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Abstract--The southwestern region of the island of Puerto iRo
has a high concentration of demand of electrical emngy and
experiences a considerable growth in demand of eteical energy
by the development of new tourism and industrial pojects.
Lajas, that is part of the southwestern region, exgriences
problems of voltage regulation before situations otontingency.
The problem of voltage regulation accentuates withthe
projections of growth of demand. In order to improve the
conditions of voltage regulation before contingencgituations, we
studied the transient overvoltages created by thastallation of a
capacitor bank of 10.4 MVARs in Lajas substation. Vith ATP
(Alternative Transient Program) we studied the ovevoltages, the
inrush currents and the inrush current frequency caised by the
closing operation or energization of the 10.4 MVARcapacitor
bank. This situation is called isolated capacitoswitching. Also
we evaluate the capability of the circuit breaker ¢ handle the
inrush current and the performance of the arrestersin Lajas
substation and near PREPA's stations.

covers extensive geographic zones. In addition, the
transference capacity of the 115kV network is vital for the
electrical system reliability on situations of contingency of
115 kV and 230 kV transmission lines.

The southwestern region of the island of Puerto Rico has a
high concentration of demand of electrical energy and
experiences a considerable growth in demand of electrical
energy by the development of new tourism and industrial
projects. The zone has serious limitations in the transference
capacity and problems of overload and voltage regulation in
the 38 kV system. This situation adversely affects the
reliability of the electrical system

The zone of Lajas, that is part of the southwestern region,
experiences problems of voltage regulation before situations
of contingency in the 38 kV-line 13400. The problem of

voltage regulation accentuates with the projections of growth
of demand. In order to improve the conditions of voltage
regulation before contingency situations we studied the
installation of a capacitor bank of 10.4 MVARSs in Lajas.

Index Terms—inrush current peak, inrush current frequency,
arresters.

|I. INTRODUCTION

The installation of 10.4 MVAR three phase-Y-grounded
he Puerto Rico Electric Power Authority (PREPA) is theapacitor bank will reduce significantly the reactive losses and
utility responsible for the generation, transmission arighprove the voltage regulation of the zone. This capacitor

distribution of electrical energy of Puerto Rico that is esslentbank will be installed in a 38 kV sectionalizer in Lajas

for the economic and social development of the Island of
Puerto Rico. The electric grid PREPA is made up of 230 kV, |I.
115 kV and 38 kV circuits. Through the integration of the
lines to different transmission centers, the electrical power is
transmitted and the regulation of voltage the electrical system

is controlled.

ISOLATED CAPACITOR BANK SWITCHING THEORY

The 230 kV system provides capacity for the transmission
with great blocks of energy from the generation plants located
in the south of the island towards the main centers of demand
of electrical energy in the north of the island.
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Fig 1 Isolated Capacitor Bank Configuration

The 115kV network is responsible for the transmission of ] ) ) .

power to areas of high density of electrical energy demandA bank of shunt capacitors is considered isolated when the
and the interconnection of the transmission centers of #REUSh current on energization is limited by the inductance of
electrical system. The 115 kV transmission system consistdhg source (LS) and the capacitance (C) of the bank being
an extensive network of lines and switchyards distributéfiergized (as shown in Figure 1).

throughout different regions. The 115 kV system is esaenti

for the voltage regulation of the subtransmission systexnh th When the switch (S) is closed a current flows to energize

the LC circuit [1]. Considering a discharged capacitor bank




the current is given by characteristics from th€ & D Product Diges{6].

I (t) = (Vsource/ Zo) sin cvt (1) The next important characteristic of a surge agreist its

energy capability, which is measured in kJ/kV. FRbe

where, w=I//LC (3 is the inrush current frequency  arrester below of 550 kV, it is recommended thatnnore

ZD:‘/R (3 is the surge impedance than the 85% of 19 kA pe d.iss.ipated ina singlmmnt [5].

The energy consideration is important because #sigd of

the MOV arresters pays much attention to the teansf the

heat generated from the ZnO disks to the housidghance to

the ambient air [1]. In this catalog the arreserergy
capability in a single impulse of 4 ms is 4.5 kJfY.

and Vsourceeis the peak of the source voltage.

The value of the maximum rate of change, witlpees of
time, of transient inrush current on energizinguaicharged
bank is given by:

Ill. CASE STUDY

(d"/.dt) max =277_f”peak A/.,us (4) The Figure 2 shows a simplified one line diagraomgt
where (dii/dt)max is the maximum rate of change ofrea with the 10.4 MVAR capacitor bank in Lajas.heT
inrush current (Al s) corresponding inductance and capacitance involved a
ipeak is the peak transient inrush current (A)

f, is the inrush current frequency (Hz) C=19.068 4 F andLs = 10.41 mH

This rate of change should not exceed the capalilfit
circuit breakers to handle inrush current [2]. Tiate of
change of the circuit breaker-rms short circugiisen by:

(di/dtymax=27fslsa2  Als  (5) - a8 e 2

where (di/dt) max is the rate of change of the rated short Tii H | ] 3fom
circuit breaker (Al s) ?Imw Y g

Isc is the rated rms short circuit breaker (A) gE

fs is the power system frequency (Hz) One Line Diagram - Study Area

L Fig. 2 One Line Diagram Lajas Study Area
A. Surge Arresters Application

A surge arrester is a protective device for lingtisurge  Using (1) , the peak inrush current is 1.395 kA and tusing

voltages by diverting surge current and returnimgdevice to (2), the inrush current frequency is 357.22 Hiirfees higher
its original status. In this study we consideree metal oxide than power frequency).

varistor arrester (MOV). The very important chaeaistic of

a MOV is the maximum continuous operating voltage Using ATP [7] and its graphical processor ATPDra8j [

(MCOV). The MCOV of the arrester is typically ine range we simulated the closing operation of the capacitank.
of 75% to 85% of the duty cycle voltage rating. MEOV,  Figure 3 shows the ATP model.

the arrester current is usually not more than 1Q n@n the
arrival of a surge, the increasing surge curreatompanied
by a rise in arrester voltage to a maximum levétiaeined by
volt-ampere characteristics. As surge decrealeg]ischarge
voltage will decrease back towards the pre-surgel [8].

The arresters must fulfill standard insulation Isv8IL
(Basic Lightning Impulse Insulation) and BSL (Basic
Switching Impulse Insulation Level). For a 38 khhé-line)
system the standard withstand voltage with a maximu
voltage of 48.3 kV, the BIL is 250 kV [4]. The B34 nearly
a 83% of the BIL (207.5 kV). For a duty cycle \age rating
of 48.3 kV or 27.9 kV line to ground, the stardlams duty
cycle voltage rating is 30 kV and the correspond@OV is
24.4 kV [5]. Fig. 3 ATP Draw Model - 10.4 MVARs Lajas 38 kV @g&itor Bank

In the study we simulated the arresters electrical



A. ATP Model Validation

where:

The equivalent model in ATP was validated using BSS| peak= +/2+/Icclrated(Ampere}

(Power System Simulator for Engineers). To va&dd#ie
model we simulate three-phase fault in the Lajak\38~hich

is the connecting bus of the proposed capacitok.bawe

compared the fault contribution of the adjacentsu#\cacias
38 kV and San German Sect. 38 kV). In Table | shives
respective values.

TABLE |
COMPARISON OF THREE PHASE CONTRIBUTIONS OF ADJACEMUSES

THREE PHASE FAULT LAJAS 38 KV ATRPSSE
FAULT CONTRIBUTIONS (A)

SAN GERMAN SECT 38 KV 4,3604,467

ACACIAS TC 38 KV 1,018 1,524

TOTAL FAULT CURRENT LAJAS 38 KV (rms) | 5,3156,067

The model was effectively validated. The valuetamied
in ATP model were comparable to those calculateB3S/E
program. We calculated a 12% difference betwee®/lP@nd
ATP values.

:fsJ lcc (Hert2)
Irated

Icc = system short circuit current at point of ceation
Irated= rated current of capacitor bank
fs = power system frequency (60Hz)

fi = inrush current frequency

In determining the inrush current and frequency, ititcrease
in current due to applied voltage and the capac#dalerance
should be considered. The increase in current adimoen

rated voltage is (48.3/38)= 1.27. The positive rarbee of
capacitors is 10% for a factor of 1.1.

In this case, we calculate the parameters fi apdKp

| rated =10.4M /(38K +/3)
Irated =15801Amperes
lcc = 6062A

B. Analysis of Breaker Interruptive Capacity forl0.4MVAR | peak= x/i\/(6063(127)(1.1)(15& (Ampere}

Capacitor Bank - Mathematical Analysis and ATP Simuhatio

Results

As previously discussed, the capability of cirduieakers
to handle inrush current is given by equation 5:

(di/dtymax=27isise/2  Alus  (5)
In the case of the selected breaker:

%(max) = 377(60)(40K)(A/s)

%(max) =213A/ s

To calculate the rate of inrush current with resgectime
(di/dt) to which the breaker is exposed, we useadgn (4) :

di

at = Zﬂiipeak(A/ S)

| peak=16371(Ampere}

- 60 \/ 6062
11)(127)159

fi =314.2(Hert2)

(Hert2)

Finally:

% = 271(3142)(1637.1)(A/ 15)

This gives us:

di _
G 323(A/ 15)

Our simulation in the ATP system shows the follogviralues
for the inrush current and the inrush current festpy :
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From the capacitor bank inrush current (phase §yfei 5, we
can calculate the actual di/dt from the simulation.

ATP simulated di/dt max = 3.23 ¢
Ai=-1.808-1.423 kA
At=0.034-0.035.

From Figure 6, we can observe the resonant frequenc
obtained from the ATP simulation:
ATP Simulated fi= 387Hz

This results from the simulation are consistenhwitir
previous mathematical calculations.

Calculated di/dt max = 3.23 p¢

Calculated fi = 314.2 Hz

The ATP Simulation value as well as the calculatellie of
current with respect to time (di/dt) to which thesdker is
exposed are both below the limiting value of théected
breaker. We can therefore affirm that the breakssukl
operate seamlessly in the studied system.

In breakers with SF6 insulation (as the one spatifor this

analysis) the rate of current with respect to t{ai&dt), which

it is exposed, is not the deciding factor in iteston process.
The focus should be instead in verifying that tregnitude of
the inrush current is less than the rated shoctiticurrent of
the breaker. In this case, from Table 2 of ANSIEEE37.06-
2000 [9] we obtain that for this breaker, the ragfdrt circuit
current is 40000A. This value is far greater thia@ inrush
current for the capacitor bank .

Capacitor Bank Inrush Current (Simulated) = 1881A
Capacitor Bank Inrush Current (Calculated)= 1637A
Breaker Rated Short Circuit Current = 40000A

This concludes that the breaker is well suitedtios
application.

C.. Effects of Overvoltages on Contiguous Buses and
Substations due to Energization of 10.4MVAR Capacitor
Bank in Lajas Bus

The last part of our discussion deals with the ysislof the
overvoltages reflected on nearby elements by eriaggithe
capacitor bank. Emphasis is placed on evaluatiegeffects
on the immediate connection bus (Lajas 38KV) ared rtbxt
buses (Acacias and San German Secc. 38KV). Thetefta
radial substations in the same subtransmissionitiace also
simulated. These include substations 6703-Cabo B8V,
6704-Combate 38KV and 6774-Cutler Hammer 38KV.

The detail to which the elements in the system hasen
represented, allows us to calculate the transieatvoltages
in these points of interest. Figures 7 through IR&trate the
surge phenomena in the above-mentioned points alotig
the energy dissipated by the arresters. Analysisthef
overvoltages at each point is done consideringdaraitions
(with and without arresters). The dissipating epargpability
of the simulated arresters is 4.5 KJ/KV at ratettage. The
Switching Surge Protective Level is 58KV. The Maxim
Continous Operating Voltage is 24.4KV and the \@gdta
rating is 30KV. For this application, the total nraxm
dissipated energy capability is 135KJ. As obseratesters
prove to dissipate energy in the greater overvel@anditions
present in the system.
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Table Il summarizes the reduction of overvoltageshe test
points evaluated with the ATP Simulation (as viewiad
Figures 7 through 24) due to the presence of ansst

Table Il. Effect of Arresters on the Overvoltagestest points
due to the energization of the capacitor bank ijat aus.

Bus (or Substation) | Voltage Voltage | Energy
Without With Dissipated
Arresters Arrester | by Arrester
(KV) S (KJ)
(KV)
Lajas 38KV Bus 60.17 55.0 6.2
Acacias 38KV Bus 43.3 42.8 0.2
San German 50.6 48 0.7
Secc.38KV Bus
Combate 38KV 73.2 47.8 1.1
Substation
Cutler Hammer 61.3 47.3 0.8
38KV Substation
San German PDS 52.5 46.3 0.5
38KV Substation

All the voltages recorded in the simulation werdobethe

Basic Insulation Level (250KV) and Basic Surge Ueve caroline Rivera graduated from the University ofeRa Rico in
(200KV) for 38KV equipment. The system is thereforblayaguez in 1990 with degree of bachelor scienadéotric engineering.
the overvoltages generated by

protected against

energization of the capacitor bank.

[V. CONCLUSIONS:

The circuit breaker has proven to be effectivetfar
selected application. Analysis of both the rate of
current change per time (di/dt) and the rated
interrupting current validate this conclusion.

The arresters evaluated in the study area simulated
ATP have the energy dissipating capability to
withstand the overvoltages generated by closing the
capacitor bank in Lajas.

Effects of transient overvoltages are higher inathd
connected substations such as Combate and Cutler
Hammer. The general damping of the system
impedance lessens the effects of the overvoltages i
the adjacent buses.

Further analysis should consider case scenarios
including, but not limited to:

A. Analysis of Overvoltages during the
disconnection of the capacitor bank (followed
by a restrike)

B. Analysis of Overvoltages during the
energization of the capacitor bank with single
or multiple transmission line contingencies.

C. Analysis of phase to phase voltages generated

at delta connected transformers.
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