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z - Ix z2 (3) 
p jwCp Z1 + z2 

Provided that impedance Z is relatively high, if a load is connected toP 
the system, the regulation of voltage VD is very poor for important loads. 

In order to improve the circuit regulationan inductance can be connected 

in seri with the load in order to compensate partially or completely the 

scrU i.-; :ap, i. ic.i:pedance introduced by the vol.tage divider. 

l~i.ji 3 , i,., uile circuit the phasor abasic and associated d ia~ ram of 

fu]Lv1 ,:nh.,s Led arrangement for both the loadc:d (see Fig. 3.c) and unload­

ed (snditi,.-L'ii.(ee 3.b). 

I' I IiII Zi 

, I zl 2 
7zL 

+ 

+1Z2 

'2 7.,. :V,) 

a) Basic electrical circuit.
 

orr Llie 1unloa ded Conldi i , . 
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c) Phasor diagram rLor a resistive loading 'condition. 

FIGURE 3 Capaci'tive voltage divider circuit and' st'ad~y 
state behaviour. 
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The chosen site was a small rural neighborhood in the outskirts of the city of
 

Chilpancingo.
 

This neigborhood is energized by two three-phase transformers supplying a load
 

of au :roximtelv 30 kVA. One of the units will supply half of this load, 

including a three-phase motor. The other unit will be replaced by a single­

phasc un-it connected to the voltage divider 360 m. away, close to a suspension 

tower : a 5 kV transmission line. 

With :his arranacment, and in this experimental stage, if for any reason the 

volta:e divider is out of service, the other three-phase transformer will 

feed :he total load. 
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14.Economical Aspects. ''"'''' ~ ~ '2~'~~*~' 

The economical. comparison of rural electrification aJlternatives,,is speUily W 

Scrucial due to the high investment costs involved' per installekVA. Even-'~>"
 

< 	though this comparison is only truly meaningful fo r specific projects, som
 

figures can be drawn out from previous studies in' orde r to give a~rough ide
 

about the range of figures' that can be encounitered., :,
 

'The firs~t case to be examined is due to, "BG' CHECO' International Limitee", 

a Canadian comp'any from Quebec which studied tileproject of rural, elec'trifi y,' 

ication of Rlah'imrpuquio, a ,small population~in 'the Peruvian Andes.: 'Threea.­
tnatives were considered in this study as described by the'ir doumnte 

titled "c&able de pdaarrayos 'una toma de corriente econ6imica". 'The'first
 

otion considered was to install two diesel~ plants, the 'second~option was
 

cbuild a small hydraulic station. 'Finaltethr alternative consistL-V
 

edf asmall elcrclsain powered by an isol~ated eghofagon
 

wire of a '220 kV; transmission line.,'
 

As revealed by tile study~ for that specific population, 'the 'cheapest ~alter-'' 

''native turned,out to be thegowie project, followed~by' the 'hydIraulic 

~plant. It is worth while mentioning tliat" the possibilityobidn~ 

~ Tydauicstation well 'suited .to tIhe energy requirements of a''populJtion is,' 

not opened 'to'all rural communities.' ' 

in 	order to draw, some rerentiv fiue Ou O thle Raumuu study, ' '' 

the average investment and operating cost for 0t'lch alternative: are shown A;jj 

in lable I These average' values are Lak~en foi- different periods of t he14 ., 

year horizon considered. The costs are' expressecI in 1983 U'. S dollars 

i.h~ year study Wa~icarried out.sb the Lhe 

ThL! i I v o L;tI-,Imenlt cost-pur 1MIh is comptd as LhIc, dqipcnddecia LLon dvid-"
 

~~iw% L o niri-y co)nstnnpC n~ of' a speci vii;.,Te'Opring dos L""'~"A~A~
h( 	 to La 
vear 	 A'1e'''rat 



~9>incluides~ the'- flwing e'cpresions for each alte'raie--4peainapant 

tenance, fuel1-and~ lubricant cots the niondial t ransportEaiono fuel~ and-­

lurc~t is considered fbr. the diesel alternative. 'Only operating and: A:7 

m~jaintenance costs are considered in the hydraulic and groundwire alterna i­

v-es\	 II 

TABLE I 	 Comparative cost of investment operation 
per, MWh delivered. .. 

DIESEL PLANT HYDRAULIC GROUND WIREFPLANT 


Invest. Oper. Invest. Oper. Inves t. Oper. 

.- , 153.3 342.1 83.7F 143.5 104.6A. 70.6
 

~4~22. 499.4, 227.2 175.2
 

The capacitive voltage divider installation had a cost fo'r equipment, o~f 

$16,765.00 U.S. dollars.: The detailed description of this cos t isF present.. 

ed inTbeIIbelowq. Considering hat7 the inst'ilto asiieullf 
-of 20 years,with constant annuitices Fthe annual equiipment 'cost D-'in U.S. dol­

11- lars is: 

D $838.00 161b765 (U.S. Dollars)
 
4 	 20F 

~, Given 	 tha t the power rating is 25 kVA, the annual. cost Cper installed,,KVA 

considering only the equipment cost *., -- - - -	 --- ' 

- .	 $2.33.5 ($/KVA-yeai,C 

~-Assuming that the utiliati~on factor is equal ;to die ahuimpuqUi6.-project 

L~' Lis L020 hours of rated pov'cr yearly wih in itLIower -factorF the equip-4-F 
tyaL costt per'~ 

3 3 5F 
328
/1IW 

2 

http:16,765.00


This cost has to be compared with the concurrent projects, three of which 
have been mentioned previously re.arding the studv hy B.GC. Checo . Accord­

ing to an aeojic project developed by the lIE, a generating unit of t MW 

rated capacity represents an investment cost per KVA of one thousand dollars. 
Two aspects have Lu be kept in ni nd . The first. oae is the random vulture of 

energ , availabiLiLv of aeolic generators, the second is the economv of scale 

obtained from a 1 MW equipment. 

One i, the most wi deiy used aILternatLives in ru . I lcittr i cation is the 

u:.-nsion of distribution nutworks. Considerin, the estimat. cost of 

L.S.$6,000ioU.0 per kilometer of distribution line if a popul '.tion is located 
2 koi u oser to a ] 15 kV Ii ie thlan to an' exist ino: distribution Iine , the 

iWnstallalit i of a capacitive voltage divider should be considered as an al­

L-rnatie prjuct which could result in substantil savings: 

'iLot installation equipment costs. 

' :; I t , 	 Cost 

h Inductor 	 S 4,725 
1 	 0.6 mH Inductor 920 

9A kV Surge arrester 1,885 
S 5.4 kV Surc4 arrester 140 

1 115 kV fuse. disc'mnnect 4,355 
8 50 & 100 KVAR capacitors 2,770 
S 5U kV:\ dis trib. tr-ansfor :er 1,440 

- ,O'('1n (o!S tO- 240 
2 13 kV and 12.) \ disconnects 120 

Various (hardware 170 

T (I T 	 \ . $16,765 

Contk are in 198h U. S. dollars. Do not inch-i taxes 
or tralspolrtaltion (i s 1. 



CHAPTER II Installation Desi-n 

The design of a voltage divider includes several steps. The sections of 

this chapter correspond to the chronological order followed during the 

project. 'fhe fir-t point defines the criterii to specify thc capacitor 

banks. The second part considers the transient behaviour of the installa­

tion by means of digital simulation. The third aspect considered is the 

proposed protective scheme. In point four t, :-ost relevant aspects re­

,atrding the components specification is presunted. Finally, point five 

deals with the layout of the field instal aLion. 

[1.1. Steady State Considerations 

Th selection of the capacitor banks C1 and C) must satisfy two conditions. 

The first one is that the voltge through bank C.), for the unloaded condi­

t ion, ()r -puns to the selL.:ed distributie n voltag;e V1R . Denoting VO 

Linu I ln to .IrumuJ voItLa e o:- the tran. missi: ' , the ratio of impedan­

. 'Wij banks and C 2 is a funtiton of Vg and V expressed by() I 

VR 

This defines the condition t:hat ZcI /Zc2 IIs t Iulf i1. The second condi­

t ion Lo be satisf ied b-.- ti, hanks is that the :::a:.:imum steady state opurat­

11t_ v ta: ,t, V a..: thrount cac unit is less Ve::, )I-)" eq ta I t:; its nom i na I 
VO) 1tag,e V . 

'I th : t,,td tioi'n can bte .;tated tor bink C f rfi a +;aost i ;I ion wIt i Hliccti si ttat 

Si i ,(ehd.nIoadit ,t the foIl owi.: i t I i L''y, w tert Ih iS tIIe ,i I ­
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4mum current throug~h the~ load an 1 ixs the; nomnlpwro bank~ C1 , an z 

(is th meaneo h inductor. ~s'~ 

The worst case for. bank C? is 'an inutv ullodn.Asmn th&ai. 

~the lowest power; factor .hat can be encountered isv 0.8, the ieult 

be expressed as follows:~ 

V x X 

2 
If 

Given that: 

By substituiting ZL ibohinequalities 5 and 6, an qaigbt'trs 

tw'q'dratic inequalities, haigas variablesb repci.ey 1 and Z 0 ,~
 
are obtained as expr~essed below:~ 2
 

2~< 2 2 . 

Z V) 7
C1 fL''(+ Z ZC 1 Pn- + 1 R)(V~~ 

-2~ '­

-- - 'f2. ,.C ~ >V)A h -­

ii'gluda.co ~nd~bn~ t~eVali~1i'd 

~+ V 0 p~ 

Lflcl~ 11 A -. poo ,"IC1 b Li 7cape~~ut~8 Aid nsdi-

~I-C~~~~~~ ~ u ~~!' ~ ~)L d- L-Lk-o , ., al!T1 -i 'l e v o C 

http:ii'gluda.co
http:repci.ey


The intersection of this interval with the one obtained from Pnl, yields a 

range of feasible values of ZCI and its corresponding range of ZC2 for the 

powers Pn 1 and Pn2 previously selected. 

This can be done iteratively by increasing the values of nominal powers un­

til the feasible intervals allow a selection of single phase units that best 

approximates the ratio of impedances ZCi over ZC2 determined by equation 4. 

This technique can be directly applied when all the units of a bank are 

idenLical. 

If the elements are different in voltage class or power rating, the nominal 

voltage VnC of the bank may be determined as follows. First define the 

nominal current of each element j 

*n - n (9)
 

Vnj 

determine the minimum current LnMin found and multiply it by the summation
 

of their impedances
 

2 

•, 

Vn(
n\Iin J Pn 

Pnj
 

The prototype installation banks have the following elements: 

Bank C 

Four OW kVA UAIi L> rated 1.3.8 kV with an i'iv dual impedance of 3.81' 

plus two 51 kV\ uni&tA irated 14.4 kV with an ividml . Lpedance of 4.15 ,. 

Bank C,
 

T'.'7o ii)() 1:VAlit .: rared 1.4+1 kV with an ind v. :ual imppdance of 1.55 K
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This is for 115 transmission line and 7.6 kV distributiona kV a line. The 

value for ZL is 2.74 K Q which correspond to an inductance of 7.27 Henries. 

11.2. Transieint State Considerations 

The transient behaviour of voltage dividers is one of the major problems en­

counLe red in ali the previously reported i41 installations. The analytical 

stid', for the pi jut installatiun was made with the Electromagnetic Transient 

Prog.ram and three type of transients were considered. The first one is the 

hurt i CruLit in the 7.6 kV line2. The second study considered the distri­

bution transformer energization. The third and final case coi.sidered was 

Li.- ,..itcl f bank from the 115 kV side.Jii, the 


I..2.1. Short (ircuit on the 7.6 kV Line
 

The first case studied i the short circuit with an inductor that fully 

compensates the Tiievenin Capacitive impedance. After three cycles the 

fault is 1.iberatcd. 

The oscillogram is shown in Figure 4. 

One ma jor conclusion is drawn from this siimulation. That is, the over­

voltages art too importalt (close to ten times the operating values) 

LVOen atrer UI, opIation a vercv rapid protective system that operates 

three -c\'J.O, a[:tt-r t e fatl It. 
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DIVISOR CAPACITIVO LINEA 115-FP=0.8 SNOM = 50KVA 

B WEDOIV NINTER VLTS (E+Oj) 
B NOOINI MEMOIV VLTS (E+Oi)
V MEDIV VLTS (E+Oi) 

-10.03 -15.30 -12.18 1.22 -6.29 -3.35 -4.41 2.5i 5.4 8.4 

--- __.____-


I I
 

( 2 lU!.' "['NY! 'I!()ITI 'l.:! I.IY T (Cl IU 



ILA~
 

Several attempts were made to 
reduce the fault over voltages as described
 

in point II.3. The final soluLion that was taken was to compensate only 

partially the circuit with a 4 Henry inductance on the 7.6 kV line. The 

rest of the compensation is done on the seconidary of the transformer. The
 

transient behaviour after tie 
 aWL is described by the oscillogram of
 

Figure 5.
 

The highest overvoltages d:tvcted in Banks C1 and C2 following the fault
 

in per unit, are respectivIv; of .2 and 1.28. They correspond to an un­

der damped oscillating wave form, with two dominating frequencies. The
 

first frequency is 60 Hz due to the system and the second one is a 15 Hz 

wave form that d fines the amplitude of the voltage waves through banks 

C1 and C2 . 
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B MEDDIV NDISTR VLTS (E401) 
B NODINI MEDDIV VLTS (E401)
 
V MEDDIV 'LTS (E+01)
 

Q -5.66 -2._3 -0. 2.54 5.27 _ .00 0.7-_,._.39 


H_ _'_ _ _ __,_ _ __,l_._'_ _ __,_,_._ ,_lllkC I.(:'iI' 

1ALLYN ~ CI1' I .. -. ~ IIP ~ : 



11.I2.2. Distribution Transformer''Energization 	 2
 

The purpose of these computer simulations was to determine the capacitor bank-h-~
 

performance when~the distribution transformer is' energized -at no-load.,I 
Transient voltages and currents were recorded in order to.:analyze the possi­

bility f occurrence of ferroresonance due to core saturatin. The tran sformer. 

model use in the EMTP program was that of a 30 kVA, 13.2 kV unit with a magne,tizing 

current of 5%. Several cases were analyzed, in each-of them inrush and the 44 

voltage across C2(V2 1in Fig. 7) was plotted. Situations ~simulated ,were----­

maximum residual magnetism, positive and negative; 50% r esidual magnLetimsm, 

*positive and negative; and rated voltage V2 passinq[thru zero anddat its peak. 

value.. 

in neither case was ferroresonance observed. Figure 6 shows the oscilogram of 

the worst case.' The no-load energization was simulated with the voltage wave 

passing thru zero, and maximum positive residual magnetism., Simulation time, 

Wwas 250 ins., The current wave TRANS-SATURA corresponds to 'the inrush magnet­

izing current.' Some negative peaks are observed caused by saturation (maximum 

peak value of 3.11 A). The maximum value of V2 (voltage wave*1MEDDIV) isJ
 

12.85 kv. Neither of these values affects the general performance of the
 
circuit. 

11.2.3. switching of the Capacitive Voltage Divider Bank
 

The purpose of these computer, simulations was to determine the transient state
 

pDerformanco of the voltage divider after switching~ operations under different 

circit Te rsmanl and~plotted currentondiion. parame recorded were: 

in the 115 kV line' and voltages V1 F, V2 ,reviously mentioned (See fig. 7). 

1) 	 With S2 open, energize- the capacitor bank at the instant the sour~ce voltage 

115 oxsitive inaximutn; 
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2) With S2 closed, energize the capacitor bank with the distribution
 

transformer in the circuit at no-load, at the instant the 
source
 

voltage is positive maximum (see Fig. 8).
 

3) With S2 open and with the capacitor bank energized, de-energize it
 

with maximum negative voltage, so that the bank is charged.
 

Afterw-drds, re-energize the bank with maximum positive voltage. 

In cases 1) and 2) no ovurcurrents or overvoltages that could damage the 

capacitor unitLs or that would cause some protection to operate were 

)bser.rved. L.vurtheless, case 3) showed oveirvoltages that could be 

harmful tk C,. In this casc the automatic rr.closing of the h.v. line
 

was simu]ated. It is wo.-t, mentioning that in Mexico, 115 kV lines do 

not have automatic reclosinq. In case a capacitive voltage divider is 

t:o be designed for a transmission line of higher rated voltage, this 

ropresents an important I oint for further analysis. 
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c) Switchin an oevl
surge ihnn 


Asexlane prvoul inscin4121,th4hrcrutcrrnswr
 

a)ShortS circuit enegiza Sormer 

a) Sotcici 

Slimited by separating the inductive reactance betlweeni the.hih .and low-!voltage' Y ­

sides. The short: circuit studie's illustrated ,the'following: ects:}: i"asp 

with a3shunoting gap across---the reco.Te a ohvetemdl
 

fSor circuilt currents and. voltages :in the capacitor bank, (C adC2so
damp oscillations
poin I tv catvega diidraalesgesaig-rat
The aresceme fortgthen pre voltage 


By aaeqa e e c tion of tf ihvlaeratroevla nC n 

itacot'isdnmcpromneudrtefollowing eventsms
 

The faulo~t cruit sinli eysal4opr4 ~ urnj~jfulla 
This latpitmrt oeatnin:eeal ircuit~iconfigrtin I ee
 
andDitributon transmrd deergizatin o n I, i 
 4-tv:doistded with the: purpose? of lowering short .circuit icurrents anid there)+fore :)'.i i?:
 

deraigthe: overvoltages across: C1 and .C2,., The .configuratiogns :analyzed! );i7 , , '
 

- , - -, 

great:er than the ones at full-load ........ ..... ... .. .. ..
 

w
Nevertheless .......... tr in ~
..... n i n performed..... t........ computer showed the
 

4 



24 

h. v. 

CC 

C 2/
 

FIGURE 9. GAP SHUNTI NG REACTOR. 

h.v.
 

I T
!L 
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- The possibility of using current I across the gap to operate a recloser was 

studied. The problem encountered was that this current is high in a very 

short period corresponding to the discharge of capacitors and then itC2 


becomes too small. This led to 
 the second cas, studied shown in Figure 
10. It consi.;tee of placin,: the cjap across one portion of the reactor 3 

the values of I and I- are increased and thus easier to detect. In 
r 

the comrpn ter":~,nals significant overvoltage; were observed in the capacitor 
,arlrv due tc thn ;)hase shif tween overvol tage and current. Therefore, this 
confr gur-at ion was disca 'd,,i. 

''h( ,,t c:as ara :I:,e:d is shown in Fiiure 11, which consisted in placing one
 
reactoJr in mary and second
I:i side, a Leactor in the secondary 

d-, in c:. t( .omrnplete tiC tuning of the circuit. This was done with the 

purpose? of Ii:nres: the short circuit value in the primary side since it is 
on v pa rtial 11' - <mnnated. jai across C2 was placed so as to limit 

overvo.tage in, ';,. 

Computoi simnulations showed ti-> fol.owing results: 

iAg; frrecucncv component appears in the voltage across C1 due to the gap 

s parhov. -r. 

- The frequent operation of the gap does not allow the overvoltage at C2 to 
tabilize. 

- T1h, fault current waveform j5 : too distortion,-- and could present rms 
-


yva~ue s di f.p i ';:1diff,.: late<- with t-he - current. 

():er in 1'xt casu. :1:l]Z'.i, :: 12, the sameeror,, he hown in circuit is 

t:',. - is:e:d :,xc'¢r.C, s,,,(lro :,' , imirnate.d. 
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h.v. 

Cl 

Sc2H- -_____"____ 
_ 

FIGUPE 11. TWO COMPENSATT(; REACTORS, ONE IN THE PRIMARY, THE OTHER IN THE 

SECONDARY. GAP SHUNTING C2 . 

h.v. 

c 1I _______ 

I r m~rr 
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As explained before, by separating the tuning reactance between the primary
 

and secondary sides, the short circuit currents in the primary side are
 

reduced. 
 The absence of the gap resulted in sinusoidal waveforms. This
 

last scheme was the one adopted.
 

On the other hand, to disconnect the voltage divider from the 115 kV transmission 

line, a sinqile pole power fuse disconnector was chosen. It will protect
 

against fault; hetween its terminals and the capacitor bank, faults in the units 

of C 1 , and faults in the transmission line. It will not operate witha low voltage 

fault or .vit:i inrush currents. The next section will show all component 

speci ficat Lns. 

In the 7.t. kv distribution line a 2A fuse-cutout was chosen. The reason for 

this selecticn is discussed in the next chapter on laboratory tests. 

b) Distribmtir Tran.;former Energization 

The ana.vti stuies concerningi inrush currents when energizing the distribution
 

transformer showed the following results:
 

At first. a 7.2 kV transformer was modelled, but core saturation was observed, 

which led to significant overvoltages and overcurrents. For this reason, and 

aiso considlering tho fact rated voltage is a litt]e above 7.2 kV, a single­
-:has, 13.2-0.240/0.120 kV unit was chosen, increasinq the saturation knee in 

this way. 

c) Switching surges and lightning overvoltages 

i. res.: toin. switchincit :as concludeC tat the only dangerous 

o-ratj ons e .- tniose occurrino" with the capacitors close to their rated 

,'a ,. i uc. ii.; is im;;roha , for transmissi, . lines wi thout automatic 

r,.elos .i no, .cau, [he capaci-.ot. are discharoeK ,, loss than half their 

value .twe.en go,-ataons , no protection was cons dared for this type of events. 
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For lightning protection, it was 
decided to use zinc oxide arresters in both
 

the primary and secondary sides. Again. the chapter on laboratory tests will
 

further discuss this point.
 

11.4. COMPONENT SPECIFICATION
 

As a reference, we will list each of the components in the capacitive voltage
 

divider along with their specifications.
 

11.4.1. Capacitors
 

a) Single-phase units with two bushings each, for outdoor service.
 

Quantity Capacity 
 Rated Voltage Capacitance
 

(KVAR) 
 (kV) (F)
 

4 50 13.8 0.6964
 

1 2 
 50 
 14.4 0.6396
 

C? 2 
 100 12.47 1.7058
 

Each unit contains an integrated discharging resistance.
 

b) Insulation chara-teristics
 

Capacity Rated Voltage 
 BIL
 

(k\U\R) (kV)
 

13.e 95
 

50 14.4 
 125
 

100 
 12.47 
 95
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11.4.2. ':';actor 

a) Low voltage reactor
 

Current limiting series reactor, type AA, air 
 core, single-phase, 60 Hz
 

for outdcor service. 

Measured inductance = 0.635 mHi
 

RPitod current = 200 A
 

-Short circuit current = 2000 A in 2 s
 

Rated voltage = 1.2 kV 

T,cmperature rise 80,C 

Measured impredancce at 25'C = 0.240 ohms 

12) 	ii<ih volt:aq, reactor 

K;urr(-t limiting !;eries reactor type AA, air core, single-phase, for 

ootdoor :;ervi.c,, V30Hz. 

:*easirecj .inductance 3.9 H 

<at:d (:urrent 3.3 A 

.cui:t current = 40.0 A in 1 S
 

, votag 15 kV
 

T.:nr era::ure rise 80' C 

'.c' imredance = 1474.2 ohms 

ig(jht 	 = 225 kg 

linpuise voltage = 95 kV 

.. :.4.3. Protctivc. equipment 

o,.*.er ruse di:c:fnnniCtcr for outdoor service, sinqle pole. 

Raited voltage = IP, kV, 121 kV maximum 

Maxi mum rut- ur t-c, 25() A
 
nt,z.rru; t ,. ,,cc t," I 5i10 
 A 
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BIL = 550 kV
 

Fuse element = 10 A
 

Insulators = Station post
 

Weight = 207 kg 

2) Distribution fuse-cutouts, single pole
 

Rated voltage = 14.4 kV
 

Maximum voltage = 15 kV 

Maximum current = 200 A
 

3IL= 125 kV 

Interruptive capacity = 8000 A asymmetrical 

3) Distribution class lightning 
arrester
 

Zinc c)xi( 5,urw. arrester, outdoor service 

Rated voltage - 10 kV 

Maximum contliiunu! operating voltage = 8.4 kV 

4) 1nermediato class lightning arrester 

Z'.2 oxide surgecc arrester, outdoor service 

Rated voltage = 'kV 

Maximum continuous operating voltage = 70 kV 

Wei ht =3H kq 

11.4.4. Distribution Transformer
 

.ingle-*phas, 60 Hz
 

13 200 - 24C)'12) V
 

50 kVA
 

Four position tap changer of 2.5% (+2,-2) 
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11.5. Installation Layout
 

Figure 13 illustrates how the avove equipment 
is connected to form the
 

complete capacitive voltage divide:.
 

115 kV 

115 Kv, 1 0 A 

_ 1l 4 .4 kV . 50 kVAR 

± 13.8kv, 50 kVAR 

15 kV 	 0.63 nI' 
200 A 

3.9 H1 

3.3A 2 AI 	 Q 13200 240/120 v 

I_ 12.47 kV 
100 kvAR 	 10 vi'Zn0 

7.6
 

kV 

FIGUE 13. FINAL INSTALLATION LAYOUT. 
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Chapter III. Prototype Laboratory Tests and Operating Characteristics
 

III.1. Introduction
 

In this chap;t(r, laboratory tests of the complete voltage divider scheme are 
de cribed. These series of tests were performed at the Mexican Electrical
 

Research Institute's Lab located in Salazar, Edo. de M6xico.
 

The objectives were to: 

a) Determine service quality (voltage regulation) and system reliability;
 

from the 
consumer point of view, and with the protective devices chosen.
 

b) Determine possible effects in the 115 kV transmission line.
 

c) Check the adequate operation of all components under severe conditions.
 

c!) Verify the final design. 

e) Evaluate operating practices. 

The test program was divided into three main areas: 

- Alort circuit 

- Dist:ibuti. transformer energization 
- Lcad ,,j:c tion 

DDt-sCrii, 't of the tests and results under these areas appear in the following 

soections. 
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III.2.Short Circuit Testing
 

In the tests described below, no lightning arrester was used on the primary
 

side.
 

a) Short circuit in the 7.6 kV line
 
These first series of tests consisted in simulating short circuit faults
 
in the 7.6 kV line (see Fi(7. 13) under the following situations:
 

a.1.) Closinq the 115 kV breaker 
with the on thereactor primary side short 
circuited. Recorded values are shown in Table II, and the circuit used 
is displ-ayetd inFigure 14. Current peaks in the order of 17 A were 
observed wen energizincg circuitthe and when the fuse operates. 
A "eak voltage value of 28.6 kV across C2 was recorded at the 
Le.qinnin; -i:id at tlh<u end of the transient condition.
 

a.2.) En-rqi zin: the voltage, divider 
at no load, and then closing a switch 

to short ci.rcuit th, -rimary side,. 

Aain, r-corded valu( s are sho..,n in Table II. The same peak current 
values of 17 A 'ere recorded during t2'.u transient condition. The 
maximum pea. volt age registered acres:; C 2 was 29.9 kV. 

a.3.) The r--ame as before, !-t with a fault resistance of 7.7 ohms. 

Pecrdci vi] es are d is,:±aved in Tabi. IT. In this currentcase, peaks 
roachd I.4 A and voltage peaks acro:.: -, attained 30.88 kV. 

it is io{0rt:dlnt r- Itarnd cur the Ca,-t ,t in every c<ase the 2A fuse 
(see Fiu. 1) operated satisfactorily; and that in neither test, the 
vu III 11..( 1 11 I itc inieo 2'..!"' vat-ed .r !-_,an 



34 

iNOD I N I 115 KV 

TPi-:, 
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4 2 
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FIGURE 14. ARRANGEMENT FOP. THE SHORT CIRCUIT TEST IN THE 7.6 kV LINE 

7I 
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TABLE II
 

SHORT CIRCUIT TESTS IN THE 7.6 KV LINE
 

Test # Fault Resistance Voltage at Voltage at 
 Current Interrupting

(Ohms) NODINI 
 MEDDIV' 
 time 

(kVrms) (kVrxns) (Irms) (s) 

1),0 66.4 11.26 7.4311
 

2) 0 
 65.03 
 9.42 7.50.9
 

3) 7.7 67.74 10.57 ~ 7.58 1.03, 

b),Short circuit in the transformer secondary, afterlthe low voltage reactor
 

(See Fig. 13). The circuit used for these tests appears in Figure 15. The
 
50 kVA transformer has 
a turns ratio of 57.75 (13 860-240 kV). Two different 
tests were performed and are described below: 

b.1.) The circuit was energized at no 
load, and then the secondary side was 
, /short circuited as shown in Figure 15. Current peaks in the primary.
 

side were recorded with values up to 29.96 A. This corresponds to a2
 
peak currentof 1672 (1182 A rms) in the distribution transformer 
secondary. On the other hand, voltage in the primary side was.
 
measured to be 7.58 kV rms 
at no load, and during the short circuit
 

it reached peak values of 30.87 kV 
(21.83 kV rms). Othermeasured
 

values are shown in Table III.
 

b.2.) The above test was repeated, except the 2 A fuse was replaced by a
 

6 A element. The short circuit was interrupted by the 115 kV breaker
 
in 1.6 seconds, the 6A fuse didnot operate. The voltage at the
 
primary terminals of the transformer reached 15.63 kV rms, while the
 
fault current reache 21.39 A This corresponds to 1235 A r(m2in
a 

he low volta .e (1 747 A peak)
side 
 .
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TABLE III
 

SHORT CIRCUIT TESTS IN THE TRANSFOMER 

SECONDARY
 

Test 4 Volta(I at Voltage at Peak Current Interrupting

NODINI 
 NDISR 
 at 	120 V 
 time
 
(kV rmni) (kV rmis) (A) 
 (S)
 

S) 
 3) 1672 0.4 
(2A fuse) 

2) -73.16 15.63 	 1747 1.6
 

(11 	 5 kv breaker) 

Again, it is 	noted that the voltage in the 
115 	kV line never varied more than
 

10%. 

c) 	 Short circuit on the transformer secondary, after the low voltage reactor, 
with a liqhtning arrester on the primary side. 

In 	 these tests, a 75 kVA unit was usncfd -ind a distribution 10 kV class 
lightning arreser connectedwas on the transformer primary. The test
 

circuit i in 16.
.:hown Figure 

Wi thi arran,:crment, two different tests were executed as follows: 

c.1.) This test ,-'as similar to the one described in b.1.) above. It is 
worth not Ln,: tiat tp:o ?eal: voltages of 3L.87 kV recorded in test 

L.A.) ;ret,, :-Lduced to values in the orcl, !- of L-3.44 kV 	 peak 
(16.5 kV rimr-) , 24.4 " :; . The fault curr-,nt measured was 34.18 A 

-han on&qrea~ki t 11- me:asurud in . 1.) becaus(e of the 
ifncroaSd( ,pacily of tht, transformer. Th, 2 A fuse operated in 

K' 3 . .{ 
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c.2.) The above test was repeated to measure the lightning arrester current
 

(indicated by letter "1" in Figure 16). The resultant current was
 

too low and could not be measured. 

d) Short circuit at the consumei:'s location. 

The capacitive voltage divider has no secondary protection. A fault in the 

low vcitI>-, wi11be vlcartd,' tho 2 It is considered then thatcid, A fuse. 

any fault at the consumer! ]kcation will 1e cleared by its own protective 

system (fuses or thermomaqncLic hreakcrs) . Tne following tests were made 

to veriy :i ':ndition. The SiC l ifhtning arrester was replaced by a ZnO 

unit of the same 10 kV cla;ss. The load resistances were located at a 

distance of apv!roximately 50 in from the transformer. The original 50 kVA 

distribution tr-nsformer was aqain used. The- test circuit is shown in 

Fit.ure 17, .here N resonts the number of resistances used in each 

case. Note th':o 10 A fuse in :eries with t,;o 7.7 ohm resistances which
 

arC sh7rt ci rcui. d to iimul ate a household faut.
 

d.I.) 	 Household short circ'uit with 25% of loal.
 

The fault <..:as interrupted by the 30 A fuse in less than 3 cycles.
 

Measured low voltag fault current was 5195 A peak. During
 

interrupt ion, voltage peaks were reduced by the ZnO arrester to
 

C.2 'V.
 

On the ransformer primary, measured low current was 57 A rms. 

6 .) 	 Household short ci ,O i '.':J'ti 50j f etod
 

The faalt .as intrrw 'ted by the 30 A :use in less than 3 cycles.
 

Mea 'ur:..i ] ,'v;olt.i , " [ curr,2nt wa ii A )eak, with load
 

currsent b( lnq 1 1. 1, . I-:; . A ail , i r s show:show a succesful 

01' t11 i'I , the I 'c;htii ,iiarrester in 1 :r'tin-I overvoltaqes. 



i,:. i;!d'.3 .:), Household- short circuit with. 75%of lfoad.' ' ' ".. ... ':' 
i. :/ / , Measured parameters are practically the: same compared : to -;the,iprevious 

/ : : , ">i:. i ,/ . i tes'texcept the lioad currenit :was 127; A rms,.i~'~i,:i . //; 

d. 4. )Household short circuit with <100% of load.i ::i:;i i 

urentwa Aal 

, r•....practically.,. ... the; same. :':i:
 

rqesird Iad 15 otermeasuredvlermang 

... :~ .-~ , "neach the A fuse~ :I of last four tests, the 30 operated in less -than'..'.;
 
-; ;.:
, ::: •,... cyles.: Fault currents, measured were not greater than 520 A7t. -% 

.'.:. 5.) ; ....circuit., on;'.-: .,:,, d. Short . the .transformer primary. sde. ; i: ; ,!-!i. ;' :.:'i- ,i!! 

!S~i?:'.!':.,:,;, test was executed :with a 3A :fuse, on:! the primary, side. ° After. 3.: This 

! !;:'!.ii" -,: .:,:seconds of: faul't .current:circulatio~n,;: tihe",3 A: !fuse:did! not o'perate; 

: " si::: :,ii an-d;the .fault wa cleared :wit h .t h e i 1 1 5  k V - b r le a k e r , :2 T h e i:p e r m a n e n t ;:
 
i~!,,ii;:::: :.::<.::.fault current me:asured i was. 5.7 9 (A:I
.!/.. t r s ws!:ith. pe k vi:alues : :in t!'hei:i.;i' 

:,:::"."."<: tnuhcrest excep ithe lsocad cur e vla,-h was:transient period. of. 13.0 A.. 127 A rms. ntTherefore., .circuit :protection' with. a' ­

ditrto einr cdcent was 15 ,alr. oherueasure tvalusreang
 

practicall thae
;<< ,-::>-:,. .a size # 6 . cable :and length o f 60 :m..- -'. ,:..: - ., . .." ; "- : :;. ., ,.:; >-: .- i ' 

1.3. Distribution Transf"rmerEnergizatin­
* d.5. Short irton the trainlnfer primary side.
VrWa'sstie 

duithis'testwaslexted wlta 3A fseta-son e primary side fe
 
: / The. circuit for, these curn ciclton
seconds of fal 
 h shown, i 


except R uepresents a load resistance ith vaue sadfollow:
 

usedi tests, is the. same as' the: one fs in" Fig.'otoeae.15,';i: 

Ths esr pramedewir ae purpose tesmiig .tothe p oansformer, 

old for alosehd secondstiru with 10% fla. rvg ora 
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b) Transformer energization with a load of 2.57 ohms.
 

Current measured had a value of 1.06 A rms corresponding to 61.31 A rms on
 

the secondary side.
 

C) Transformer energization with a load of 1.28 ohms.
 

An initial voltage wave distortion is observed, but conFidered negligible.
 

Values measured .%,ere 62.3 kV rms in the transmission line, 7.81 kV rms ii,
 

the transformer p:imary, and 1.97 A rms 
in the high voltage side. Table IV
 

shows a summary of these results. Main points to note from these tests are:
 

- Maximum peak inrush current measured was 2.8 A, less than the 3.11 A peak 

calculated in I.2.2. 

- Maximum change in the 115 kV line was 6.2%. 

TABLE IV
 

DISTRIBUTION TRANSFORMER ENERGIZATION
 

Test P Voltaci-at Load Transformer Low Voltage current 

NODINI 
(kV rms) (ohms) (A) 

a) open 0.00
 

b) .3.8 2.57 61.31 

C) 62.3 1.28 113.87
 

111.4. Loal Ecicctio:; 

The circuit used for these tests is shown in Figure 19. 
Four tests were executeO
 

with varying load ccr. itions. 

1) Load chanou, from to 75 to 50'. 

(,n th, tranisform i'rima. sir1, load current "h:inCles From 1.64 .. rms to 2.32 A 
H;aiii ih;'H. t(, 1. '4 A. Bot:h primary and socrndar,;, voltages remain practically 

the Sam- -'! tl.l t.,i. change, of load. 
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b) Load change from 8.3 to 50 
to 8.3%.
 

Again, primary and secondary voltages remain practically the same during
 
the load change. It is only at the instant of disconnecting the bigger load
 
that a small overvoltage is observed 
(one cycle).
 

c) Load change from 8.3 
to 75 to 8.3%.
 
During the first cycle after disconnecting the first load, an overvoltage
 
was registered. The oscilogram also shows the arrester operation.
 

d) 100% Load rejection.
 

This test ib considered the most severe 
that can possible occur. When
 
the total load is disconeected, an overvoltage appears on 
the primary 
side. This surge is limited by the ZnO arrester to 19.5 kV peak. The 
waveform appears with trimniud peaks. Successful arrester operation is 
also observed in the current peak, which coincides with the voltage
 
crest. 

Thk2 main conclusions drawn from the test program are included in the next 

chapter. 
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I I 1 5.~ Experimental Field'Installation 

As discussed in Section 1.3, CFE's choice for the experimental stage of this 
project was a small rural neighbov,%hood called-7a Pradera, in the outskirts 
of the city of Chilpancingo, state of Guerrero. An schematic drawing of the 

experimental site is shown in figure 20.
 

Immediately after the tests were finished and this lastsite chosen, all the
 
equipment from the pilot installation in lab was moved to Chilpancingo, where
 

the necessary construction began immediately. Unfortunately, one section of­
the high voltage reactor was damaged during transportation and'had to be.l 
repaired. The repaired section was ready on October 14, 1987 and was taken>,
 

to 	Chilpancingo two days later.
 

All,,construction work was concluded on October 23, 1987. The date selected 
o
 
en~rgizing the voltage divider was October 29th. 
At first, a visual inspection 

was performed of the whole installation, checking distances and connections. 
5 At~the lab, we had an insulation to ground problem with the first capacitor 

unit. This problem was solved in the field by increasing the distance between
 

the two wooden poles that hold the voltage divider, and by insulating the 

capacitor units5 from ground with 69 kV insulators.
 

S The next step was to verify the inductance values both from the high and low 

' voltage ireac,'. rs, and the capacitance value from the high-voltage capacitor, 
bank. It was not possible to, perform the measurement of~tkie low voltage
 

capacitor bank, since it is located just underneath the high voltage b~ank,'-­

and there was no way to avoid interference.
 

voltage ,capacitive 	 115
divider was energized by closing the 
powe fuse.. Nothing unexpected happend, and subsequently the transformer was 

Qe1Crgv'ed, atno load. At 15:47 h, the measured secondary voltage was.140 V. 
>The	' transfouimer oecondary was connected- at '16 10 pours, a5nd 5the sdirie' 140 ~ss 

vol1ts1 at the termninals 5 was recorded. 'Several measurements 5 were taken at 
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FIGURE 20.
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different dwellings, the sameand voltage magnitudedue was obtained. This isto the fact that the load is primarily lighting.
voltage Prompted by the highmagnitude, the transformer was opened the nextchanger day, and thewas found tapat the # 3 positiion. It was changedand to positionthe readings takei were V in 

# I
132 licght loaJ] periodsthe peak demand. and 125 V duringLater measurements 

shown
supplying 

have that the voltage dividera load isin the order of 20 A (minimum demand) and 50 A (maximum 
demand) .
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- CHAPTER IV Conclusions 
 . 

The following conclusions were drawn after the laboratory testing~described
 

in Chapter III was finished:
 

1) In several of the tests performed, it was verified that the voltage
 

magnitude just, after the low voltage reactor has insignificant. variawAons/
 

which agrees with theory and represents an additional advantage of the
 
4 
 voltage divider.
 

442) 
 *No dangerous overvoltages were measured in the 115 kV supply line.
 
4Nevertheless, 
 the field installation is protected with a 90 kV zinc
 

oxide arrester. ,
 

3) The maximum transient peak voltage measured at C1 was 110% of the rated
 
peak voltage of that bank, and should pose no pixoblems for the un~its formitg-C1
 

4) The maximum transient peak voltage measured at C2 
was 100% of theraed-,;
 

peak voltage of that bank, and should not be 
a problem for the units
 
forming C2.
 

5) During the short circuit tests described in section III.2.C a Si.C arrester
 
Was, installed on the transformer primary. Two units failed due to repeated ,2f 

operations as 
the 60 Hz voltage peaks are sustained until the fault is------W
 
cleared. For subsequent tests this type of arrester was replaced by a
 
ZnO unit. i,better system performance was observed from then on.4
 

6Y~, Whe.n simulatinq housohold faults, the 30 A fuse typically used un rural
 
4:244, 

2:
 

24~~ a~cas op~eraterd in less than 3 cycles in every ise4 

44 4447)ot~h analytically and oxpomentally, the aii-oera~rdsg a 

shownl that t:h probability of occurrence of forrotesonance is minimize'd 4 44 
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In fact, neither in the computer simulations or 
in the lab did we register
 

this phenomenon. 

With rugard to the overall project: 

8) It has been shown that the capacitive voltaQe divider represents an
alternative, both Lechnicallv and economical sVeaking, to supply 

electric encrgmy 
to rural cmmunites located near a transmission line.
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