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Abstract—This paper introduces a fast method, using the slope are over. The slope based technique [7], however, is the only
based technique, to locate a switched shunt capacitor with respect method that can determine the location of a switched capac-

to the monitoring points of a power system. The method locates the ji, merely based on the slopes of voltage/current waveforms
capacitor based on the slope signs of the voltage/current space vec-

tors at a switching instant. The slope signs at a monitoring point at a switching instant. Thus, the slope based technique can

determine that the capacitor is located upside or downside of the be inherently a very fast locating method. However, utiliza-
monitoring point considering the power flow direction as a refer- tion of this method requires a networked communication in-

ence. The paper compares the advantages of the proposed methodrastructure for interconnection of the monitoring point devices.
based on space vectors with the conventional method which usesTherefore. the actual locating time and accuracy of the slope

the phase quantities and deals with an algebraic algorithm for - o .
the realization of the method. The capabilities of the proposed based method will be limited by performance of the local in-

method are evaluated via time-domain simulation of a study sys- terconnection network in a zone. This paper, by using the idea
tem with two utility capacitor banks. The time-domain simula- of conventional slope based technique, presents an improved

tions performed in PSCAD/EMTDC show that the method suc- method which uses the magnitude of space vectors of the volt-
ce;sfully Iocates the capacitor in presence of Iimited measurement age/current instead of phase voltage/current quantities.
noises, harmonics, and under unbalance conditions. . .
The amplitudes of three phase voltages (currents) transients
Ir_]dex Terms—Transients So_urce Locqting, Switched Shunt Ca- highly depend on a switching instant. However, as the mag-
f:’ac'tor’ Power Quality, Capacitor Locating, Slope base Method, nitude of a space vector is less dependent to the switching in-
ast Locating Algorithm. . .
stant, using the space vector in the slope based method can en-
hance the accuracy and robustness of the method. The paper
. INTRODUCTION presents the statement and a realization method of the slope-
Switching of shunt capacitor banks commonly occur in Based method in terms of voltage/current space vectors. Then,
power system causing low frequency transients in the systetfile performance of the method will be verified via time-domain
These transients can adversely impact on the power system g@flations of a study system under different conditions in-
mal operation by activating the system’s protections. Also, thfuding harmonics, measurement noises, and unbalanced con-
transients degrade the quality of power due to causing undesiitions.
able harmonic resonances [1]-[4]. The adverse impacts of tran-
sients will be more significant in small and/or isolated power
systems such as micro-grids due to less amount of inertia avail-
able in small systems. Therefore, to mitigate the effects of tran-
sients and as a first step, it is necessary to identify the transient€onsidering the schematic of a power system as shown on
source and its location as fast as possible. This paper deals i@ 1, a capacitor bank is definedwn-streanfrom the mon-
a fast method for locating a switched shunt capacitor in a powtaring point A if the real power flows toward the capacitor.
system based on the slope sings of voltage/current space vectirsilarly, the capacitor bank is definag-streamfrom M,
at the system monitoring points. if the flow of real power is outward from the capacitor bank.
Several techniques for locating a switched shunt capacitbne slope based method determines the location of a capacitor
have been proposed and investigated [5]-[7] which mainly wollank using the slope signs of voltage and current waveforms at
based on processing of the measured voltage/current wagewitching instant. These slopes are given by
forms at the system monitoring points. Most of these tech-
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Fig. 2. Schematic of the space vector slope based method for locating a switched capacitor.

statement can be explained based on Fig. 1 in which we adl-three phases at the switching instant. If the method is estab-
sume the initial charge of the capacitor bank is zero. At tHished based on phase quantities, at the switching instants close
switching instant, there is a sudden decrease in the voltage leeethe zero crossing of the phase waveforms, the magnitude of
due to continuity of the capacitor voltage. Thus, both monitothe phase quantities are small. Therefore, harmonics and mea-
ing pointsM; and M, record negative slopes for the measuresurement noises can be comparable with the phase quantities
voltages. There is also an inrush current to charge the capacitrich can cause erroneous results. The magnitude of a voltage
bank along the direction of the real power flow. Thus, on Figcurrent) space vector represents variations of the three phase
1, the charging of the capacitor bank increases (decreases)léages (currents) with a single quantity and is less dependent
current atM; (M) which means a positive (negative) slope obf a switching instant. Therefore, using space vectors increase
the current af\f; (Ms). Hence, the voltage and current slopethe accuracy and robustness of the algorithm against the mea-
at M, have opposite signs while they have the same sighat surement noises and harmonics. Figure 2 shows a realization
which are consistent with the statement of slope based methscheme for the slope based method using space vectors. The
We extend the idea of slope based method by using the magneasuredibe voltages and currents are introduced to a space
tude of a voltage (current) space vector instead of phase quagetor calculator which provides the magnitude of the voltages
tities. Therefore, the slope based method can be re-introdueed currents vectors. The reference for calculatiogr6fcom-

in terms of the space vector magnitudes by substitutingnd ponents of the vectors can be arbitrary selected the same as sys-

S, with the following expressions: tem frequency (synchronous frame) or zet@ frame).
T (to+Ts)|| — ||V (¢
5, = [T+ LI - IV o) -
° [1l. V ERIFICATION OF THEMETHOD
- —
g _ G+ Tl — I 7 (o)l

T, ’ (4) The performance of the slope based method using space vec-
HJer method was verified through time-domain simulation of the
radial study system shown in Fig. 3. The system consists of
a source, loads, two capacitor banks, and distribution lines and
from |[f]| = y/fZ+ fi+ fg where f,q0 are components of its parameters are given in [9]. The locating algorithm was test
fave In @ qd0 reference frame with an arbitrary frequency [8]for capacitor switching scenarios under balanced and unbalance
The advantage of usiny|| and||:|| instead of phase quantitiesconditions. Also, the effect of measurement noises and harmon-
is that the space vector quantities encounter the informationic$ on the the performance of the algorithm was investigated.

where|| || represents the magnitude of a space vector. T
space vector of a three phase quantfty,.., can be obtained
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Fig. 3. Schematic diagrams of the study system
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Fig. 4. Voltage and current waveforms of the study system at monitor-
ing pointsM; and M for phasex for single and back-to-back
switching.

Fig. 5. Voltage and current space vector of the study system at moni-

toring pointsM; and M.

which were successively connected in a back-to-back scenario
were limited by using series inductors with impedances typi-
Figure 4 shows the monitored voltages and current&/at cally less than 1% of the capacitors reactances [10]. As Fig.
and M, based on time-domain simulation of the study systethshows the back-to-back switching transients include high fre-
in PSCAD/EMTDC environment. The first switching of capacguency transients due to resonance between the limiter induc-
itors occurred at = 8 ms to model the single capacitor switch-tor and the capacitors. Such a high frequency transient does
ing scenario via energizing the MV Ar capacitor bank. The not occur in the single capacitor switching since the first ca-
capacitor had no initial charge and the switching time was geacitor only interacts with the system with a large inductance.
lected at the voltage peak value to consider the maximum trariie magnitudes of the space vector voltages and currents at the
sient. The second switching occurredtat 42 ms corre- monitoring points,M; and M,, are shown in Fig. 5. Slopes
sponding to the energization of tigeMV Ar capacitor while at the transient instants on Fig. 5 are consistent with those ob-
the 12 MV Ar capacitor was in service. This scenario reprdained for phase on Fig. 4. Thus, the space vector locating
sents the behavior of the system subsequent to a back-to-baxekhod correctly detects the location of the capacitor bank with
switching event. The initial inrush currents of the capacitorespect to the monitoring points. The high frequency oscilla-

A. Capacitor Switching
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Fig. 6. The magnitude of space vectors under unbalanced source and
load condition.

Fig. 7. Effects of harmonic and noise on the magnitude of space vec-
tors HD = 10% andS/N = 15 dB).

tions observed in the back-to-back switching quantities, diCta\%wever, the slopes of space vector quantities have the same
a limit for the minimum sampling frequency in the slope baseg

: ns as those obtained for the balanced condition in Figs. 5.
locating methods (for both phase and space vector methodls.éJ

h ) - us, the space vector locating method correctly works under
That s, the sampling frequency must be well-above the highgst 4 and source unbalanced conditions.
transient frequency (here the resonance frequency at the back-
to-back capacitor switching that can be in kilohertz [1]) to avoid

erroneous calculation of the slope at a switching instant. ~ C. Harmonic and Measurement Noise

The effects of harmonics and measurement noise on the lo-

B. Unbalanced Conditions cating method were investigated by adding noise to the mea-

To investigate the effects of unbalanced grid voltage on tlsered signals and by injecting harmonics to one of the loads.
space vector locating method, the amplitude of phasethe To consider the noise, we used = x + k,ax wherex repre-
voltage source was kept constant6ay+/3 kV (rms, line-to- sents the recorded voltage or current quantities (without noise)
ground) as a reference. Then, the amplitudes of phtaaedc  at the monitoring pointd/; or M», a is a randomly generated
were changed by3% and—5% with respect to that of phasenumber between -1 to 1, artg signifies Signal-to-Noise ratio
a amplitude, respectively. The effect of an unbalanced load &N, (k, = 0.031 corresponding t&/N = 15 dB). In simu-
the locating method was simulated by adding& W/ resistive lations, the noisy signat,,, instead ofz, was used to calculate
load to phase in parallel with the balancedoadl in Fig. 3. voltage and current space vectors.
The unbalance source and load cause an unbalance condition ifo consider the effect of harmonics, two current sources (3-
the system with the overall voltage imbalance degree of abgltase) were connected in parallel withad3 in the study sys-
2.5% at the monitoring pointd/; and M, (The degree of volt- tem, Fig. 3. The frequencies of the current sources were se-
age imbalance is defined a3/(|/|V,|) x 100 whereV,, and lected at 300 and 420 z, corresponding to the 5th and the 7th
V, represent the negative and positive voltage sequence amipéirmonics. The amplitude of the 5th and 7th harmonic cur-
tudes, respectively). rent sources were arbitrarily selectedlgs= 2I; = 14.3 A

Figure 6 shows the magnitudes of the voltage and currantsimulate a load with the total harmonic distortichH D)
space vectors under the unbalanced load and source conditiofid.0%. Figure 7 shows the magnitudes of voltage and cur-
As Fig. 6 shows, the magnitude of current vector before tment space vectors corresponding to the back to back capacitor
transient instant is not constant and is affected more than gwitching in presence of harmonics and measurement noises
voltage vector magnitude under an unbalanced load conditievith S/N = 15 dB (i.e. noise amplitude is about 3% signal).



As Fig. 7 shows, the slopes of voltages and currents at m@gl- T. E. Grebe, “Application of distribution system capacitor banks and their

itoring points M, and M, are consistent with those obtained '\’/‘;Fagczt ?\TOP;W” 1‘15“1"";”3/1'5'55Eogagggg“ons on Industry Applications

from the back to back capacitor switching of Fig. 5. Thu 54 10-5, PP. o | ) )

. 4]n M. F. McGranaghan, T. E. Grebe, G. Hensely, T. Singh, and M. Samotyj,

the space vector method can correctly determine the location «mpact of utility switched capacitors on customer systems. Magnification

of a switched capacitor in a noisy and harmonically polluted at low voltage capacitors” IEEE Transactions on power deliveryvol.

environments as well. However, Fig. 7 reveals that an uppe]r ;’golf'Ap”' 1\9/’\?% Sradv E. 3P 43 Somard AD

P . e . .C. Parsons, W. M. Grady, E. J. Powers, and J. C. Soward, “A Direction

limit for _Samp"”g! frequen(_:y at_the monltorlng _pOIﬂtS shoul Finder for Power Quality Disturbances Based Upon Disturbance Power

be considered, since a noise signal includes high and low fre- and Energy *,IEEE Transactions on power deliveryol. 15, No.3, July

guency components in a broad frequency range. If the sampling 2000.

frequency at the monitoring point is sufficiently increased, tHél J. Kim, W. M. Grady, A. Araposthatis, J. C. Soward, and S. C. Bhatt, “A
frect of . . iati fam red amplitud nb time-domain procedure for locating switched capacitors in power distribu-

€liect of noise In varatons of a measured amplitude can D€ o systems”|EEE Trans. Power Deliveryvol. 17, No.4, pp. 1044 1049,

dominant at the beginning of a capacitor switching instant. The Oct. 2002.

reason is that when the sampling frequency is high, the tiffi} S. Santoso, “On Determining the Relative Location of Switched Capacitor

ing interval between two successive samples is very small such Banks’, IEEE Transactions on power deliveryol. 22, No.2, April 2007.

that the variations of the main signal amplitude can be less [8} Paul C. Krause, “An§Iy3|s of Ele.ctrlc Mach!nery , McGraw-Hill, 1.986.

comparable with the total variation in the signal due to the éf! i/;' asgﬁsvegfgggtegm'Rﬂes(ﬁeﬁ'lgs'gebhf\’/‘ﬁgﬂs gffT""orsohnLigt g&?gc'tor Bank

fect of n0|s_es_. To avoid Su_Ch_ a Case_’ the samplln_g frequeq% |IEEE Standard Board, “IEEE Guide for the Protection of Shunt Capacitor

should be limited. Such a limit is basically determined by the "Banks”, IEEE C37.99 - 1990

highest frequency of the main signal during the switching tran-

sients. The transient signal frequency is typically in the range

of 300 to 1000H z [1], therefore, a limit of about 1@ H z is

suggested as the maximum sampling rate for the space vector

locating method.

IV. CONCLUSION

A fast method is presented for locating the source of the tran-
sients, originated from a shunt switched capacitor bank, in a
power system. The method uses online measured voltages and
currents signals at the monitoring points of the system to de-
termine the location of a switched capacitor with respect to the
monitoring points. Determining the location of the switched
capacitor is based on the slope signs of the voltages and the
currents at the switching instant. The main conclusions of the
paper are: (i) The slope-based method can locate a switched
capacitor bank using a few samples of the system monitoring
points which makes the method a fast and simple approach
when compared with the other possible methods; and (ii) The
proposed space vector method improves the performance of the
slope-based method since the space vectors simultaneously use
the information of all the three phases.

Validity of the slope-based method and the proposed space
vector method are investigated based on the time-domain sim-
ulation of a study system. The investigations show that: (i) the
space vector method correctly locates the switched capacitor
under various capacitor switching scenarios and system condi-
tions such as harmonics and noises; and (ii) the implementation
of the method requires the voltage and current signals recorded
with a minimum sampling rate to be above the fastest transients
frequency.
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