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*Introduction and contributions \ o

* Several papers in transmission systems: the best locations to install power quality
monitors, minimizing the investment cost by focusing on the observability of power
quality disturbances, mostly voltage sags.

e Papers in distribution systems: many problems remain unsolved, such as power
ﬂuality monitor allocation in unbalanced distribution systems, the impact of
istributed generation in allocation methods, and allocation of power quality monitor

for fault location.

*  This paper makes contributions to all these three points.

* The allocation method is based only on the root mean square voltages (Vrms)
measured at the buses.
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Configuration of Generate all
lines and grid Simulate faults >  om(i,j) and > Solve BILP model PQM:s positions
elements o(j,1,1) parameters

e Step 1: Configuration of lines and grid elements;

 Step 2: Fault simulations;

 Step 3: Generate binary parameters BILP (Binary Integer Linear Programming)
model;

 Step 4: Solve the BILP model; and

* Step 5: PQMs positions.
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* Step 1: Configuration of lines and grid elements

 This step builds an electrical model for the PDS from a database containing
information on the types of cables, geometries and spacing in the towers,
among other data. This model consists of self and mutual impedances, which
allow the PDS representation in fault simulations.

* This paper considered the European Medium Voltage System of 15 buses
proposed by CIGRE for the tests. Moreover, the method was applied to the IEEE
123-bus Test System. Finally, we considered a large, médium voltage PDS
named Ckt5 with 2998 buses of EPRI.



(eses | QIEEE
* Methodology o= | ¢

e Step 2: Fault simulations

 The fault simulations were carried out by implementing a fault analysis
program and by using the OpenDSS software (Version 9.2.0.1).

* The database can also be obtained with any transient analysis software
without any changes in the allocation method.

e  We considered no-load conditions for the CIGRE and the IEEE systems.
However, load conditions were considered for the EPRI system.

 The faults were uniformly distributed with a simulation step of one third
of the branch with the smallest impedance.
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* Step 3: Generate binary parameters

. The optimization problem was described as a Binary Integer Linear Programming (BILP)
problem with two objectives: to minimize the number of PQMs and to maximize the number
of identified faults.

A particular fault is identified when installed PQMs can differentiate this fault from all other
simulated faults.

. The concept adopted is that two faults that produce similar residual voltage at a particular
measurement bus are called symmetrical faults.

* The voltages were compared using a specified range around these faults’ voltage, where any
voltage within the specified range is considered the same voltage (symmetry condition).

. If the set of PQMs can break the symmetry of all other faults, the specific fault is identified. é Ja
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* Step 3: Generate binary parameters

TABLE 1
SUGGESTED PRIORITY ORDER FOR CHOOSING THE REFEREMCE PHASE

Fault Type h‘;-l_}‘ Tﬁc BT CT, AC, ACT BC. BCT
Priority order A.B.C  B.A.C C.A B B.C, A
oliii]) = { [11: v(i, 7) ;Elggu[v:._j} > v(i, j)+¢ 3) (i) = { [1]: if-ifauil:e is identified @)
I, if installing a PQM at the j bus om(i, E{ L oofij)<r (6)
x(j) ={ []: - 8 JRIS ' (0, otherwise
1. itk Phﬂ.ﬁﬂ 15 PI'ESEII[HIE"]; bus (13) -L:I:Jj _ |y|:fj}_ﬂ{fj}| (43)

ki =
¢ U] _{ (. otherwise



* The general model for balanced and unbalanced K
systems is represented by (18)—(42).

min 3 2(j) (18) > x(h) D ohr (i, i, 5)t(F) = y(@)t ()t (7) 31)

JEN JeEN keF
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* Step 4: Solve the BILP model

e The PQM’s allocation problem has multiple nondominated solutions related to a single Pareto
front’s point. In other words, the PQMs can be combined in several ways reaching the same
identification of faults with the exact number of PQMs.

. The multi-objective model was solved through the Algorithm for Bicriteria Discrete
Optimization (ABCDO). However, ABCDO returns only one solution for each Pareto front’s
point.

. Therefore, we explore the Nondominated Sorting Genetic Algorithm Il (NSGA-II) population
characteristic to find other solutions. The obtained solutions from ABCDO were included in the
initial population of an NSGA-II.
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* Step 5: PQMs positions

 This step chooses one Pareto point and processes all related solutions
found by the NSGA-II.

* |t identifies groups of buses and combines one bus of each group to
form a solution.

* This step also evaluates the second objective function (maximising the
Inumlber of identified faults) for all combinations to ensure dominance
evel.

* |If one combination does not belong to the Pareto front, this step
excludes it from the final set of solutions.
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First scenario Second scenario

Instance Pareto point Pareto point

PQMs positions PQMs positions

(ol, 02) (ol, 02)

* Since we considered no-load (2, 169) 11, 14
conditions in fault simulations, the AG (2, 187) 11, 14 (3, 178) 3,11, 14
results show four-fault types (187 4, 179) 3,4,11, 14
solid faults x 4 = 748 faults). (2, 134) 11, 14 (2. 118) 11, 14

. (3, 167) 1, 11, 14 (3, 151) 11, 13, 14
i - : 4,169)  1,2,11,14 (4, 153) 2,11, 13, 14
. First scenario: DG disconnected G171 25101315 (5155 211 12, 13, 15
2. 173) 11, 14
e  Second scenario: DG connected BCG (2 187) 12, 14 3, 177) 6, 11, 14
2, 139) 11, 14
2, 154) 11, 14

. The results suggest that the DG ABC 3 187) 11, 13, 15 (3, 172) 1,11, 14
presence reduces the identification @, 177) 6, 11, 13, 15
capability of monitoring programs. (2, 599) 11, 14

(2, 662) 10, 14 (3, 665) 1,11, 14
f‘” . G7w) 1, 10, 14 4, 630) 1, 6, 11, 14
tly}gzther (4, 730) 1, 2,10, 14 (5, 684) 1,2,6,11, 14
(5.732)  2,7,12,13,15 (6,686 1,3,6, 11, 12, 14

(7, 688) 2, 3,6, 11, 12, 13, 15
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* Results and discussion \
* CIGRE 15-bus test system A

Q1
*  This figure illustrates all NSGA-Il solutions &2 20k @13 _é_ _—
considering the connected distributed
generator and all fault types. 2
. The colors divide these buses into five 4 @ ———
groups and choosing one bus from each
group always leads to a solution that ®s
. L 2
belongs to the Pareto front s |on x s3 1
«  Solution {2, 7, 12, 13, 15} found by ABCDO o ) e

can be composed through these five —
groups. I 012_1_[
o 20 kv
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Pareto point

Instance (o1, 02) Optimal solutions
” (2, 169) {11, 14}, {11,15}
Y C I G R E 1 5_ b AG (3, 178) {3, 11, 14}, {3,11, 15}
u S te St SVSte m {3, 4, 11, 14}, {3,4,11,15}, {3,5,11,14},
(4, 179) {3,5,11,15}, {3,6,11,14}, {3,6,11,15},
{3,7,11,14}, {3,7,11,15}
(2, 118) {11, 14}, {12, 14}
. . . {1,11,14}, {1,11,15}, {1,12,14}, {1,12,15},
e  Solution {11, 14} suits all instances and has BCeasy 134y {1113, 19, {12,15,14)

the lowest cost. {1,2,11,14}, {1,2,11,15}, {1,2,12, 14},

{1,2,12,15}, {1,11,12,14}, {1,11,12,15},

@153 6571, 13, 18}, {2,11,13, 15}, {2, 12, 13, 14},
{2,12,13,15}. {11,12,13,14}, {11,12,13, 15}
. {1,2.11,12,14}, {1,2,11,12,15}.
. Solution {2, 3, 6, 11, 12, 13, 14} reaches the (5. 155) (2.11.12,13,14], {2, 11, 12, 13, 15}
. . 2, 173) {11, 14}, {11, 15}
maximum benefit. e {6, 11, 14}, {6,11,15}
(2, 139) {11, 14}
ABC {1, 11, 14}, {1,11,15}, {11,13,14}.
G, 172) {11,13,15}
{1,6,11,14}, {1,6,11,15}, {6,11,13,14},
@, 177) {6, 11, 13, 15}
(2. 599) {11, 14}
1, 11, 14}, {1,11,15}, {11,13, 14},
AL (3.665) { IR }
types {1, 6, 11, 14}, {1,6,11,15}, {6,11,13, 14},

together (4, 680) {6,11,13,15}

{1, 2, 6, 11, 14}, {1,2,6,11,15},
{1,3,6,11,14}, {1,3,6,11, 15},
{2,6,11,13,14}, {2,6,11,13,15},
{3,6,11,13,14}, {3,6,11,13,15}
,3,6,11,14}, {1,2,3,6,11,15},
1,12,14}, {1,2,6,11,12,15},
1, 12, 14}, {1,3,6,11,12, 15},
,11,13,14}, {2,3,6,11,13,15},

{ ,12,13,14}, {2,6,11,12,13,15},
{3,6,11,12,13,14}, {3,6,11,12,13,15}
{1,2,3,6,11,12,14}, {1,2,3,6,11,12,15},
2 1,12,13,14}, {2, 3, 6, 11, 12, 13, 15}

(5, 684)

(6, 686)

(7, 688)
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| single-phase 4 Double-phase B Three-phase ¢ All types together |

E [# AG4 BG % CG B AB -+ AC-# BC & ABG ¥ ACG—BCG  ABC| g
~ 100 | . S o 100 n .« *
i 95 |- ,,syff/f‘ 3 — L] iﬂs . ° 4 s & 3 LS S A
S 90 T A ¥ i 2 96 * 4
| 85 Y v e " E 94 A
5 - A7 ; - -
g D / 97 —
Fap < ' = 5%
i spt e _’.i'—" - :EE 88 1
g 70 = 3 :‘E.. 86
E 65 - ‘ c s ?
E '] 'l L 'l i Il E L L i 1 L L L
3 60 2 3 4 5 6 7 3 82 4 6 8 10 12 14
Number of PQMs - First Objective Number of PQMs - First Objective
Pareto front obtained for all fault types The Pareto front obtained for all fault

solved individually to IEEE 123-bus. types solved together to IEEE 123-bus.
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* |[EEE 123-bus test system

49 40

*  The figure has eight different colors. Py i A ® .o @4
s\ 60 9% 72 " *
Then each solution has eight PQMs. 0, e se e IRl
54 69 113 81
36 53 18 12 80 86
* Any combination made with buses within “ 3 @ By N\ u
these eight sets is a solution. R . > A
28 65 ° 88 100
27 - ", e 92 9394
2 30 5 Co 67 68 91
; 2 3 110 95 99
31 1 109 108 107 9%
Refsrence . ;B N o 101 N
21 3 104 103 102 97

106 105
2 3(®)

Set of PQMs for single-phase to ground faults.
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* [EEE 123-bus test system

49 40

51 a4 sg 9 15 O 73 17 18 19 2
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Set of PQMs for three-phase faults.
I
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49 40
. 51 a1 2 g 2 15 73 17 18 19 o
. These solutions correspond to the Pareto ol o . -
. o o po . 5 1 75
point of 14 PQMs and 99% of identification A RS 4
rate. . 55 s e 2w
54 69 113 81
36 53 118 12 80 o
. . . . 45 112 79
*  Butitis worth mentioning that an A S " L=
identification rate above 96% was obtained “y — o S\ e e
with only six PQMs. . . s . B0 s
N E 1@ 118 N 93 *
* 30 § 5 fo g7 68 91 .
| , 3y ¢ 110 95 99
=> 111
31 109 108 107 o
Rel;:nr.e % o 0 ’ 101
0 33 o 106 105 104 108 e ¥

Set of PQMs for all types of faults.
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* EPRI’s Ckt5 2998-bus test system

«  We simulated three-phase faults at all buses of the EPRI's Ckt5 2998-bus system to determine
if the proposed methodology applies to large power systems.

. We ran pre-fault conditions in the EPRI’s system to investigate the method’s practical
application.

* The results presented three Pareto points. And with four PQM it was obtained a 68.75%
identification rate.




: (epes
* Conclusions i

. Allocation method: based only on the root mean square voltages (Vrms) measured at the buses.

. The method considered the unbalanced nature of PDS (selecting the appropriate method for short-

circuits simulations; adding topology constants in the BILP model; and suggesting a sequence of the
reference phase selection).

. This paper investigated the impacts of the connection/disconnection of a DG on the monitoring system
performance. It was observed a slight reduction in the monitoring set’s identification capability after the
DG connection. These results are essential since utilities cannot predict low power DG connections.

. The fault location in PDS remains an unsolved problem, this paper contributes with a method that
presents solutions with a significant reduction of multiple estimations.
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