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Abstract

Maximum power transmission and inadequate voltage control are the two main aspects associated with voltage security analysis. Once
weak buses are found by the assessment function, enhancement control actions be may recommended. This paper presents a seque
tial iterative method to reinforce system conditions. A simple illustrative 34-bus system is used to show the adequacy and efficiency
of the power flow reduction through the “critical branch” of the “most loaded transmission path”. Both concepts are introduced in this
paper.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction crease the “distance” between the actual load and the (new)
maximum power flow. Several times this may be achieved
\oltage stability analysis, or more adequately, voltage se- by voltage profile changes and consequent loss reduction.
curity analysis, may be divided in two aspects: the assessmenSometimes that procedure is not enough and active genera-
function and, if necessary, the reinforcement function. The tion rescheduling is recommended.
voltage security assessment may find results of two different A load bus may receive active power from different trans-
types: (i) the power flow arriving in a load bus is reaching mission paths. Consider, for instance, two generators con-
its maximum, (ii) the effect of voltage-control actions in a nected to one load through two different transmission lines.
voltage-controlled bus may be opposite to the expected oneSuppose that all load increase is supplied by only one of the
[1,2]. two generators and thus increasing the power flow across the
The objective of the voltage security assessment is to pointcorresponding transmission line. As the load continues to in-
out the weakest buses for the operating point under analysiscrease, the power flow that can be transmitted to the load
The concept of weakest bus, i.e. the critical bus from the volt- reaches its maximum. It is obvious that the load may con-
age security point of view, is fully described|i8]. Once the tinue to increase, provided the idle generator starts providing
assessment is performed, the objective of the reinforcementthe necessary power and thus loading the other transmission
functionis to calculate adequate control actions in order to in- line.
The intention is, therefore, to determine the different
routes being used for active power flow transmission to the
_ weakest load bus, to identify the most loaded transmission
* Corresponding author. Tel.: +55 21 31141214; fax: +55 21 31141232. path, and redirect the power flow to other routes less loaded.
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2. Most loaded transmission path and critical branch and arriving the path at intermediate nodes into admitt-
ances.

2.1. Subnetwork identification (3) Transforming loads of the intermediate buses into ad-

mittances and eliminating these nodes by “network re-

Thefirst procedure is to identify the part of the full network duction” [5], an equivalent 2-bus system is obtained.

that is actually being used for active power flow transmission Network reduction was a common practice in an-
to the weakest load bus, as well as the corresponding gener-  gular stability analysis by time domain simulation
ators. The following steps are necessary: [6].

(1) The sign of the active power flow is used to establish the
subnetwork as follows. Busg¢sonnected to the weak-
est busi belong to the subnetwork Bjj <0, whereP;;
is the active power leaving busn the direction of bus
j. Busesk connected to busgsbelong to the subnet-

work if Pjx <0. Bused connected to busdsbelong to allel transmission path is mamtalneq. . .
the subnetwork iP < 0. The search continues on other The load of each 2-bus system is the active and reactive

bus layers until a generation bus is found. The subnet- power flow that arrives at the load bus through the corre-

work is established. Although not as simple, an alterna- sponding path. Similarly, the generation of each 2-bus system
tive for this step is the “downstream-looking” algorithm is the active and reactive power that leaves the generator bus

[4] through the corresponding path.

(2) In order to isolate the subnetwork from the remaining The varlgbles that have the same value in the full net-
network, it is necessary to convert the active power flows work and in t_he reduceql 2-bus system are yoltage an-
leaving the subnetwork from intermediate buses, as well gle and ma_gnltu_de both in the generatqr and in the load,
as the reactive power flows leaving and arriving the inter- the generation, i.e. t_he power flow entering t.he 2-bus sys-
mediate buses of the subnetwork into admittances. Note ™ and the load, i.e. the power flow leaving the 2-bus

that, by definition, there are no active powers being in- system. . L .
jected into intermediate buses of the subnetwork. The The reduced-equivalent transmission circuits depend on

system now has reduced dimension and comprises Onethe network admittance and also on the nodal voltages be-

load bus connected by a network with intermediate nodes ::r;]ause dDOW;I’ ﬂOW.S alr e (f[c;nverteq ”?to an|t_'E[ances. Tlh dereflore,
to one or More generators. e reducedr-equivalent transmission circuits are valid only

for the operating point under analysis and, at the most, for
infinitesimal variations.
The series and shunt branches of the reduceduivalent

The second procedure is to identify radial transmission transmlssmq C.'rcu'F are not necessanly S'm"‘.” to those
of a transmission line. However, the interest lies on ver-

paths between the load bus and each generator, and elim: y - . ;
transmission effort”, i.e. the voltage magni-

inate intermediate nodes. The following steps are neces-ifyingl the . S
sary: g P tude drop and the voltage angle displacement, which is the

same when measured using the full network and the 2-bus
(1) Each bug connected by a transmission branch to the system.
weakest load busdefines one radial transmission path.
Note thatP;; <O0. If there arenj buseg, nj paths are de-
fined. For each bupthere arenk busesk connected to  2.3. Most loaded transmission path recognition
them withPj, <0 andnk— 1 new paths are defined. For
each bug, there arenl bused connected to them with The third procedure is the comparison between the load
Px <0 andnl — 1 new paths are defined. The search con- voltage of the operating point under analysis and the criti-
tinues on other bus layers until a generation bus is found. cal voltage, which is the one when load is at the maximum.

Several 2-bus systems, comprising one generator, one
load, and oner-equivalent transmission circuit, are obtained.
The same generator may be connected to the load bus through
differentrr-equivalent circuits. The individuality of each par-

2.2. Transmission paths identification

Each path finishes at a generatar The critical voltage magnitude and angle are calculated by
Therefore, several radial transmission paths are definedthe formulas ofV,¢ and6;° stated below. With the compari-
and each of them includes the weakestibseveral inter- son, it is possible to determine whether the load voltage is

mediate buses such as jubusk, busl, and a generator  on the upper or on the lower half of the well-knowinx P
busm. These transmission paths are not necessarily in- curve, with constant power factor, as well as the “distance”
dependent; the same transmission branch may belong tao the critical voltage at the maximum load. The most loaded
more than one path, as well as the same generator maytransmission path is the one which presents the smallest “dis-
appear in more than one path. tance” between the load voltage of the operating point un-

(2) In order to seclude the radial transmission path from der analysis and the critical one. Unmistakably, the com-
the remaining part of the subnetwork, it is necessary parison result is valid only for the operating point under
to convert all active and reactive power flows leaving analysis.
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For a 2-bus system, comprising one generator, one load, The sample system model used inthe real time supervision
and oner-equivalent transmission circuit, it is known that and control environment of CEPEL, the Brazilian Electric
[1]: Power Research Centre, is showrrig. 1 The system com-

prises 34 buses, 42 transmission lines, 12 transformers and 5
of = 1 x arctg generators. Voltage levels are 750, 500 and 345kV, All gen-
2 erators operate with 20kV as nominal voltage. The 750 kV

( Sin(—¢ + at) + (Zt/Zs) Sin(—¢ + 20t — as) ) corridor between buses 4 and 13 has series and shunt compen-

—coS¢ + ar) — (Zi/Zs) COSC¢ + 20t — ) sation. Buses 25 and 26 represent a large system equivalent.

+6g 3.1. Weakest bus identification

Ve = Vg The S34A06 operating point is shown iRig. 2 and is
2 cos — Og) + 2(Zt/ Zs) cospf — by + ar — as) the base-case in this example. As it was obtained by succes-
sive load increases at bus 29, most probably bus 29 is the
weakest bus. The assessment results are showabile 1
On this table S is the complex power injected into the load
bus,Sy is an estimate of the maximum complex power that
could be injected into the bus, calculated in the operating
pointunder analysis. Therefotd,= (Sn — §)/Snis the com-
plex power margin between the amount being injected and
the estimated maximum (in per unit&f). 8 is the angle be-
2.4. Critical branch identification tween the gradient vectorsP andvQand it has being proved
that 0 < 8<180 in the upper part of th¥ x P curve, while
The fourth procedure is to analytically recognise the crit- 0° > g>—180 in the lower half. At the maximum, the gradi-
ical branch of the most loaded transmission path, i.e. the ent vectors are aligned and this equal to © or £180° [3].
branch to have its flow decreased. The idea is to examine Negative values o8 in voltage-controlled buses indi-
the first path including the generatorand the brancm — 1. cate reverse relationship between voltage and reactive power,
The voltage at the bukis compared with the critical one  which may lead to voltage collapse due to the automatic ac-
corresponding to the maximum power flow arriving at this tion of the voltage-control device having opposite eff@t
bus. Following the analysis, a new brarichk is included However, the main concern in the paper is the analysis of load
and, consequently, the second path is from tu® busl buses.
and to buk. Again, the voltage at the bilids compared with As expected, bus 29 is at a critical situation: its load is
the critical one. New branches are included sequentially until 34.7 pu, whereas, the maximum estimated load is 35.7 pu.
the load bus is reached. The critical branch is the one that, Furthermore, the angjgis 178.5 and the maximum is 180
when included, presents the smallest “distance” between theTherefore, bus 29 is the one which might have its power
load voltage and the critical one. The following numerical margin enlarged.
example clarifies the procedures described in this section.

whereV, 6 are the load voltage magnitude and angle when
load is at the maximumyy, 64 the generator voltage magni-
tude and angleZ;, ot the m-equivalent circuit series branch
impedance magnitude and andlg, «s the r-equivalent cir-
cuitshuntbranchimpedance magnitude and angle (load side)
¢ is the load power factor angle.

3.2. Identification of the transmission paths and the
most loaded one
3. Numerical example
The direction of active power flow through the transmis-
The aim is to identify the weakest bus from the voltage sion network is shown iifrig. 1 It is easy to verify that the
security point of view, the most loaded transmission path for subnetwork used to transmit active power to bus 29 includes
that bus, again from the voltage security point of view, and all branches except those connecting the system equivalent
then to alleviate the power flow across that branch in order to of buses 25 and 26 to bus 24, and also branches numbered
enhance voltage security conditions. 16 and 17 connecting bus 23 to the networkKig. 1, the
The technique involves, at each iteration, the utilisation of branch numbers are inside circles). Therefore, there are sev-
three major computational tools in sequence. Firstly, nodal eral transmission routes of active power from generator buses
voltage security assessment is performed and the weakesl, 31, 32, 33 and 34 to the load bus 29. The six most loaded
bus is selected; secondly, the most loaded transmission pathransmission paths are shownTable 2 The loading con-
is identified and its critical branch; and thirdly, control ac- dition is defined as the bus 29 voltage magnitude and angle
tions are calculated to alleviate the power flow across the “distance” between the operating point under analysis and
critical branch. The second iteration starts with the new op- the critical one. The latter corresponds to the voltage mag-
erating point. The process finishes if all nodal power margins nitude and angle at the maximum load and is calculated by
are considered to be large enough, or if it is not possible to the formulas for\°, 6 already presented. “DELT is the
increase them. difference between the load voltage magnitude and the criti-
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Fig. 1. 34-bus test system.

cal voltage magnitude, whereas “DELZAis the difference It may be noticed iTable 2that, taking the generator volt-
between the load voltage angle less the critical voltage an-age as reference, both voltage drop and angular displacement
gle in radians. “DELTA/" is a composition of those two  are larger for the actual voltage than for the critical one, for all
considering orthogonal axis. transmission paths. That is the reason for negative distances
ObservingTable 2and comparing bus 29 voltage with the on the table. It may be assumed that the voltage is in the lower
critical one for each transmission path, it is concluded that the half of theV x P curve for all those paths.
six most loaded paths are shown from top to bottom starting  Considering that the increase of both load and losses was
with the most loaded path. The far right numbers order the supplied by generator 34, itis expected to find the mostloaded

loading. paths connecting bus 29 to bus 34. And thatis the case, the two
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Fig. 2. Voltage magnitude vs. active power at bus 29.
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Table 1
\oltage security assessment report/386 operating point
Bus number Bus name V (pu) Equipment Type S (pu) Sh (pu) M (pu of Sy) B (degrees)
1 BUS-001-20 1.030 GL 1 3815 1159 0.699 -8
2 BUS-002-500 1.012 P 0 .@00 316 1.000 166
3 BUS-003-500 1.010 P 0 .@00 307 1.000 166
4 BUS-004-750 0.951 R 0 .B79 233 0.730 166
5 BUS-005-750 0.916 R 0 374 155 0.911 178
6 BUS-006-750 0.915 R 0 .373 155 0.911 178
7 BUS-007-750 0.932 R 0 .876 130 0.763 172
8 BUS-008-750 0.986 R 0 .255 365 0.911 173
9 BUS-009-750 0.987 R 0 357 365 0.911 173
10 BUS-010-750 0.906 R 0 .833 110 0.456 176
11 BUS-011-750 0.921 P 0 .@o 188 1.000 175
12 BUS-012-750 0.922 P 0 .@o 187 1.000 175
13 BUS-013-750 0.882 R 0 211 95 0.693 178
14 BUS-014-500 0.966 P 0 .@o 107 1.000 178
15 BUS-015-500 0.876 P 0 .@o 144 1.000 170
16 BUS-016-500 0.879 P 0 .@o 147 1.000 169
17 BUS-017-500 0.999 L 0 .044 562 0.999 142
18 BUS-018-500 1.037 P 0 .@o 661 1.000 142
19 BUS-019-500 1.050 L 0 1998 585 0.744 147
20 BUS-020-500 1.052 P 0 .@o 575 1.000 146
21 BUS-021-500 1.074 LR 0 .323 1017 0.968 122
22 BUS-022-500 1.075 LR 0 P51 596 0.964 125
23 BUS-023-500 1.066 LR 0 .769 356 0.801 122
24 BUS-024-500 1.037 P 0 .@oo 196 1.000 179
25 BUS-025-500 1.093 L 0 6617 814 0.189 179
26 BUS-026-500 1.100 G 1 4143 623 0.339 77
27 BUS-027-500 0.991 P 0 .@o 127 1.000 178
28 BUS-028-345 0.869 P 0 .@no 82 1.000 178
29 BUS-029-345 0.878 L 0 3207 357 0.028 179
30 BUS-030-345 0.929 P 0 .@no 105 1.000 168
31 BUS-031-20 1.007 GL 1 1259 285 0.535 -39
32 BUS-032-20 1.058 G 1 1890 258 0.508 123
33 BUS-033-20 1.059 G 1 1218 144 0.103 —155
342 BUS-034-20 1.049 G 2 1473 - - -

G, generator; L, load; R, reactor; C, capacitor; P, nothing connected; 2 swing; 1, PV; 0, PQ.
a In order to analyse this bus, it would be necessary to select another swing bus, which is not done for simplicity.

most loaded paths connect those two buses. The followingbus 34 to bus 21 and to bus 22 now comprising branches 1 and
two paths connect bus 29 to generator 32, the following one to 2. Again, there is no problem in transmitting power to bus 22
generator 33, and the lastto generator 31. Itis no surprise thasince its voltage presents less drop and displacement than the
generator 1 is not mentioned as its active power contribution critical one, taking the generator voltage as reference. New
to bus 29 does not use the same subnetwork used by the othdsranches are included sequentially and the seventh and last

generators. path includes branch from bus 28 to bus 29 and is composed
of branches 1, 2, 3, 4, 5, 6 and 7. The voltage comparison
3.3. Recognition of the critical branch indicates negative distances.

The far right numbers order the loading of the paths in

The objective is to determine the critical branch of the Table 3 The loading condition is defined as the path ter-
most loaded path, i.e. the branch to have its flow decreased minal bus voltage magnitude and angle “distance” between
The idea is to examine the routes starting at generator 34,the operating point under analysis and the critical one cor-
including one branch at a time. Therefore, the first path to responding to the maximum load, the late calculated by the
be looked at is from bus 34 to bus 21 which comprises only formulas forV,, 67 already presented.
branch 1. Again, the voltage at this bus is compared with ~ Comparing the distances for all seven paths, it is con-
the critical one corresponding to the maximum power flow cluded that there was no problem in transmitting power from
arriving at this bus. Looking &fable 3itis concluded thatthe ~ generator 34 to buses 21, 22, 19, 16, 30, 28. However, there
bus 21 actual V0|tage isatthe upper half ofthe P curve and was prOblem in dOing so for bus 29. The conclusion is that
far away from the critical one. Following the analysis, a new the critical branch was the last to be included, the branch 7
branch is included and, consequently, the second path is fromconnecting bus 28 to 29.
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Most loaded transmission paths report/S836 operating point

(magnitude in pu; angle in degrees;

* kK

TRANSMISSION PATH:

delta V in

BRANCHES 7, 6,

pu; delta 6 in rd)

5, 4, 3, 2, 1

MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE .8829 -62.7739
LOAD CRITICAL VOLTAGE 2.4792 9.3164
DELTA V DELTA 6 DELTA VO
DISTANCE -1.5963 -1.2582 -2.0325
Hhx TRANSMISSION PATH: BRANCHES 7, 6, 5, 9, 8, 1
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE .8829 -62.7739
LOAD CRITICAL VOLTAGE 2.3885 5.2298
DELTA V DELTA 0 DELTA VO
DISTANCE -1.5056 -1.1869 -1.9171

* kK

* kK

TRANSMISSION PATH:

BRANCHES 7, 6,

5, 4, 11, 10

MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0580 16.7149
LOAD VOLTAGE .8829 -62.7739
LOAD CRITICAL VOLTAGE 2.0906 -.7200
DELTA V DELTA 6 DELTA VO
DISTANCE -1.2077 -1.0830 -1.6222

TRANSMISSION PATH:

BRANCHES 7, 6,

5, 9, 12, 10

MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0580 16.7149
LOAD VOLTAGE .8829 -62.7739
LOAD CRITICAL VOLTAGE 2.0315 -1.7075
DELTA V DELTA 6 DELTA VO
DISTANCE —1.1485 -1.0658 -1.5669

TRANSMISSION PATH:

BRANCHES 7, 6,

5, 4, 14, 13

MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0590 12.7291
LOAD VOLTAGE .8829 -62.7739
LOAD CRITICAL VOLTAGE 1.9102 -3.5530
DELTA V DELTA 6 DELTA VO
DISTANCE -1.0273 -1.0336 -1.4573
Hhx TRANSMISSION PATH: BRANCHES 7, 6, 5, 9, 15
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0070 18.1189
LOAD VOLTAGE .8829 -62.7739
LOAD CRITICAL VOLTAGE 1.8863 -4.1377
DELTA V DELTA 6 DELTA VO
DISTANCE -1.0034 -1.0234 -1.4332

3.4. Voltage security reinforcement

ities of generator output versus branch power flow. Another

similar alternative is an extension of the algorithm described
Bus 29 was identified as the one with a voltage security in [8].

problem. The cause was ascribed to the excessive power flow Applying the control actions calculated by an OPF pro-
across branch 7 between buses 28 and 29. Therefore, the voltgram [9], the new generation at the swing bus as well as
age security improvement may be achieved by decreasing thehe reduction of losses are shownTable 4 The resulting
power flow across that branch. The next step is to identify the voltage profile rests between 0.90 and 1.1 pu. Active power
most influential control variables, such as active generation generation changes were not allowed at this first iteration,
and voltage set points, on the branch power flow, as well as theexcept for the swing bus responsible for absorbing the loss
direction of movement of those variables. This is straightfor- variations due voltage level changes.
wardly achieved by an optimal power flow (OPF) algorithm. Voltage security is assessed in the new operating point.
An alternative for the OPF is to identify the contribution of Results are shown ifable 5 A substantial power mar-
each generator for the power flow in the critical branch. This gin M=(1— S/S;) increase from 0.028 to 0.141 may be
may be achieved by the “upstream-looking” algoritfh. noticed. The Influence Index also translates the benefits
Redispatch is manually performed according to the sensitiv- Il = (M;/Mp — 1) =4.04 or 404%. Another way to assess the
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Table 3
Branch analysis of the most loaded path/S34A06 operating point
KxK TRANSMISSION PATH: BRANCH 1
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490  22.3000
LOAD VOLTAGE 1.0752 13.5456
LOAD CRITICAL VOLTAGE 0.7004 -19.2129
DELTA V DELTA 6 DELTA VO
DISTANCE 0.3748 0.5717 0.6836
Fekk TRANSMISSION PATH: BRANCHES 1, 2
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE 1.0765 9.3915
LOAD CRITICAL VOLTAGE 0.6817 -24.4801
DELTA V DELTA 6 DELTA VO
DISTANCE 0.3947 0.5912 0.7108
*kk TRANSMISSION PATH: BRANCHES 1, 2, 3
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE 1.0510 5.4450
LOAD CRITICAL VOLTAGE 0.5319 -11.6224
DELTA V DELTA © DELTA VO
DISTANCE 0.5191 0.2979 0.5985
il TRANSMISSION PATH: BRANCHES 1, 2, 3, 4
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE 0.8834 -11.9938
LOAD CRITICAL VOLTAGE 0.8313 -1.3051
DELTA V DELTA © DELTA VO
DISTANCE 0.0521 -0.1866 0.1937
*xx TRANSMISSION PATH: BRANCHES 1, 2, 3, 4, 5
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE 0.9341 -16.2072
LOAD CRITICAL VOLTAGE 0.4395 -22.2800
DELTA V DELTA © DELTA VO
DISTANCE 0.4946 0.1060 0.5058
>k TRANSMISSION PATH: BRANCHES 1, 2, 3, 4, 5, 6
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE 0.8739 -57.7082
LOAD CRITICAL VOLTAGE 0.8527 —37.4442
DELTA V DELTA © DELTA VO
DISTANCE 0.0213 -0.3537 0.3543
*Ex TRANSMISSION PATH: BRANCHES 1, 2, 3, 4, 5, 6, 7
MAGNITUDE ANGLE
GENERATOR VOLTAGE 1.0490 22.3000
LOAD VOLTAGE 0.8829 -62.7518
LOAD CRITICAL VOLTAGE 2.4763 9.3134
DELTA V DELTA © DELTA VO
DISTANCE -1.5934 -1.2578 -2.0300

consequences is to compare the increasg,pinom 35.7 to

with theoretically). Otherwise, other control actions need to

40.4 MVA, i.e.a13%increase. Angbdecreased, as desired, be calculated, this time enabling active power redispatch.
from 179 to 170°. These figures indicate that reinforcement Then second iteration starts.
was remarkable especially if it is remembered that the base-
case operating point S3406 was the point of collapse, as
shown inFig. 2

At this point, the first iteration is finished. If all the nodal Considering the acquired experience with several tests,
power margins are acceptable, the full procedure also finishesnot shown in this paper, it was verified that better results are
(whether the margin is acceptable or not is a question of en-obtained by restricting the OPF algorithm latitude. This can
gineering experience with the system and has not been dealbe achieved by imposingfictitious limits on active generation,

3.5. Other reinforcement iterations
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Table 4 Table 8
Active power generation and losses before and after decreasing branch 7Bus 29 voltage security assessment report after each reinforcement iteration
power flow lteration  V(pu) S (pu) Sn(pu) M(puofSy) B (degrees)
Iteration  Active generation (MW) Losses S34A06 0878 34707 357 0.028 179
number T 6 Gal  G32 G3a  Gaa MW 1 0.908 34707 40.4 0.141 170

2 0.906 34.707 43.4 0.200 165
S34A06 3300 3879 1320 1200 1200 1434 604 3 0.907 34.707 47.0 0.261 155
1 3300 3879 1320 1200 1200 1385 555 4 0.948 34707 512 0.322 141

5 0.964 34.707 54.1 0.358 131

6 0.996 34.707 57.9 0.401 119
Table 5 7 0997 34707 61.1 0.432 121

Bus 29 assessment report before and after decreasing branch 7 power flow

Iteration  V (pu u u M (pu of degrees . . . . .
number (Pu) S (PW - Sn o) (Pu oS} f (degrees) position to what was observed in the first six iterations. The

S34A06 0878 34707 357 0.028 179 voltage security assgssmgnt results for bus 29 are showp in

1 0.908 34.707 404 0.141 170 Table 8for all seven iterations. The assessment was carried
out at each operating point after enhancement control actions
have been applied.

say+10% around the actual active power generation values ~ The operating pointafter reinforcementiteration number 7

(if ficticious limits remain inside actual limits). Although, was assessed and bus 29 was the weakest one once again. The
not mandatory, the exception is the swing bus responsible formost loaded transmission path and the critical branch were
closing the active balance. determined. The OPF algorithm was applied but unsuccess-

If constraining limits were not adopted, the OPF algorithm fully, it was not possible to increase the bus 29 power margin.
would minimise the power flow as much as possible, even Probably, because bus 34 active power generation reached its
reversing the flow direction. And that is not the goal, which minimum value interrupting the trend noticed in the iterations
is only to alleviate the flow in order to enlarge the power before. Therefore, the operating point after seven iterations
margin at the weakest bus. is considered the best possible. As a matter of fact, bus 29

The most loaded transmission paths and their critical power marginM =(1— S/Sy) was significantly increased,
branches are shown able 6for seven strengthening itera- ~ from 0.028 to 0.432 pu d&n. The Influence Index translates
tions. The active power generations and the losses are showithe benefit:
in Table 7 It is to be noticed that after the sixth iteration, M;
generation at bus 34 and the losses start to increase in op“ = [(ﬁ) - 1] = 14.430r1443%

0
The figure is quite big because the initial mardlg is too
Table & N _ small since the S34\06 operating point is almost at the max-
Weakest bus, most loaded path and critical branch before each reinforcement
iteration imum load. . .
, — — Another numerical assessment of the control action con-
Iteration Weakest Most loaded transmission path Critical . . .
bus branch sequences is to verify th&, increased from 35.7 to 61.1 pu,
which means an improvement of 71%. Concurrently, angle
1 29 Branches 1, 2,3,4,5,6,7 7 d d desired. it itical val £159
5 29 Branches 1.2 3 4.5 6. 7 7 B eozcrease , as desired, from a quite critical value o
3 29 Branches 15, 8, 2, 3,4, 5, 6, 7 7 127. .
4 29 Branches 10, 11, 4,5, 6, 7 7 The method was successfully applied to several systems
5 29 Branches 10,11, 4,5, 6,7 7 including the IEEE 24 buses, the Brazilian S/SE equivalent
6 29 Branches 15,12, 11, 4,5, 6, 7 ! system with 395 buses, and the full S/SE system with 1750
7 29 Branches 15, 12, 11, 4,5, 6, 7 12 . .
buses. It should be noticed that the problem size does not
increase with the number of system buses. In order to jus-
Table 7 tify this statement, consider that the system equivalent repre-
Active power generation and losses after each reinforcement iteration sented by buses 25 and 26 in the unifilar diagrarigf 1is
Iteration  Active generation (MW) Losses  how fully represent with, say, 100 buses, 130 branches and
(MW) 10 generators. However, none of those buses, branches and

Gl G26 G31 G32 G33 G34

S34A06 3300 3879 1320 1200 1200 1434 604
3300 3879 1320 1200 1200 1385 550

generators participate in the problem of the numerical exam-
ple (since active power flows from bus 24 to that system). In

3618 4267 1307 1192 1196 634 481 other words, only a small region of a very large network is
3967 4694 1212 1108 1111 41 400 used to transmit power to a load area with constrained trans-
3765 5163 1101 1007 1009 9 320 mission due to voltage stability problems. In the numerical

g‘gg 224713 ggg Z;i 2;2 I igg’ example, the load area is represented by bus 29 and the con-
2390 5821 810 P 908 3 204 strained network comprises buses 34, 21, 22, 19, 16, 30, 28,
29, 17, 32, 18, 33, 20, 31 and branches 1, 2, 3, 4,5, 6, 7, 8,

~NOoO b WN B
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9,10, 11,12, 13, 14, 15. The other 20 buses and 42 branche$. Conclusions
are not involved in the problem. Another argument to justify
that the problem size does not increase with the number of  An iterative and sequential technique for voltage security
system buses is quite commonly found in the literature; volt- reinforcement was presented. The task involved the utilisa-
age stability problem is associated with lack of local reactive tion of three different computational tools. The first one car-
power support and the latter is usually confined into an arearies out the nodal voltage security assessment and points out
of the network. the weakest bus. The second tool determines the transmission
Inthe numerical example with the 34-bus system shown in paths used to carry active power from generators to the weak-
this paper, the problem was artificially created by increasing est bus and, among them, selects the most loaded one. The
bus 29 load followed by increasing bus 34 generation. In critical branch of the most loaded transmission path is deter-
other tests where load and generation increase are spread imined. The third tool, an OPF algorithm, is used to alleviate
several buses; the weakest bus, the most loaded transmissiothe power flow across the critical branch by performing volt-
path and the critical branch vary from one iteration to another age profile adjustments and, if necessary, active generation
during the margin enhancement procedure. redispatch.
The technique was successfully applied to several sys-
tems and operating points. The computational time does not
4. Comparison with similar techniques increase with system size and is no burden for real time ap-
plications.
Although there are hundreds of papers in the literature
about voltage security assessment, there are only about 10
on voltage security reinforcement. None of them seems to Acknowledgements
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