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Provided that impedance Zp is relatively high, if a load is connected to
the svstem, the regulation of voltage VD is very poor for important loads.
In order to improve the circuit regulation,an inductance can be connected
in series with the load in order to compensate partially or completely the

serivs capacitive impedance introduced by the voltage divider.

Fiaure 3 shiows the basie circuit and the assceciated phasor diagram of a
fully compensated arrangement for both the loaded (see Fig. 3.¢) and unload-

ed conditions fsee Fig., 3.b),
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b Phaoer diagoran for the unloaded condition.,
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The chosen site was a small rural neighborhood in the outskirts of the city of

Chilpancingo.

This neigborhocod is energized by two three-phase transformers supplying a load
of arrroximately 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 unit conrected te the voltage divider 360 m. away, close to a suspension

tower ¢l a 1.5 kV transmission line.

With this arrangement, and in this experimental stage, if for any reason the
voltaze divider is out of service, the other three-phase transformer will

feed zhe total load.
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This cost has to be compared with the concurrent projects, three of which
have been mentioned previously regarding the study by B.G. Checo. Accord-
ing to an acolic project developed by the ITIE, a generating unit of | MW
rated capacity represents an investment cost per KVA of cne thousand dollars.
Two aspects have to be kept in mind. The first onc is the random nature of
cnergy availabiliiy of aeolic gencrators, the scecond is the economy of scale

obtained from a 1 MW cquipmeant.
[U1p

One of the most widely used alternatives in rurat eloctrification is the
extension of distribution networks. Considering the estimate cost of
L.S.ws, 000,00 per kiloreter of distribution line,if a populetion is located
2 km closer to a 115 kV lTine than to any existing distribution line, the
installation of a capacitive volrage divider should be considered as an al-

ternative preject which could result in substantial savings:

TALLE 11

——-==-— Pilet Installation ecquipment costs.
Voof

i - Inductor 5 4,725

| 0.6 mH Inductor 920

l 90 kV Surge arroster 1,885

: 9.4 KV Sur.soe arrester 140

I 113 kV fuse disconnect 4,355

g 50 & 100 KVAR capacitors 2,770

l 50 kVA distrib. transtormer 1,440

2 Wovden posts 240

2 I kV oand 129 V discennects 120

Various (hardware) . 170“_
T o TN L 516,765

Costs are in 1986 U.5. dollars. Do not include taxes
or transportation costs,



CHAPTER LI Installation Desiun

The design of a voltage divider includes several steps. The sections of
this chapter correspond to the chronological order followed during the
project. The first point defines the criteria to specify the capacitor
banks. The second part considers the transicnt behaviour of the installa-
tion by means of digital simulation. The third aspect considered is the
proposed protective scheme. In point four the most relevant aspects re-
garding the components specirication is presented. Finally, point five

deals with the lavout of the field installation.

[1.]l. Steady state Considerations

The selection of the capacitor banks €] and C, must satisfy two conditions.
The first ene is that the voltage through bank €y, for the unloaded condi-
tion, corresponds to the seleoted distribution veltage Vp.  Denoting Vé

tite Tine to around voltage of the transmission ine, the ratio of impedan-
ces A0 and “C2 0f banks C)p and €2 is a tunction of Vp and Vg expressed by

equation 4,

Lo

e = —_— . 1 //)

. =

/‘(12 VR
This defines the condition that %Cy/%¢, must rulfill. The second condi-
tion to be satisfied by the banks is that the maximum steady state operat-
i veltase Vi through cach unit is less than or equal to its nominal

voltage V.

Y 7/ v
Max i
Tintes condition can be stated tor bank €y tor tihe most eritical situation which
]

o b resistive loading by the followin: fneouality, wher ’I is the wasi=-
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The intersection of this interval with the one obtained from Ppy» yields a
range of feasible values of ch and its corresponding range of Zp, for the

powers Pnl and Pnz previously selected.

This can be done iteratively by increasing the values of nominal powers un-
til the feasible intervals allow a selection of single phasc units that best

. . . 70 e . .
approximates the ratio of impedances ZC1 over “C2 determined by equation 4.

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

identical.

If the clements are different in voltage class or power rating, the nominal
voltage Vpe of the bank may be determined ac follnws. Tirst define the

neminal current of ecach element j

L = i (9)

determine the minimum current L”Min found and multiply it by the summation
of their impedances
v = 1 - J ) (10)

N . . —
¢ MMin J

The prototype installation banks have the followinz elements:

Sanx C:

Four 50 kVA units rated 13.8 kV with an iadividual impedance of 3.81K:
plus two 39 KkVA units rated 4.4 kV with an individaal ilmpedance of 4. 15K
Bank Co

Two 100 VA write rated L2047 RV with an indiviiual impedance of 1055 K |



This is for a 115 kV transmission line and a 7.6 kV distribution line. The

value for Z, is 2.74 K @ which correspond to an inductance of 7.27 Henries.

I1.2. Transicent State Considerations

The transient behaviour of voltage dividers is one of the major problems en-
countered in all the previously reported f&] installations. The analytical
study for the pilot installatrion was made with the Electromagnetic Transient
Program and three type of transients were considered. The first one is the
short circutt in the 7.6 kV line. The second study considered the distri-
bution transformer encrgization. The third and final case considered was

the switching of the bank from the 115 kV side.

Fi.2.1. Short Circuit on the 7.6 kV Line

The first casc studied is thie short circuit with an inductor that fully
compensates the Thevenin capacitive impedance. After three cycles the

fault 1is liberatoed.

The oscillogram is shown in Figure 4.

Onc major couclusion is drawn from this simulation. That is, che over-
voltages arc too important {close to ten times the operating values)
cven atter che operaticn of a very rapid protective svstem that operates

three cveles after che fault,



DIVISOR CAPACITIVO LINEA 115-FP=0.8 SNOM = S0KVA

B HEDOIV NINTER VLTS ({E+04)
B NODINI MEDDIV VLTS (E+04)
V HEDDIV VLIS  (E+01)
-10.63 ~15.40 -2.18 -19.22 18.8 -'3.5 ]0.41 12.5 lS.I 8.8 Ill

PIGUEL L FULLY TUNED SHORT CTIRGUIT.
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Several attempts were made to reduce the fault over voltages as described
in point II.3. The final solution 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 secondary of the transformer. The
transient behaviour after the fault is described by the oscillogram of

M - 4
Figure 5,

The highest overvoltages detected in Banks € and Cy following the fault
in per unit, arc respectively of 1.2 and 1.28. They corfcspond to an un-
der damped oscillating wave form, with two dominating frequencies. The
first frequency is 60 Hz duc to the svstem and the second one is a 15 Hz
wave form that defines the amplitude of the voltage waves through banks

Cl and C»,
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2) With 82 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.

Afterwurds, re-energize the bank with maximum positive voltage.

In cases 1) and 2) no overcurrents or overvoltages that could damage the
capacitor units or that would cause some protection to operate were
sbserved.  Noevertheless, case 3) showed overvoltages that could be
harmful toC:. In this case the automatic r2closing of the h.v. line

was simulated. It is worth mentioning that in Mexico, 115 kV lines do
not have automatic reclosing. In case a capacitive voltage divider is

to be designed for a transmission line of higher rated voltage, this

represents an important point for further analvsis.
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FIGURE 9. GAP SHUNTING REACTOR.
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FIGURE 1o Wb CHUBTING A PORTICN OF 70 LEasToOR,



- The possibility of using current 1U 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 C; and then it
becomes too small. This led te the second case studied shown in Figqure
0. It consisted of placinag the gap across one portion of the reactor 5
the values of Ie and If are increased and thus easier to detect. In
the computecr analysis significant overvoltages were observed in the capacitor
Banks due te the phase shifr Lotwean overvoltage and current. Therefore, this

contiguration was discard.d.

Thee nexe case analyzed is shown in Figure 11, which consisted in placing one
reactor in thee primary side, and a second reactor in the secondary
slde, in ordor to complete the tuning of the circuit. This was done with the
purposc of limitin s the short cirvcuit value in the primary side since it is
only partially rompensated. The jap across Cor was placed so as to limit

overvoltages in ..

Computer simulations showed tiw: following results:
- A high freqguency componernt appears in the voltage across Cy due to the gap

sparkover.

- The frequent operation of the gap does not allow the overvoltage at C; to

stabilize.

- The fault current waveform i¢ too distortion: and could present rms

values difficasis oo difforrntiate with the  —aoed current.

Theverore, in rhe next case analyzoed, shown in f: oive 12, the same circuit is

need oxeept b oL acrmss 0 o oliminated.
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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, todisconnect the voltage divider from the 115 kV transmission
line, a single pole power fuse disconnector was chosen. It will protect

agalnst faults hetween its terminals and the capacitor bank, faults in the units
of C;, and faults in the transmission line. It will not operate with a iow voltage
fault or witih inrush currents. The next section will show all component

speciflcations.

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

this selecticn is discussed in the next chapter on laboratory tests.
b) Distributicr Tran.;former Energization

The analytic studies concerning  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
also considering the fact rated voltage is a little above 7.2 kV, a single-
fhase 13.2-0.240/0.120 kV unit was chosen, increasing the saturation knee in

this way.
©) Switchiing surges and lightning overvoltages

winh respoot to linc switching, it was concluded that the onlv dangerous
orerations were those occurring with the capacitors close to their rated
charge.  sinees this 1s improbabiie for transmissici. lines without automatic
reclosing, iccause the capacitors are discharged o less than half their

value Lotweon operations, no protection was considered 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.

II.4. COMPONENT SFECIFICATION

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

divider along with their specifications.

II.4.1, Capacitors

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

Quantity Capacity Rated Voltage Capacitance
P (KVAR) (kV) (UF)
J 4 50 13.8 0.6964
>y %
; 2 50 14.4 0.6396
C»r <{ 2 100 12.47 1.7058

Each unit contains an integrated discharging resistance.

b) Insulation chararteristics

Capacity Rated Voltage BIL

{(FVAR) (kV) -
50 13.8 95
50 14.4 125

100 12.47 95
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IT.4.2. ".uactor

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

for outdcor service.

Measured inductance = 0.635 mH

Fated current = 200 A

short circuit current = 2000 A in 2 s
Rated voltage = 1,2 kv
Temperature rise = 80°C

Mrasured impedance at 25°C = 0.240 ohms

ifiah voltage reactor
current limiting scries reactor type AA, air core, single-phase, for

outdoor servics, GO Hz.

Measured inductance = 3.9 H
Hatoed current = 3,3 A

40.0 A in 1 s

Shove ciroulit currant

tanad veltage = 15 kv
Temperature rise = 80° C
Measured imredance = 1474.2 ohms
Welght = 225 kg
Impulse voltage = 95 kv

4.3. Protoctive squipment

Power ruse disconnecter for outdoor service, =ingle pole.

Rated voltage = 119 kv, 121 kV maximum
Maximum rated current = 2850 A

Lnterry tive capacite = 10 500 A

29
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BIL = 550 kv
Fuse element = 10 A
Insulators = Station post

Weight = 207 kg

Distribution fuse-cutouts, single pole
Rated voltage = 14.4 kv

Maximum voltage = 15 ky

1l

Maximum current 200 A

BIL= 125 kv

Interruptive capacity = 8000 A asymmetrical

Distribution class lightning arrester

Zinc oxide surge arrester, outdoor service

Rated voltage = 10 kv

Maximum continuous operating voltage =

Intzrmediate class lightning arrester

8.4 kv

Zinc oxide surge arrester, outdoor service

Razed voltage = 90 kv
Maximum continuous operating voltage =

Weizht = 38 kg

II.4.5. Distribution Transformer

Zingle-phas.:, G0 Hz
13 200 - 240/120 v
50 kva

Four position tap changer of 2.5%

70 kv

(+2,-2)

30
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II.5. Installation Layout

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

complete capacitive voltage divide-x.

115 kv

[sn——

115 kv, 104

|

j 14.4kv. 50 kVAR

90 nv

13.8kv. 50 wVAR

e — e

IHHHHH]

nQ lL\
N

15 kv ' 0.63 mH
0 200 &
. H
~vA 3 YN
3.3 A DG
1 W) (13200 240,120
?fj:: ' | j <: 50 KVA
—_ §12.47kv 10 kv
- T 100 kvAR
7.6
KV J—

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

ITI.17. Introduction

In this chapter, 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 México.

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.
p

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

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

ad) Verify the final design.

) LEvaluate operating practices.

The test program was divided into three main arcas:

- Zhort circuilt
- Distribution transformer energization

- Locad rejection

pescripticos, of the tests and results under these areas appear in the following

sections.
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IIT.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 scries of tests consisted in simulating short circuit faults

in the

a.t.)

a.2.)

7.6 kV line (see Fia. 13) under the following situations:

Clesing the 115 kV breaker with the reactor on the primary side short
circuited. Recorded values are shown in Table II, and the circuit used
is displaved inFigure 14. Current peaks in the order of 17 A were
observed when energizing the circuit and when the fuse operates.

A peak voltage valus of 28.6 kV across C; was recorded at the

beginning and at the end of the transient condition.

Encrgizin: the voltage divider at nn load, and then closing a switch

to short circuit the rrimary side.

Again, recorvded values are shown in Table II. The same peak current
values of 17 A were rocorded during ti. transient condition. The

maximum peal voltage registered across Cz was 29.9 kv.

The same as before, Lat with a fault resistance of 7.7 ohms.

Recordes valaes arve displaved in Tabl. II. In this Case, current peaks

reached 19.4 4 and voltage pecaks acros: Oy attained 30.88 kv.

It is important to stand cur the faet rar in every case the 23 fuse
(see Fig, 13) operated satisfactorily; and that in neither test, the

voltaae an the 115 LV lipe varied more Chan 2.
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TABLE IIIX
SHORT CIRCUIT TESTS IN THE TRANSFOMER

SECONCARY
! v
Test f Voltage at Voltage at Peak Current Interrupting
NODINI NDISR at 120 v time
f (kV rms) (kV rms) (A) (8)
— T
1) | 60 - - 1672 0.4
i (2a fuse)
2) { 73.16 15,63 1747 1.6
i (115 kv breaker)

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

101,

<) Short circuit on the transformer secondary, after the low voltage reactor,

with a lightning arrester on the primary side.

In these tests, a 75 KVA unit was used, and a distribution 10 kV class
lightning arrester was connected on the transformer primary. The test

circuit i <hown irn Figure 16.

With this arranigement, two different tests were executed as follows:

¢.1.) This test was similar to the one described in b.1.) ahove. It is
Worth noting that tho peak voltages of 31.87 kV recorded in test
bol.) were roduced to values in the ordor of =3.44 kV peak
(16.5 kV rms), 24.4% less.  The fault current measured was 34.18 A
pealt, qrearey chan the one measurcd in .1.0) because of  the
lncreased capacity of the transformer. The 2 A fuse operated in

[N I
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c.2.) The above test was repcated to measure the lightning arrester current
(indicated by letter "L" in Figure 16). The resultant current was

too low and could not be mcasured.

Short circuit at the consumer's location.

The capacitive voltage divider has no secondary protection. A fault in the
low veltade side will be cleared by the 2 A fuse. It is considered then that
any fault at the consumer lccation will be cleared by its own protective
system (fuses or thermomagnetic breakers). Tne rollowing tests were made
to verify this condition. The $i¢ 1ishtninc arrester was replaced by a ZnO
unit of the same 10 kV class. The load resistances were located at a
distance of approximately 50 m from the transformer. The original 50 kvA
distribution trensformer was again used. The test circuit is shown in
Figure 17, where "N" reproscnts the number of resistances used in each
case. iiote the 30 A fuse in series with two 7.7 ohm resistances which

are shert circuitad to simulate a houschold fault.

d.1.) Household short circuitc with 25% of load.
The fanlt was interrupted by the 30 A fus¢ in less than 3 cycles.
Measured low voltage fault current was 512 A peak. During
interruption, voltage peaks were reduced by the ZnO arrester to
0.2 kv

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

d.2.) Household short civeuit with 50% of load.
The fault was interrupted by the 30 A Tuie in less than 3 cycles.
Measured low voltaqe faalt current was =% A peak, with load

current bpeing 10005 A rms. Agailn, oscilo rams show a succesful

creration ot the lightming arrester in limiting overvoltages.
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b) Transformer energization with a load of 2.57 ohms.

41

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 considered negligible.
Values measured were 62.3 kV rms in the transmission line, 7.81 kV rms in
the transformer primary, and 1.97 A rms in the high voltage side. Table IV

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

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

calculated in IT.2.2.

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

TABLE IV
DISTRIBUTION TRANSFORMER ENERGIZATION

!

! J

| Test # ! Voltaues at Load Transformer Low Voltage current!

] i NODINI

f f (kV rms) (ohms ) (n)

i a) ! 6o open 0.00
|

‘ f

! 1) ! 50,38 2.57 51.31

! -

| !

; <) | 52,3 1.28 113.87

III.4. Load Rejection

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

with varying load conlitions.

1) Load chanae from “o to 75 to 50%.
‘m the transformer primary side, load current ‘hanges from 1.64 .\ rms to 2.32 A
rms and back to 1,04 AL Both primary and sccendary voltages remain practically

the same during tiis change of load.



P

b) Load change from 8.3 to 50 to 8.3%.

c)

d)

42

Again, primary and secondary voltages remain practically the same during

the load change. It is only at theinstant<3fdisconnecting the bigger load

that a small overvoltage is observed {one cycle).

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.

100% Load rejection.

This test i. considered the most severe that can possible occur. When
the total load isg disconeected, an overvoltage appears on the primary

side. This surge is limited by the Zn0O arrester to 19.5 kv peak. The

waveform appears with trimmed peaks. Successful arrester operation is
also observed in the current peak, which coincides with the voltage

crost,

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

chapter.
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FIGURE 20.
S5CHEMATIC

DRAWING OF THE
EXPERIMENTAL SITE.



different dwellings, and the same voltage magnitude wasg obtained. Thig is
due to the fact that the 1loag is Primarily lighting. Prompted by the high
voltage magnitude, the transformer was opened the next day, and the tap
changer was found at the # 3 Positiion. It yag changed to position # 1
and the readings taken were 132 v ip light loag teriods and 125 V  during
the peak demangd. Later measurements have shown that the voltage divider is
supplying a load in the order of 20 A (minimum demand) and 59 A (maximum

demand) .
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In fact, neither in the computer simulations or in the lab did we register

this phenomenon.

With regard to the overall project:

8) It has been shown that the capacitive veltaae divider represents an
alternative, both technically and economical lv speaking, to supply

electric energy to rural communites located near a transmission line.
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