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Abstract -- In Brazil big blocks of energy will be transporied
through distances between 2500 and 3000 km to strpmetwork
nodes. Among the AC transmission systems alternatg being
analyzed the half-wave length transmission seems tbe the
natural solution as the lengths involved are arounda half-wave
length of a 60 Hz frequency system, as the Braziliaone. As there
is no half-wave transmission system in operation ithe world,
there is a major sense of caution in order to be th first to
construct and use this new AC-link. In order to gie some support
a field test with a set of existing similar 500 k\lines that could be
connected in series was proposed to simulate the Ak
behavior under some controlled switching. The maimesults of the
proposed AC-link test simulated in PSCAD/EMTDC andATP
are presented.
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N recent years several countries are experiencirg
I necessity of enlarging their systems aggregatirgglalocks
of energy. When the new resources are locatedway &rom
load centers requiring very long distance transmisshe use
of non-conventional alternatives may be more adequa

In Brazil, 66 % of still not used hydroelectric oesces are

|I. INTRODUCTION

A comparative cost analysis was performed betwéen t
HWL+ (AC-link) and two other alternatives, whicheabeing
analyzed by planning engineering. These altermaitine a
DC-link formed by two bipoles and a hybrid systeomposed
of a bipole and one conventional AC line heavilyrghand
series compensated, with several intermediate atidnss. The
AC-link has a cost 24 % lower than the DC-link aBid %
lower than the hybrid alternative. As the DC-linast was
estimated in official reports in the range of USB Billions,
the cost difference between the alternatives fjultifies a
serious study of the AC-link performance.

As there is no HWL transmission system in operatiothe
world, there is a major sense of caution in regarde the first
to construct and use this new AC-link solutionotder to give
some support, a field test was proposed using elentd the
existing power system to simulate an AC-link witlitte more
than HWL. It was identified a set of existing sianil500 kV
lines that could be connected is series, formi@§@0 km long
tine, without series or shunt compensation andcheit from
one extremity, using only one circuit breaker franpower
station. As the existing lines are series and sbampensated,
for the test, all shunt compensation must be disected, all
series compensation must be short-circuited, adl lime
arresters must be removed except the ones at thk tr

located in Amazon region, summing about 120 GW. Tigxtremities and all circuit breakers connectingseries the

blocks of energy will be transported through disEsbetween
2500 and 3000 km to strong network nodes
consumption regions. Several transmission
alternatives are being analyzed, from UHV AC to HVD
Among the AC alternatives, the half-wave lengthsgldWL+)

transmission trunks with a little more than HWLg@&90 °)
seems to be the natural solution, as the lengthsvied are
around a HWL of a 60 Hz frequency system, as thaziBan

one. This type of solution presents some interggtioperties
in what concerns cost and functional behavior, @as been
extensively studied in 60's and 90’s [1]-[3]. It stube

clarified that a trunk with “exactly” HWL is not eonvenient
choice [4]-[6].
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in mainThe test condition

presently used lines must be blocked in closedipaosi

using only one circuit breaker.

The proposed 2600 km test line was carefully sitedlain
order to:

- Evaluate its behavior in permanent operation and
switching conditions.

- Have adequate information of the line behaviartast
conditions, before the test, for comparison wist tesults.

- Evaluate the “test line” behavior for severalagmf faults
and several fault locations, and to define a vermpk
protection system that allows disconnecting the lvith the
only circuit breaker used in the test, for an ewuehtfault
during the test.

Most of basic studies were done using programsldped
for line studies, covering aspects that are nottdeih by
most used programs. The proposed 2600 km test Igas a
simulated in PSCAD/EMTDC and ATP.

The simulation results of the proposed 2600 km st are
presented in the following sections.

to be executed consists of the
systegiergization of a 2600 km line, with no reactivenpgnsation,



Il. BRAZILIAN HYDRO RESOURCE

A. Brazlian hydroelectric potential

Brazilian hydroelectric potential is 260 GW, of whionly
28 % is being used (in 2003) to produce energyigd and
medium size power plants. Eight large hydro basompose
the Brazilian hydraulic map. The North region (Amaas
River and Tocantins River basins) has a potentialhfydro
generation of 131.6 GW, 50.9 % of Brazilian potehtiof
which 120.6 GW are not yet used (63.6 % of not ysd

hydroelectric resources), as shown in Table 1 agdiF
TABLE 1

BRAZILIAN HYDRO POTENTIAL AND INSTALLED POTENTIAL
Hydrographic basin | Existing | (%) Installed (%) P1/PE
Power Power [%]
(PE) (PN (GW)
(GW)
Amazonas River 105.0 40.6 0.6 0.8) 0.6
Tocantins River 26.6 10.3 10.4 15.97 39.
Atlantic North/Northeas 3.1 1.2 0.3 0.43 9.7
Sao Francisco River 26.2 10.1 10.5 15.p2 40.
Atlantic East 14.6 5.6 2.6 3.717 17.9
Parana River 60.9 23.1 39.2 56.81 64
Uruguai River 12.8 4.9 2.9 4.2(Q 22.1
SouthEast Atlantic 9.4 3.6 2.5 3.62 26.6
Brazil 258.6 100.9 69.0 100.90 26.1

Fig. 1. Brazilian hydroelectric potential by hydraghic basin — green :

evaluated; yellow : estimated.

B. Used Brazlian hydro resources

In Table 1 the installed potential and the estichgtetential
are presented. The ratio between these two poersieows
that Brazil has a great amount of non-explored uess,
mainly in Amazon River Basin.

Amazon basin generating potential has not been mséaly
because it is located very far from the main loaters.
However, the country is growing towards the interand
beside that the resources near the loads are leaimausted,

what will lead in the near future to the use of foydesources
in remote areas not much economically developed.

C. Hydro power plantsin Brazl

Brazil has 96 GW installed and in the fore comireang
new 27 GW will be installed. The majority of thesialled
hydro power plants are composed of large plants)gb23

hydro plants with capacity greater than 1 GW. This

corresponds to 71.4 % of the installed capacitBiazil, as
presented in Fig. 2.

I1l. NEW TRANSMISSIONSYSTEM

Although there are others energetic resourcesdrettergy
matrix, the hydropower is still the most important the
expansion of Brazilian electric system. In Tabléh@ largest

fore coming hydro plants are summarized.
0%

O Hydroelectric
m gas

O petroleum

O Biomass

m Nuclear

@ Mineral coal

mWind
O imported
Fig. 2. Electric Brazilian matrix
TABLE 2
FORE COMING LARGEST HYDROELECTRIC PLANTS
Hydro Plant River Capacity [MW] Date
Estreito Tocantins 1087 Sept-10
Foz do Chapecd Uruguai 855 Sept-10
Santo Ant6nio Madeira 3150 Jun-12
Jirau Madeira 3300 Jan-13
Sao Manuel Teles Pires] 746 Jan-14
Belo Monte Xingu 11.000 Oct-15
Maraba Tocantins 1755 Jan-16
Teles Pires Teles Pireg 1820 Jan-1p
Sé&o Luiz Tapajés Tapajés 8381 Jan-16
Serra Quebrada Tocantins 1328 Jan-17

In order to quantify the distances involved in tiectric
system expansion from the Amazon Region, in Fignean
distances from the new plants in Amazon basin & ltad
centers in Southeast region and Northeast regmprasented.
These distances are much higher than the actuantiasion
lines in Brazil, even the interconnection trunks 1800 km
long. The new transmission trunks will interconngeheration
centers to load centers, which are 2500 to 300Cfanfrom
each other. These new trunks must be studied uamdew
perspective in order to take full profit of very np
transmission and huge blocks of energy transmission

In previous studies [1] - [3] the use of HWL transsion
lines were thought for trunks with lower lengthdan those
cases the lines would be tuned for 190 °. Theseilua lines
will have half-wave length without the need of agditional
device [7]. There will be few opportunities likeetlBrazilian
one in the worldto make use of this technologyin suchan
economical advantage and therefore a big effdyéisg putup
by engineersto overcome conservative policies of some



planning sectorsthat insist in less or even non adequate In fact, if this were a regular new transmissiostsyn no
solutions.It canbe said that this is a unique opportunitythat planning engineer would ask for a site-test, a## #tudies
should beproperlyanalyzed Environmentaimpactshouldbe would be performed with the usual simulation todsit in

minimizedwhenanalyzingtheamountof energyproduced. order to be on the safe side with regulatory agenaireal-life
test was suggested.
; The 500 kV lines characteristics that form the ltast are
- summarized in Fig. 4 to Fig. 6. The soil resisyivivas
o supposed to be 40@Q.m as these lines regions have very high
8, soil resistivity.
[105007 | e e e e
Madeira Tower: 3H5 Tower Centre 25 [m]
% Conductors: rail -> Ground_Wires: 1/2"HighStrengthSteel
C i Connection X (f
| Cond. # P?wr:;iencglin Iowxe(rfz:oe?tre) (att:wer) ew. # Phasing # Iowegz:oer:l]tre) (at tower)
° 1 1 115[m] | 19.6433[m]| 1 | Eliminated | -8.9[m] | 31.5533[m]
2 2 0[m] 20.3083 [m] 2 Eliminated 8.9 [m] 31.5533 [m]
3 3 11.5[m] | 19.6433[m] [N
Mid-Span Sag:-l—/
' P
0.1 [m] for Conduclor_s
Brasil 0.1 [m] for Ground Wires| 1.2 [m]
Fig. 5. N-S Il towers data — phase conductor : rail
Tower: 3H5 Tower Centre 0 [m]
Conductors: rail -> Ground_Wires: 1/2"HighStrengthSteel
C i Connection X (f
! Cond. # P?wr:;iencglin Iowxe(rfz:oe?tre) (at I:wer) Gw.# Phasing # Iowegz:oer:l]tre) (at I:wer)
o] L °4 1 1 -115[m] | 37.05[m] 1 | Eliminated | -8.9[m] 46.5[m]
& 11,3008 26,400 : rs 2 2 0[m] 37.715 [m] 2 Eliminated | 8.9 [m] 465 [m]
A ) 12829 | & b “ N 3 3 11.5 [m] 37.05[m] | N
082000 S -*» id-Span sagzl/
:‘ ) _m:::a ; ® [ 26.11 [m] for Conductorg]
i 9525 s 1084 22.42 [m] for Ground Wirps 1A[m]
imite s Bacias P7777777777777

Fig. 6. NE-SE towers data — phase conductor : rail

Fig. 3. Basic transmission distances from new Amaptants and load The conductors’ data are summarized in Table 3alold 4.

centers — Distances in km; installed power and p@apacity in GW In Table 5 to Table 7 the zero and positive seqgieseries

impedance and shunt admittance per unit of lengtbutated

at 60 Hz for each interconnection line are preskniéhese
In order to give some support to planning engineersal data were used in ATP statistical simulations aslitres were

test was proposed. It was identified a set of #gssimilar represented with distributed parameter model.

IV. TESTTRANSMISSIONSYSTEM

500 kV lines that could be connected is seriesmiiog a TABLE 3
2600 km long line, without series or shunt comptasaand CONDUCTOR DATA OFNS- LINES :
switched from one extremity, using only one cirdnieaker, Conductor | Per Fgrglltk;eisstance Exterpnﬂ radius Interr}?rlﬂradms ur
from a power statl_on. The test line is composeNaftth-South RAIL 0.0614 0.014795 0.0037 1
(NS) mter_connectlon t_runk and part of Nor'Fh East@ Ea_\st GW - EHS 351 0,00457 B 7
(NE-SE) interconnection trunk. The N-S interconiwctis OPGW 0,405 0,00695 - 7
composed of 2 lines of 1014 km long, which togethigh part TABLE 4
of NE-SE interconnection can sum up to 2601 km IdHese CONDUCTOR DATA OFNS-II AND NE-SELINES
are all 500 kV lines, but with slightly differenowers. N-S Conductor | Per unit. Resistan¢eExternal radius| Internal radius| pr
. o P ) ) [Q/km] [m] [m]
interconnection is heawly_shunt and series comgensand — - 0.0614 0.014795 0.0037 1
NE-SE trunk is also h_eawly shunt compensated.tﬁert_est, GW - EHS 3.51 0.00457 . 7
all shunt compensation must be disconnected, allese TABLE 5
compensation must be short-circuited, all line stmes should __PER UNIT SERIES AND SHUNT PARAMETERS CALCULATED AB0 Hz — NS-|
be removed except those at the test line extresnitiad all Sequence  Per unit resistancePer unit inductive Per unit
circuit breakers connecting in series the presemsgd lines [Q/km] Reactance®b/km]| Susceptancqb/kml
must be blocked in closed position. So, the testditmn Zero 0.324303927 1.37639888 2.74171359
. L P s i ) Positive 0,0198327539 0,266903723 6,08082036
applies to energization of a 2600 km line, with reactive TABLE 6
compensation, using only one circuit breaker. PER UNIT SERIES AND SHUNT PARAMETERS CALCULATED AB0 Hz — NS-Il
Tower: 3H5 Tower Centre 0 [m] Ground Wire 1: 1/2"HighStrengthSteel Sequence Per unit resistancePer unit inductive Per unit
Conductors: rail -> Ground Wire 2: [Q/km] Reactancep/km] | SusceptancgyS/km]
Cond. # |Connection | X (from N Gw.# | Gonnection| X (from v Zero 0,355735418 1,42521984 3,58461397
Phasing # |tower centre)| (attower) Phasing # |tower centre) (at tower) .
1 1 45[m] 315 [m] 1 Eliminated | -3.17[m] | 40.75[m] Positive 0,0199493468 0,268508460 6,16648040
2 2 0[m] 35.5[m] 2 | Eliminated | 3.7[m] | 40.75[m] TABLE 7
8 ° 4siml stotm Mid_spﬁn Sagi/ PER UNIT SERIES AND SHUNT PARAMETERS CALCULATED AB0 Hz — NE-SE
16.7I[m]for Conductors bt Sequencel Per unit resistancePer unit inductive Per unit
142 mlfor Ground Wirep 457 [m] [Q/km] Reactanceg/km] | Susceptance5/km]
Fig. 4. N-S | towers data — phase conductor : rail Zero 0,357640199 1,42834687 3,52370352
Positive 0,0199706270 0,273449634 6,04576819




In Fig. 7 the single line diagram of the simulat@ctuit is
presented. The locations for measurement are sumedain
Table 8 in order to observe the voltage profilenglehe AC

link.
Serra da Mesa | Gurupil ~ Miracema | Colinas | Imperatriz
500 kv 500 kV 500 kv 500 kV 500 kV
256 km 255 km 173 km 330 km
o o Trunk
Serra da Mesa Il Gurupi Il Miracema Il Colinas Il Imperatriz
500 kv 500 kv 500 kv 500 kV 500 kV
256 km 255 km 173 km 330 km
L mm B— Trunk
Rio das Eguas B. Jesus da Lapa
500 kv 500 kV
Legenc
[ switching breaker
B Breaker aways
B Breaker aways
_> é}srst\;‘zzis:vunk connection
Fig. 7. AC-link 500 kV “test line” single phase dram
TABLE 8
MEASURING LOCATION
Interconnection Substation km
NS | Serra da Mesa 0
Gurupi | 256
Miracema | 511
Colinas | 684
NS I-NS I Imperatriz 1014
NS Il Colinas Il 1344
Miracema Il 1517
Gurupi ll 1772
NS Il — NE/SE Serra da Mesa Il 2028
NE/SE Rio das Equas 2279
Bom Jesus da Lapd 2601

V. SIMULATION RESULTS

The proposed 2600 km test line was simulated wi
PSCAD/EMTDC and ATP. The AC link was energized fram
weak network, specifically a generation unit (SedteaMesa)
with 3 generators of 472 MVA each.

As the NS interconnection trunks (NS | and NS Ii¢ a

separated by 40 m, this distance among the trun&se w.

represented and shall have some influence in thdtse This
would not be the case of the AC Link, but it wasresented to
reproduce the test line. The lines were supposezllid
transposed, but the transposition direction is atgmortant as
the coupling in the line test can be cancellednterged.

The energization was simulated in PSCAD represegritie
frequency dependence of the longitudinal paramegngle
shot); and with ATP to represent a statistical gization (500
shots), representing the line with distributed paeter model.

The results obtained with both simulators are ceferthe
overvoltages obtained with PSCAD are slightly lovikan
those obtained with ATP, as in the latter the {ivass modeled
with frequency independent longitudinal parametevdet.
Some cases were simulated with no mitigation metteod
reduce the overvoltage, except the surge-arrestatdd at the

line extremities (km 0 and km 2600) and also witte-p
insertion resistor. The energy absorbed by thestareat the
line end in all cases was much lower than its limit

A. Sngle shot results

Formerly the switch breaker poles were all closedha
same instant, at the maximum of one phase voltageow
any mitigation procedure, such as pre-insertionistas
Additional simulations were performed using the 4®0ns
pre-insertion resistor existent in the switchingdker, but
with a by-passing time greater than one cycle (2@sBinstead
of the regular 8 ms and another simulation with48-thms
pre-insertion resistor (20.8 ms by-pass time), Whi much
lower than the line surge impedance (around 200sdhirhe
by-pass time must be increased in order to waittHer first
traveling wave to reach the beginning of the lined &o
interact with the weak generation system. Only rafteat
perturbation has moved towards the line opened thed
resistor is by-passed, imposing full voltage to lihe. It can
be observed that the transients along the line sti@ngly
attenuated due to the line length.

In Fig. 8 to Fig. 10 the complete simulation isgaeted and
in Fig. 11 to Fig. 13 the former 150 ms after thwtsare
presented for the energization without mitigatioagedures.

In Table 9 the maximum overvoltages along the Eme
summarized for all the simulations.

g

iEig. 8. Voltage at Serra da Mesa — km 0 — Compateilation — Without
pre-insertion resistor
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Fig. 9-Voltage at imperatriz —km-1014 — Completawdation — Without pre-
insertion resistor

In Figs. 14 to 17 the former 140 ms after the sho
presented for the two others simulations with 6@ @ and
the 140Q pre-insertion resistor. Analyzing the voltageshat
line end it is possible to observe the travelingreveesultant
from the interaction between the sending end nétwod the
line arriving at the reception end and only aftedsathe
waves due to the resistor by-pass arrive. Withhigher by-
pass time it was possible to avoid the superpositibthese



waves, reducing the overvoltage from 1.72 pu t& b2 at the
receiving end.

W}’ 4 \u\"'imlh il

Voltage (kV)

Tiefsl 0,280 0320 0340 0360 0380 0400 0420 0.440

0300

Fig-—11.Voltage at Serra-da-Mesa —km-0— Simulatietail — Without pre-
insertion resistor
Voltage km1014

500~ = |PZc2A = |PZc2B = |PZc2C
B
(5]
g
3
>
Tmelsl 0280 0300 0320 0340 0360 0380 0400 0420 0440

Fig. 12.Voltage at Imperatriz — km-1014 — Simulatibetail — Without pre-
insertion resistor
Voltage km2601
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Fig-—13-Voltage at Bom Jesus da Lapa —km 2601 muldtion detail —
Without pre-insertion resistor

Another important factor that helps to reduce tr

overvoltage is the attenuation, as the transiemewdave to
travel through 2600 km back and forth, what wiltefi the
higher frequencies.

It can be observed that the overvoltages meastithe éine
end are much lower than the normally obtained foiew
hundreds km long transmission lines.

TABLE 9
MAXIMUM OVERVOLTAGE ALONG THE LINE [PU]
Measuring Without Using 400-ohms| Using 140-ohms
location [km] mitigation pre-insertion pre-insertion
procedure resistor resistor
0 1.341 1.201 1.128
1014 1.144 0.774 0.738
2028 1.184 1.008 0.947
2279 1.529 1.226 1.165
2601 1.742 1.358 1.280
Voltage km0O
i = SVel1A = S\VclB = SVeiC
2
S
Time [s] 0300 0320 0340 0360 0380 0400 0420 0440
Fig. 14.Voltage at Serra-da Mesa —km-0— Simulatietail —40@) pre-

insertion resistor
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Fig--15-Voltage at Bom Jesus da Lapa —km 260mulation detail—40Q
pre-insertion resistor
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Fig. 16:Voltage at Serra-da-Mesa —km-0-— Simulatietail — 14@) pre-
insertion resistor
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Fig. 17.Voltage at Bom Jesus da Lapa —km 260Imulaiion detail — 14@
pre-insertion resistor



B. Satistical results Some additional results analyzing the occurrencdaolt

The statistical energization was performed with Sepots during the experiment were also performed. The leegu
supposing that the pre-insertion resistor mearirgjomstant is near Protection properly adjusted can trip the link it
the maximum voltage time at one phase. The poleaspof the pre- jeopardizing the existent lines.
insertion resistor breaker was represented wittaadard deviation 1 he test was proposed for governmental planningneegs
(o) of 2ms for the master breaker pole and 3 msther slave to give more confidence to the AC Link alternatias,there is
breakers poles. The by-pass breaker was represavitedslaves’ NO such transmission in operation in the worldsHould be
switches in relation to each phase with a 20 msydeind the Understood, however, that the great inovation ins th
standard deviation of 2.0 ms. The Gaussian digtdbutail was transmission system will be the line length, whigteis the
truncated at 2.5. The pre-energization voltage was 0.96 pu, but 1@l transmission option. For all of them new pbkes
voltage control was implemented to reduce the gtetate voltage transients may occur and should be carefully studiée new
after the energization. transmission system should be properly optimized, reot just

In Table 10 the steady-state (SS) voltage profifterathe extrapolated from other existent systems in opemat\With
energization is presented. The sustained voltagesme substations this test it is expected that the rest of the HVétudies could

(Imperatriz, Colinas I, Miracema Il e Gurupi llyealower than D€ performed as any regular transmission syste_rarmiqm
0.5 pu and near the middle of the line is arour@7®.pu. It is Studies are normally done, and as were done wehother

important to block the undervoltage protection savill not trip ~ alternatives being studied, based on simulatiofopeed with

during the experiment. The reduced voltage neamiftzlle of the reliable tools. _ o
test line should change when the coupling betwetére t Due to the possible cost saving, it is urged thatWL+

interconnection trunks N-S-1 and N-S-II are propedpresented. No alternative is properly studied, and if the progbseld-test
important change in the overvoltage level is exgect helps, the energization test should be realizethptly.
In Table 10 the maximum overvoltage ranges areepted. The
overvoltage at the end of the line will not be fEghhan 1.65 pu, VII. REFERENCES
which is much less than what is observed when bimitcsmaller [1] Hubert, F.J., Gent, M.R., “Half-Wavelengtbver Transmission Lines”.

lines, around a few hundreds of kilometers. Thegnabsorbed by 2] '555&?2?;% OSn l;ﬁéi,h\éosla?gt,hr;o.éoéap& %BR'??JSGNE" “Analysis
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VI. CONCLUSIONS

Some simulations results of natural HWL+ transmissi
trunk energization transients performed both fotected
point-of-wave switching and statistical switching ene
presented. It was possible to observe that no raetre
overvoltage occurred along the line, as the ovémgels
obtained were lower than the ones of medium siesli

The HWL+ line overvoltage energization without any
mitigation procedure (no pre-insertion resistopduced low
overvoltage, which could be further reduced if pr&ertion
resistor were applied, optimizing both the pre-itiea resistor
value and the by-pass time. The optimization of blgegpass
time aims to avoid unfavorable superposition aftfswitching
traveling wave with short-circuiting the pre-insent resistor
traveling wave.



