13 14 0.027 0.020 | 45 45 46 0.027 0.020
8 15 0.027 0.020 | 46 43 47 0270 0.203
15 16 0.027 0.020 | 47 47 48 0.027 0.020
15 17 0.027 0.020 | 48 48 49 0270 0.203
17 18 0.027 0.020 | 49 47 50 0.027 0.020
18 19 0.027 0.020 | 50 50 51 0.027 0.020
19 20 0.027 0.020 | 51 51 52 0.027 0.020
20 21 0.027 0.020 | 52 52 53 0.027 0.020
21 22 0270 0203 | 53 53 54 0.081 0.061
0.027 0.020 | 54 52 55 0.540 0.405
23 24 0.027 0.020 | 55 55 56 0.135 0.101
24 25 0.027 0.020 | 56 56 57 0.054 0.041
25 26 0270 0203 | 57 57 58 0.027 0.020
26 27 0.027 0.020 | 58 58 59 0.054 0.041
27 28 0.027 0.020 | 59 16 26 0.500 0.500
28 29 0.027 0.020 | 60 14 50 0.500 0.500
29 30 0.027 0.020 | 61 12 32 0.500 0.500
30 31 0.027 0.020 | 62 38 57 0.500 0.500
0.027 0.020 | 63 41 54 0.500 0.500

0.135 0.101 - - - - -
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power of 1 MVA. The maximum currents of branches 1 to
8, 17 to 23, 31 to 39, and 52 to 56 are 270 A, while those
of branches 69 to 79 and all others are 234 A and 208 A,
respectively.

o Test System 11: As shown in Fig. 39 of [27], this
actual 11.4 kV network consists of two substations with
data presented in Tables 22 and 23. The power base value
and the initial power losses for this system are 1 MVA and
532 kW, respectively. Each line current-carrying capacity
(D) is 410 A. Fig. 11 shows the result of data visualization of
Tables 22 and 23 where the distance between buses
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FIGURE 8. Diagram of test system 8 based on a projection of inter-node impedances into two

dimensions.

TABLE 17. Load data of test system 8.

TABLE 18. Line characteristics for test system 9.

B T PkW) QGkVA) | B T PkW) Q(kVAD Bt F To R(Q X(@ [Br F To RO X(Q
1 G 0 0 31 L 260 199.5 1 1 2 0.0005 0.0012 | 38 38 39 0.0304 0.0355
2 L 72 54 32 L 240 186.25 2 2 3 0.0005 0.0012 | 39 39 40 0.0018 0.0021
i % 2(1) 3387-255 3431 % 1(5)0 113-5 3 3 4 0.0015 0.0036 | 40 40 41 0.7283 0.8509
5L %0 375 |35 L 1ss s S 5 6 03660 01sed |42 42 43 00alo 00478
6 L 85 63.75 36 L 40 30 : ’ ) '
7 L 108 31 37 L 190 142.5 6 6 7 0381 0.1941 |43 43 44 00092 0.0116
8 L 0 0 38 L 87 65.25 7 7 8 0.0922 0.0470 | 44 44 45 0.1089 0.1373
9 L 80 60 39 L 450 337.5 8 8 9 0.0493 0.0251 | 45 45 46 0.0009 0.0012
%(1) II: %ég %‘1‘2 j(l) II: 430 3(1)5 9 9 10 0.8190 0.2707 | 46 4 47 0.0034 0.0084
N £ T I S (B 11 12 07014 02351 |45 45 49 02398 07091
13 L 108 81 43 L 0 0 : : : :
14 L 200 150 44 L 199 14925 12 12 13 1.0300 0.3400 | 49 49 50 0.0822 0.2011
15 L 0 0 45 L 80 60 13 13 14 1.0440 0.3450 | 50 8 51 0.0928 0.0473
16 L 95 71.25 46 L 420 315 14 14 15 1.0580 03496 [ 51 51 52 0.3319 0.1114
17 L 200 150 47 L 0 0 15 15 16 0.1966 0.0650 | 52 9 53 0.1740 0.0886
%g % %%(5) 1678575 jg % {gé {gg;g 16 16 17 03744 0.1238 | 53 53 54 02030 0.1034
0 L 231 17325 | s0 L 0 o 17 17 18 00047 00016 | 54 54 55 02842 0.1447
21 L 410 307.5 51 L 300 225 18 18 19 03276 0.1083 | 55 55 56 0.2813 0.1433
22 L 450 337.5 52 L 0 0 19 19 20 0.2106 0.0690 | 56 56 57 1.5900 0.5337
%i % %g(z) ig%g gi % %(7)2 ffgfg 20 20 21 03416 0.1129 | 57 57 58 0.7837 0.2630
SN B AL AT L
26 L 400 310.43 56 L 235 176.25 ) ’ ) )
27 L 203 152.25 37 L 154 123.55 23 23 24 03463 0.1145 | 60 60 61 0.5075 0.2585
28 L 200 150 58 L 0 0 24 24 25 0.7488 0.2475 | 61 61 62 0.0974 0.0496
29 L 320 240 59 L 310 248.71 25 25 26 03089 0.1021 | 62 62 63 0.1450 0.0738
30 L 200 150 - - - - 26 26 27 01732 0.0572 | 63 63 64 0.7105 03619
27 3 28 0.0044 0.0108 | 64 64 65 1.0410 0.5302
28 28 29 0.0640 0.1565 | 65 11 66 0.2012 0.0611
. . . . 29 29 30 0.3978 0.1315 | 66 66 67 0.0047 0.0014
is b'ased on the electrical distance instead of the 30 30 31 00702 00232 | 67 12 68 07394 02444
physical one. 31 31 32 03510 0.1160 | 68 68 69 0.0047 0.0016
32 32 33 08390 02816 | 69 11 43 0.5000 0.5000
33 33 34 17080 05646 | 70 13 21 0.5000 0.5000
C. LARGE SYSTEMS 34 34 35 14740 04873 | 71 15 46 1.0000 0.5000
. : : : 35 3 36 0.0044 0.0108 | 72 50 59 2.0000 1.0000
. Test System Z?. Thls .test system, as s.hown in F1g.l43 of [27], 36 36 37 00640 01565 | 73 27 65 10000 05000
is an 11 kV distribution network with three radial feeders 37 37 38 01053 01230 | - - - ) _

and one substation on bus 0. The data of the system have
been provided as MATPOWER and AMPL files in [26]. The
base MVA and initial power losses are 10 and 1298 kW,
respectively. Also, Fig. 12 shows the network configuration
depicted by data visualization, in which substation bus 1
represents generation bus 0.

e Test System 13: Fig. 47 of [27] shows this real net-
work, which is part of the Tres Lagoas distribution system in
Brazil. It has eight radial feeders and one substation bus, with
nominal voltage and nominal power of 13.8 kV and 1IMVA,
respectively. Also, the initial power losses and the maximum
current of each branch are 320.37 kW and 200 A, respec-
tively. The parameters and related data of this test system
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have been presented in [26]. The result of data visualization
is shown in Fig. 13, in which bus 224 indicates substation
bus 0.

o Test System 14: The initial configuration of this real
13.8 kV distribution network with three feeders, 201 sectional
switches, and three substations is shown in Fig. 52 of [27].
The system data are given in [26]. Diagram of the network is
presented in Fig. 14 using data visualization technique, where
substation bus 0 is represented by bus 204.

o Test System 15: Network topology is illustrated
in Fig. 15 using data visualization. Data of this real

415
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TABLE 19. Load data of test system 9.

B PkW) Q(kVAr | B P Q B P Q

1 0 0 24 28 20 47 0 0

2 0 0 25 0 0 48 79 56.4
3 0 0 26 14 10 49 3847 2745
4 0 0 27 14 10 50 3847 2745
5 0 0 28 26 186 | 51 405 283
6 2.6 22 29 26 186 | 52 36 2.7
7 404 30 30 0 0 53 435 35
8 75 54 31 0 0 54 264 19
9 30 22 32 0 0 55 24 172
10 28 19 33 14 10 56 0 0
11 145 104 34 195 14 57 0 0
12 145 104 35 6 4 58 0 0
13 8 5 36 26 18.55 | 59 100 72
14 8 5.5 37 26 18.55 | 60 0 0
15 0 0 38 0 0 61 1244 888
16 455 30 39 24 17 62 32 23
17 60 35 40 24 17 63 0 0
18 60 35 41 1.2 1 64 227 162
19 0 0 42 0 0 65 59 42
20 1 0.6 43 6 43 | 66 18 13
21 114 81 44 0 0 67 18 13
22 5 35 45 3922 263 | 68 28 20
23 0 0 46 3922 263 | 69 28 20

TABLE 20. Load data of test system 10.
B T P Q B T P QB T P Q
(kW)  (kVAr)
1 G 0 0 25 L 80 65 |49 L 100 70
2 L 100 90 26 L 100 60 | 50 L 140 90
3 L 60 40 27 L 100 55 |51 L 60 40
4 L 150 130 260 L 120 70 |52 L 20 11
5 L 75 50 29 L 105 70 |53 L 40 30
6 L 15 9 30 L 8 50 |54 L 36 24
7 L 18 14 31 L 60 40 |55 L 30 20
8 L 13 10 32 L 13 8 |56 L 43 30
9 L 16 11 33 L 16 9 [57 L 8 50
0 L 20 10 34 L 50 30 |58 L 240 120
11 L 16 9 35 L 40 28 |59 L 125 110
12 L 50 40 36 L 60 40 |60 L 25 10
13 L 105 90 37 L 40 30 |61 L 10 5
14 L 25 15 38 L 30 25 |62 L 150 130
15 L 40 25 39 L 150 100 |63 L 50 30
16 L 60 30 40 L 60 35 |64 L 30 20
17 L 40 25 41 L 120 70 |65 L 130 120
18 L 15 9 42 L 9 60 | 66 L 150 130
19 L 13 7 43 L 18 10 |67 L 25 15
20 L 30 20 44 L 16 10 | 68 L 100 60
21 L 90 50 45 L 100 50 | 69 L 40 30
2 L 50 30 46 L 60 40 |70 G 0 0
23 L 60 40 47 L 9% 70 | - - - -
24 L 100 80 48 L 85 55 | - - - -
o
s

FIGURE 9. Diagram of test system 9 based on a projection of

inter-node impedances into two dimensions.

distribution system with 415 buses and nominal voltage
of 10 kV are available in [26]. In this system, bus 1
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FIGURE 10. Diagram of test system 10 based on a projection of
inter-node impedances into two dimensions.

TABLE 21. Line characteristics for test system 10.

Br F To R X(@@) [Br F To R X(Q)
1 1 2 1.097 1.074 | 41 39 40 0540 0.367
2 2 3 1.463 1432 | 42 40 41 1.080 0.734
3 3 4 0.731 0.716 | 43 41 42 1836 1.248
4 4 5 0366 0358 | 44 42 43 1296 0.881
5 5 6 1.828 1.790 | 45 40 44 1.188 0.807
6 6 7 1.097 1.074 | 46 44 45 0540 0367
7 7 8 0.731 0.716 | 47 42 46 1.080 0.734
8 8 9 0.731 0.716 | 48 35 47 0540 0367
9 4 10 1.080 0.734 | 49 47 48 1.080 0.734
10 10 11 1.620  1.101 | 50 48 49 1.080 0.734
111 12 1.080 0.734 | 51 49 50 1.080 0.734
12 12 13 1350 0917 | 52 70 51 0366 0358
13 13 14 0810 0550 | 53 51 52 1463 1432
14 14 15 1944 1321 | 54 52 53 1463 1432

15 7 68 1.080 0.734 | 55 53 54 0914 0.895
16 68 69 1.620 1.101 | 56 54 55 1.097 1.074
17 1 16 1.097 1.074 | 57 55 56 1.097 1.074
18 16 17 0366 0358 [ 58 52 57 0270 0.183
19 17 18 1463 1432 | 59 57 58 0270 0.183
20 18 19 0914 0895 | 60 58 59 0810 0.550
21 19 20 0.804 0.787 | 61 59 60 1296 0.881

22 20 21 1.133 1.110 | 62 55 61 1.188  0.807
23 21 22 0475 0465 | 63 61 62 1.188  0.807
24 17 23 2214 1505 | 64 62 63 0810 0.550
25 23 24 1.620 1.110 | 65 63 64 1.620 1.101

26 24 25 1.080 0734 | 66 62 65 1.080 0.734
27 25 26 0540 0367 | 67 65 66 0540 0367
28 26 27 0540 0367 | 68 66 67 1.080 0.734

is the generation bus and others are load buses. Also,
the maximum current flow and base MVA are 550 A and 1,
respectively.

e Test System 16: As shown in Fig. 1 of [28], this
8500-node test system contains 4800 buses, 170 km medium
voltage lines, and four capacitor banks. Maximum current
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FIGURE 11. Diagram of test system 11 based on a projection of
inter-node impedances into two dimensions.

FIGURE 12. Diagram of test system 12 based on a projection of
inter-node impedances into two dimensions.

flow of each line is 16.275 A per phase. All data of this large
distribution network are available in [29].

lll. TEST SYSTEMS ASSESSMENT

Data visualization results confirmed radiality and connectiv-
ity of all test systems described in section II, in which none
of original networks are meshed or have isolated buses. Only
test system 5 has a one isolated bus because of reconfiguration
aims. It means that bus 30 is intentionally is considered as
a separate bus to show importance of addition of a new
substation to the network through tie line 29 and 30 after
reconfiguration. The results show that this bus is connected to
the network because of its important role in power losses mit-
igation. In order to verify all presented data, efficient math-
ematical model of [27] was applied to all above-mentioned
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TABLE 22. Line characteristics for test system 11.

Br F To R(Q) X)) | Br F To R(Q) X (D)
1 A 1 0.1944 0.6624 | 49 48 49 0.0655 0.1345
2 1 2 0.2096 04304 | 50 49 50 0.0393 0.0807
3 2 3 0.2358 04842 | 51 50 51 0.0786 0.1614
4 3 4 0.0917 0.1883 | 52 51 52 0.0393 0.0807
5 4 5 0.2096 04304 | 53 52 53 0.0786 0.1614
6 5 6 0.0393 0.0807 | 54 53 54 0.0524 0.1076
7 6 7 0.0405 0.1380 | 55 54 55 0.1310 0.2690
8 7 8 0.1048 02152 | 56 H 56 0.2268 0.7728
9 7 9 02358 04842 | 57 56 57 0.5371 1.1029
10 7 10 0.1048 0.2152 | 58 57 58 0.0524 0.1076
11 B 11 0.0786 0.1614 | 59 58 59 0.0405 0.1380
12 11 12 03406 0.6944 | 60 59 60 0.0393 0.0807
13 12 13 0.0262 0.0538 [ 61 60 61 0.0262 0.0538
14 12 14 0.0786 0.1614 | 62 61 62 0.1048 0.2152
15 C 15 0.1134 03864 | 63 62 63 0.2358 0.4842
16 15 16 0.0524 0.1076 | 64 63 64 0.0243 0.0828
17 16 17 0.0524 0.1076 | 65 1 65 0.0486 0.1656
18 17 18 0.1572 03228 [ 66 65 66 0.1703 0.3497
19 18 19 0.0393 0.0807 | 67 66 67 0.1215 0.4140
20 19 20 0.1703 0.3497 | 68 67 68 0.2187 0.7452
21 20 21 02358 04842 | 69 68 69 0.0486 0.1656
22 21 22 0.1572 0.3228 | 70 69 70 0.0729 0.2484
23 21 23 0.1965 04035 | 71 70 71 0.0567 0.1932
24 23 24 0.1310 02690 | 72 71 72 0.0262 0.0528
25 D 25 0.0567 0.1932 | 73 J 73 0.3240 1.1040
26 25 26 0.1048 02152 (74 73 74 0.0324 0.1104
27 26 27 02489 05111 |75 74 75 0.0567 0.1932
28 27 28 0.0486 0.1656 | 76 75 76 0.0486 0.1656
29 28 29 0.1310 0.2690 | 77 K 77 02511 0.8556
30 E 30 0.1965 0.3960 | 78 77 78 0.1296 0.4416
31 30 31 0.1310  0.2690 | 79 78 79 0.0486 0.1656
32 31 32 01310 02690 | 80 79 80 0.1310 0.2640
33 32 33 0.0262 0.0538 | 81 80 81 0.1310 0.2640
34 33 34 0.1703 03497 | 82 81 82 0.0917 0.1883
35 34 35 0.0524 0.1076 | 83 82 83 0.3144 0.6456
36 35 36 04978 1.0222 | &4 5 55  0.1310  0.2690
37 36 37 0.0393 0.0807 | 85 7 60 0.1310 0.2690
38 37 38 0.0393 0.0807 | 86 11 43 0.1310  0.2690
39 38 39 00786 0.1614 | 87 12 72 0.3406 0.6994
40 39 40 0.2096 04304 | 88 13 76 0.4585 0.9415
41 38 41 0.1965 0.4035 | 89 14 18 0.5371 1.0824
42 41 42 02096 04304 | 90 16 26 0.0917 0.1883
43 F 43 0.0486 0.1656 | 91 20 83 0.0786 0.1614
44 43 44 0.0393 0.0807 | 92 28 32 0.0524 0.1076
45 44 45 0.1310 0.2690 | 93 29 39 0.0786 0.1614
46 45 46 0.2358 04842 | 94 34 46 0.0262 0.0538
47 G 47 02430 0.8280 | 95 40 42 0.1965 0.4035
48 47 48 0.0655 0.1345 | 96 53 64 0.0393 0.0807
TABLE 23. Load data of test system 11.

B P®kW) Q(kVAD | B P Q | B P Q

1 0 0 29 200 120 57 30 20

2 100 0.05 30 0 0 58 600 420
3 300 200 31 1800 1600 | 59 0 0

4 350 250 32 200 150 60 20 10

5 220 100 33 200 100 61 20 10

6 1100 800 34 800 600 62 200 130
7 400 320 35 100 60 63 300 240
8 300 200 36 100 60 64 300 200
9 300 230 37 20 10 65 0 0
10 300 260 38 20 10 66 50 30
11 0 0 39 20 10 67 0 0
12 1200 800 40 20 10 68 400 360
13 800 600 41 200 160 69 0 0
14 700 500 42 50 30 70 0 0
15 0 0 43 0 0 71 2000 1500
16 300 150 44 30 20 72 200 150
17 500 350 45 800 700 73 0 0
18 700 400 46 200 150 74 0 0
19 1200 1000 47 0 0 75 1200 950
20 300 300 48 0 0 76 300 180
21 400 350 49 0 0 77 0 0
22 50 20 50 200 160 78 400 360
23 50 20 51 800 600 79 2000 1300
24 50 10 52 500 300 80 200 140
25 50 30 53 500 350 81 500 360
26 100 60 54 500 300 82 100 30
27 100 70 55 200 80 83 400 360
28 1800 1300 56 0 0 - - -

test systems except for the last one with the aim of power loss
minimization and the results were listed in Table 24. It should
be noted that all results given in this table was obtained by
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TABLE 24. Numerical results for the test systems.

Test Systems Open Switches After Reconfiguration

Before Reconfiguration

After Reconfiguration

Losses (kW) Min. Voltage (p.u.) Losses Min. Voltage

1 5 1.44 0.995 0.82 0.99

2 3-9 3.55 0.997 1.31 0.998
3 17-19-26 511.44 0.9693 466.1 0.9716
4 11-20-21-28 46 0.91 40 0.936
5 3-5-7-10-25-33 1240 0.8251 361 0.93

6 7-9-14-32-37 202.68 0.9131 139.5 0.9378
7 34-39-45-49-51 10.5 0.9957 8 0.9970
8 25-31-39-40-62 178.66 0.9767 131.69 0.9847
9 14-57-61-69-70 225 0.9092 99.62 0.9428
10 13-30-45-51-66-70-75-76-77-78-79 227.5 0.9052 201.36 0.9311
11 7-13-34-39-42-55-62-72-83-86-89-90-92 532 0.9285 469.88 0.9532
12 24-27-35-40-43-52-59-72-75-96-98-110-123-130-131 1298 0.869 869.7 0.9323
14 12-26-43-82-118-131-133-140-168-202-203-208-212-213-214 548.9 0.9574 511.19 0.9611
13 7-35-51-90-96-106-118-126-135-137-138-141-142-144-145- 320.37 0.9307 280.19 0.9589

146-147-148-150-151-155
15 1-2-13-15-16-30-31-40-41-50- 59-73-75-82-94-96-97-111-115- 708.77 0.9453 583 0.9534

136-142-150-155-156-158-163-168-169-178-179-191-195-209-
214-230-254-256-270-294-314-317-325-358-362-385-389-392-

395-403-404-423-424-426-436-437-439-446-449-466

iR

FIGURE 13. Diagram of test system 13 based on a projection of
inter-node impedances into two dimensions.

®
2

204

FIGURE 14. Diagram of test system 14 based on a projection of
inter-node impedances into two dimensions.

solver CPLEX in AMPL and were verified using DCGA and
DPSO algorithms in MATLAB. Moreover, the accuracy of
the results has been validated by comparing them with other

418

FIGURE 15. Diagram of test system 15 based on a projection of
inter-node impedances into two dimensions.

proposed models and methodologies regarding distribution
system reconfiguration. Results of this table before recon-
figuration, in which all tie line switches are open (original
network), and after reconfiguration are useful for operation
and reconfiguration objectives, respectively.

IV. CONCLUSION
In this paper, the main properties and important data of
several test systems and real distribution networks were
described. The data include network configurations, line
characteristics, generation arrangements, load amounts, nom-
inal voltages, rated powers, and maximum current of distri-
bution branches. The presented data and information allows
incorporation of various parameters into integrated models,
contributing to the research on distribution network recon-
figuration and operation. The applicability of the dataset
was verified by solving a network reconfiguration problem
and comparing with the results reported in other specialized
literature. Network radiality and connectivity of all test sys-
tems were confirmed by an electrically meaningful network
diagramming technique.

The complete set of information provided makes the pre-
sented test systems highly useful to researchers in order
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to demonstrate robustness and effectiveness of proposed
methodologies and models in reconfiguration and operation
of distribution systems. Current research provides important
information for researchers who are trying to solve the distri-
bution system reconfiguration problem more efficiently.
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