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(57) Abstract: A feeder power source (1) for a network power system (10) includes a network transformer (12) having a delta three-
phase primary winding (18) and a three-phase secondary winding (72); a three-phase primary feeder (6) electrically connected to the
delta three-phase primary winding; a three-phase secondary bus (77) electrically connected to the three-phase secondary winding;
and a three-phase electrical switching apparatus (4) structured to open and close the three-phase primary feeder. A network protector
(62) includes a network relay (64) and a three-phase circuit breaker (76) structured to open and close the three-phase secondary bus.
A first circuit (2;20;34) is electrically connected between at least one phase of the three-phase primary feeder and ground, and is
structured to unbalance shunt impedance to the three-phase primary feeder ground. A second circuit (40) detects a shift in system
neutral (N) and detects that the three-phase primary feeder is opened by the three-phase electrical switching apparatus.
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FEEDER POWER SOURCE PROVIDING OPEN FEEDER DETECTION
FOR A NETWORK PROTECTOR BY SHIFTED NEUTRAL

CROSS-REFERENCE TO RELATED APPLICATION

5 This application claims prionty from and claims the benefit of US.
Patent Application Serial No. 14/07¢,175, filed November 1, 2013, which is
mcorparated by reference herein.

BACKGROUND

Field

10 The disclosed concept pertains generally to network power systems
and, more particalarly, to feeder power sources for such systems.

Backeround Information

Low voltage secondary power distribution networks consist of
intertaced loops or grids supplied by two or more sources of power, i order that the
15 loss of any one source will not result i an interruption of power. Such networks
provide the highest possible level of reliability with conventional power distribution
and are_ normally, used to supply high-density load areas, such as a section of a city, a
targe building or an industrial site.

Each power source supplying the network is typically a medium
20 voltage feeder including a switch, a voltage reducing transformer and a network
protector. As is well-known, a network protector is an apparatus used to control the
flow of electrical power to a distribution network. The network protector includes a
fow voltage circult breaker and a control relay which opens the circuit to the
transformer npon detection of abnormal current flow, Specifically, the control relay
typically senses the network voltages, the line currents and the phasing voltage, and
executes algorithms to initiate circuit breaker tripping or re-closing actions. Trip
determination is based on detecting reverse power flow, that 15, power flow from the
network to the primary feeder. Examples of network protector relays are disclosed in
118, Pat. Nos, 3 947 728 3 822 165; 5 844 781, and 6,504 693 which are
30 wncorporated by reference herein,

Network protectors are required to open when a feeder supplying the
network transformer primary is opened. A known method to detect an open feeder is

reverse current How through the network protector. The magnitude of reverse current
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that will flow depends upon many factors and can range from a relatively small value
due to magnetizing a single wransformer, to a relatively much larger value that could
include back feeding an entire feeder circuit. Setting a reverse current detector to
account for all of the potential conditions is problematic under many situations. Such
reverse current detection presents an even greater challenge when feeders from
separate power sources are used to power a common network bus or grid due to the
circulating power that can result during normal operation. When the reverse current
threshold 1s set high enough to tolerate the maxinwum circulating cwrrent and to not
impact system operation, it 1s Hikely that smaller reverse current levels that can resalt
when a primary feeder of limitted size 18 opened will not be detected.

It is known to detect single hine-to~ground faults on ungrounded or
high umpedance grounded power systens,

There is room for nuprovement i feeder power sources.

SUMMARY

These needs and others are met by embodiments of the disclosed
concept which unbalance shunt impedance to ground of a three-phase primary feeder,
and detect a shitt in system peutral of that primary feeder when a three-phase feeder
power source is isolated from that primary feeder by the opening of a three-phase
electrical switching apparatus.

In accordance with the disclosed concept, a feeder power source for a
network system comprises: a network transformer including a delta three-phase
primary winding and a three-phase secondary winding; a three-phase primary feeder
electrically connected to the delta three-phase prinary winding; a three-phase
secondary bus electrically connected to the three-phase secondary winding; a three-
phase electrical switching apparatus structured to open and close the three-phase
primary feeder; a network protector including a network relay and a three-phase
circut breaker structured to open and close the three-phase secondary bus; a first
circuit electrically connected between at {east one phase of the three-phase primary
feeder and ground, the first circuit being structured to unbalance shant impedance to
the ground of the three-phase primary feeder; and a second circait structured to detect
a shift in system neutral and detect that the three-phase primary feeder is opened by

the three-phase electrical switching apparatus.
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BRIEF DESCRIPTION OF THE DRAWINGS

A full understanding of the disclosed concept can be gained from the
following description of the preferred embodiments when read in conjunction with the
accompanying drawings in which:

Figure 1 1s a cireult diagram m schematic form of a single-phase
capacitor bank applied to a feeder power source to create a detectable nentral shift in
accordance with embodiments of the disclosed concept.

Figure 2 15 a circuit diagram in block form of a circuit to detect the
neutral shift of the feeder power source of Figure 1.

Figure 3 18 a circuit diagram in schematic form of a ciroust representing
mierconnected sequence networks for inding the zero-sequence voltage on a primary
feeder during back feed 1w the absence of g fault and eraploying the capactior bank of
Figure 1.

Figures 4 and 5 are plots of primary feeder zero-sequence voltage in per
unit of line-to-neutral voltage versus feeder equivalent length, for three sizes of the
capacitor bank of Figure 1.

Frgure 6 15 a plot of primary feeder zero~-sequence voltage in per unit of
Hine-to-neutral voltage versus feeder equivalent length, for three swwes of the netweark
transformer of Figure 1.

Figure 7 is a circuit diagram in schematic form of a three-phase capacitor
bank in which a number of the capacitors are larger than the other capacitor(s) to
create a detectable nevtral shift in accordance with another embodiment of the disclosed
concept.

Figare § 18 8 cirawat diagram in schenwatic form of a capactior bank in
which two equal capacitors are applied to only two of three phases to create a
detectable neutral shift i accordance with another embodiment of the disclosed concept.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

As employed herein, the term “mumber™ shall mean one or an integer
greater than one {/.e., a plurality).

As emploved herem, the term “processor” shall mean a programmable
analog and/or digital device that can store, retrieve, and process data; a computer; a

workstation; a personal computer; a controller; a digital signal processor; a
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microprocessor; a microconirolier; a microcomputer; a central processing unit; a
mainframe computer; a mini-computer; a server; a networked processor; or any
suttable processing device or apparatus.

As emploved herein, the statement that two or more parts are
“connected” or “coupled” together shall mean that the parts are jomed touether sither
directly or joined through one or more intermediate parts. Further, as emploved
herein, the statement that two or more parts are “attached” shall mean that the pasts
are joined together directly.

The disclosed concept takes advantage of the fact that the vast majority
of primary feeder power sources are effectively grounded {1.e., there 1s a substantially
tow mmpedance between the supply system neutral and ground such that the system
neutral 1s held very close to ground potential and the zero-sequence voltage is nearly
zero; apphication of single (or unbalanced} capacitor(s) when the system s effectively
grounded will have no effect on the system neutral-to-ground voltage), and the
primary windings of the vast majority of network transformers are configured as
delta. This power source topology resulis in the primary feeder circuit undergoing a
transition from effectively grounded, to ungrounded, when a feeder supply electrical
switching apparatus, such as a switch or cuwoeuit breaker, s opened. in a typical three-
phase power svstem, the primary component of shunt impedance to ground s
capacitance associated with feeder three-phase cables, and other system component
insulation. This capacitance tends to be relatively balanced such that there is
relatively little shift in the system voltage refative to ground {L.e., a neutral shift) when
the system becomes ungrounded. By unbalanciog the systens shunt unpedance 1o
ground on the three phases, the transition from grounded to ungrounded will result m
a detectable shift in the svstem nentral that can be used as the basis for detecting the
open feeder.

The disclosed concept, which makes use of this phenomenon, can
inchude, for example and without imitation, a relatively small three-phase capacitor
bank 20¢ (Figwre 7), a two-phase capacitor bank 34 (Figuare 8), or a single-phase
capacitor bank, such as a number of capacitors 2 (Figure 1), The example three-
phase, two-phase, or single-phase capacitor banks disclosed herein can be combined

with fuses (e.g., without limutation, fuses 78 of Figure 7) andfor other active andfor
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passive elements (not shown) {e.g., without Himitation, resistors) connected line-to-
ground. In the example three-phase capacitor bank 20 {(Figare 7), for example, one
capacitor can be larger than the other two capacitors, in order that a detectable neutral
shift is assured when the system ground reference 1s removed. The example fuses and
other elements provide a level of security for the power system in the event of
component fatture, and enhance the performance of the disclosed concept based on
specific application conditions.

The neutral shifting elements are applied in conjunction with a suftable
measuring circuit for the three phase-to-ground voltages in order to allow reliable
discrimination between the grounded system {(feeder closed) and the ungrounded
system (feeder open). A wide range of measuring circuits are known to persons of
ordingry skill in the art and inchude potential transformers and a wide variety of
voltage division cirenits. The measured system peutral refative to ground is then
monitored by a suitable relay or processor-based device, with suitable sensitivity and
adjustment to reliably detect the open feeder and cause a network protector to open
independent of the need to detect reverse current flow,

Frgure 1 shows an example single-phase capacitor bank {e.g., a nomber
of capacitors 2} for inducing an unbalance in phase-to-ground impedance and creating
a detectable neutral shift for a feeder power source 1. When a source feeder electrical
switching apparatus, such as circuit breaker 4, is opened, the number of capacitors 2
impose a shift of the system neuntral on the feeder side (i.e., the right side (with respect
to Figure 1) of open circuit breaker 4; shown as three-phase primary feeder 0) by
unbalancing the phase-te-groond impedances among the thvee feeder phases of three-
phase primary feeder 6. The neutral shift does not occur on the source side (e, the
feft side (with respect to Figare 1) of the open circuit breaker 4). The coadition of the
source {grounded or ungrounded) does not change when the circuit breaker 4 is
opened. The feeder circuit does not nclude a neutral conductor. Instead, the neutral
is a derived pomt. When the system shunt impedance is balanced, the neutral pomt is
at the geometric center of a line-te-line voltage Wwiangle (not shown). This enables an
example voltage measurement circuit 8, such as shown i Figure 2, to practically
detect the resulting shift (neatral shift) in phase-to-ground voltages among the three

feeder phases, and detect an open feeder through measurement of the three phase-to-
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ground voltages, The example number of capacitors 2 deliberately imipose
unbalanced line-to-ground impedances, in order to permit the reliable detection of the
example open feeder cireuit breaker 4, which is normally operated from a suitably
low-tmpedance grounded source bus {e.g.. without limitation, from a wye-connected
winding of a substation transformer (not shown}; typically, the lower voltage,
secondary side of that transformer; the neutral connection of the substation supply
transformer would usually be directly connected to ground or sometimes be connected
to ground through a suitably low impedance device, such as a resistor or inductor),
because of the transition from grounded to ungrounded that results from the ppening
of the example feeder circwit breaker 4.

The number of capacitors 2 applied from phase-to-ground on the
primary feeder has an impedance, which 1s the capacitive reactance of the number of
capacitors 2, Xe obms. Assumning that the primary ternunals Hi H2 H3 (shown m
Figure 2} of the network wransformer 12 of the energized feeder in Figore 1 1s supplied
from an infinite bus (see infinite bus 14 as shown with another network transformer
16 of network power system 10} having a phase-to-phase voltage equal to the rated
voltage of the network transformer delta winding 18 {Figure 2), then the zero-
sequence voltage on the feeder whose circuit breaker 4 1s open can be found from an
analysis of imterconnected sequence networks shown i Figure 3.

For example and without limitation, the example single-phase
capacitor 2 can be 50, 100 or 150 kVAr rated at 13.8 kV, and the three-phase primary
feeder 6 can be of length L (kilo-feet) at 13.2 KV with a 33 kVAr per mitle or S0 kV Ay
per nule three-phase charging capaciiance,

Apphication of, for example and without mitation, the single-phase
aumber of capacitors 2 of Figure 1 imposes the system neutral shift, which lowers the
phase-~to~-ground unpedance on the corresponding feeder phase when the three-phase
feeder circuit breaker 4 s open. Alternatively, other suitable circuits to impose such a
neutral shift include, but are not limited to, the capaciior bank 20 (Figure 7) in which
various capacitors 22.24,26 in combination are applied on all three respective phases
28.30,32 1o ground; a capacitor bank 34 (Figure 8) m which two equal capacitors
36,38 are applied 1o only two 28,30, respectively, of the three phases 2830.32; a

passive impedance circatt (not shown) including resistors, indactors and capacitors
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applied alone or in some combingtion on one, two or three phases 1o achieve g
suitable neutral shafty and an active arowit (not shown) capable of acting on the
system phase-to-ground impedance when the feeder is open to create a neutral shift,
Figure 2 shows an example circuit 40 to detect the neutral shift. This
15 just one of many potential circuits to detect the neutral shift. The example cirouit
4} employs three resistance voltage dividers 42,44 46, for example and without
himitation, marketed by Lindsey Manufacturing Co. of Azusa, California, as
measurement devices for outpatting representative phase-to-ground voltages
KV4 KVp K Ve and a summation circuit 48 that outputs a resultant zerp-sequence
voltage KVp (K is the ratio of the resistance voliage divider and Va 15 the actual
primary feeder zero-sequence voltage) that increases as the system neutral shift is
mereased. Each of the resistance voltage dividers 42 44 46 s coupled, for example
and without hmitation, to an elbow connector 30, The resistance voltage dividers
42 44 46, the circuit 8 and the comparatortimer 60 are focated at or about the network
transformer 12, Although example elbow connectors 50 are shown, other suitable
types of transformer bushing connectors and cable connectors can be emploved with
the same or different voliage measarement circuits. The example elbow connector 36
has a first terminal 32 for a corresponding one of the three phase voltages, a second
terminal 54 for a corresponding terminal H1 H2 H3 of the delta winding 18 of the
network transformer 12, and a third terminal 56 for the input 57 of the corresponding
one of the resistance voltage dividers 42 44 46, For example, each of the resistance
voltage dividers 42,44 46 includes two resistors (not shown) in serigs, a smaller
resistor {Rs) and a larger resistor (R, electercally connected from phase (at terminal
32 and nput 37) to ground G wath resistor R between ground & and a volitage
measuring tap 58, and resistor R between the output of voltage measuring tap 58 and
the phase voltage (at terminal 32 and input 57). The two resistors RLRs then split the
line-to~-ground voltage according to the Re/(Rs+R1} ratio K such that the voltage (Vin)
between the voltage measuring tap S8 and ground G is equal 10 the system line-to-
ground voltage (g.g., without limitation, 13.2 kV) times the Rs{Rs+R1) ratio K|
thercby providing a sensed voltage KV KV K Ve having a saitably low and safe

valne., A comparator/timer 60 monitors measured voltage KVo against a suitable



WO 2015/080828 PCT/US2014/063046

¥

10

it
Laf

20

b
LA

3G

-

threshold Vier to provide a control output 1o open network protector 62 when a shift
beyond the threshold Veer 18 detected for a sustable time delay TD.

Other suitable civeuits for sensing the phase-to~ground voltages
include, but are not lunited to, custom resistive or capacitive voltage dividers,
potential transformers, and Hall effect or other active devices.

The example MPCV relay 64 is the network relay (e.g., main control
relay} of the network protector 62 that automatically opens or clases the network
protector circuit breaker 76 based on system conditions. The example MPCV relay
64 uses reverse current fow to attempt to detect an open feeder and canse the network
protector cireut breaker 76 to trip open. The problem with this approach 1s that many
system conditions can have an effect on the amount of reverse carrent that the MPCV
relay 64 will experience, thereby making it difficult to set the MPCV relay 64 to
detect an open feeder under all conditions. By nmposing a neutral shifl and
responding to the voltage shift rather than (or prefergbly in addition to} reverse
current makes open feeder detection much more reliable under a wider range of
conditions. The example open feeder detection circnit 40 has contacts NO in parallel
with the trip contact T of the MPCV relay 64 in ovder to trip open the network
protector circuit breaker 76 with the NWP TRIP signal as referenced to the
COMMUON. Preferably, as shown, there 13 also a contact NU m sertes with the MPCV
close contact C, in order to block the MPCV relay 64 from reclosing the network
protector circuit breaker 76 with the NWP CLOSE signal. Although a discrete circuit
including the summation circuit 48, the voltage reference Vepr, a8 comparator 60, a
time delay 08 and relays 70,64 are disclosed, any sultable cucoit including a
processor can be employed. Also, the voltage reference Viaxr and the comparator 66
aeed not be an actual signal and an actual comparison circuit. Iostead, these could be,
for example, a threshold value and a logical “if greater than” operation.

Although the comparator/timer 60 is applied fo a conventional network
protector 62 usig controf refay 64, 1t will be appreciated that the functionality of the
relay 70 contacts and/or the circuits 8 andfer 60 can be integrated with the control
relay 64,

Alternatively, in place of the summation cireuit 48 and the

comparator/timer 60, a direct companison of KVa to KVy to KVe and 4 threshold 1o
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determune the extent of neutral shift due to an open foeder can be emploved. The
example summation circnt 4R does a phasor summation of the three phase~to-ground
voltages using both magnitude and angle to output the zero-sequence voltage KV,
which is then compared to the zero-sequence threshold Ve, Alternatively, each
phase~to~-ground voltage can be compared directly to each other phase~to-ground
voltage m magnitude only to detect the neutral shift without the need to consider the
angles. For example, if the capacitor 2 was apphed to phase A, then the magnitude
KV wonld be smaller than the magsitades of KVy and KV when the circuit breaker
4 is open.

The primary windimg 18 of the network transformer 12 15 delia in order
that no network transformer on the load side of an open feeder circutt breaker, such as
4, can act as a balanced phase-to~-ground fow unpedance and thereby prevent the
neutral shift. Any switable secondary winding 72 of the network transformer 12 can
be employed, although the example wye connection is believed to be most common in
network transformers.

The example circuit 40 of Figure 2 detects a back feed to a single line-
to-groand fanlt on the network primary feeder when the back feed current is balow the
non-sensitive trip setting of the network protector MPCV relay 64, The non-sensitive
trip setting is selected to allow operation of two-umit spot networks from primary
feeders having widely differing voltages, both in magnitude and angle.

The three phase-to-ground voltages of the primary feeder are summed
by the summation circuit 48, in order to provide the signal K'Vy proportional to the
zero-sequence component Vo of the primary feeder linesto-ground vohiages. f the
measured zero-seguence voltage KV is above a suitable threshold, shown as Vrer in
Figure 2, and persists for a time greater than a predetenmined time delay TD for the
trip signal, then the network protector 62 is tnipped and locked open as long as the
measured zero-sequence voltage KV remains above the threshold level Vi

With a bolted single hne-to~ground fault on the primary feeder with the
feeder circunit breaker 4 (Figure 1) open, the zero-sequence voltage, in per vnit of the
primary svstem nominal phase-to-ground voltage (e g, without mutation, 13.2 kV),
would be approximately 1.0 per unit. In the absence of a fault with the primary feeder

circuit breaker 4 closed, the zero-sequence voltage Ve 1s not expected to exceed about
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1% to about 2 % (about 0.01 to ghout 0.02 per wnit) of nominal phase-to-ground
voltage. Hence, the difference 1 zevo-sequence voltage between an un~-fasiied
condition and with a single line-to-ground fault is substantial, thereby allowing
positive detection of the single line-to-ground fault with the primary feeder circuit
breaker 4 being open.

The circuit 40 of Figure 2 will not detect an open primary feeder
circuit breaker 4 (Figure 1) in the absence of a fault. The reason for this is that the

ground of the primary feeders and the equipment electrically

Py

capacitances 1o
connected to them, mostly due to the delta-connected primary winding 18 of the
network transtormers, such as 12 or 16, are nearly perfectly balanced. With the
feeder circuit breaker 4 open i the absence of a fault, the zero-sequence voltage Ve of
the feeder would not change enough from that with the circuit breaker 4 closed for the
circuit 40 of Figure 2 to detect the open feeder circuit breaker 4.

The disclosed power factor capacitor 2 (Figure 1), which is electrically
connected from one phase to ground on the primary feeder, generates sufficient zero-
sequence voltage Vo on the primary feeder in order to allow detecting a back feed in
the absence of a fault with the circuit 40 of Figure 2.

When the primary winding 18 of all network transformers, such as 12,
on the primary feeder arve electrically connected in delta, and the primary feeder
circuit breaker 4 is opened in the absence of a fault, the phase-to-phase voltages will
stay balanced, or nearly balanced. Thetr magnitude will stay near nominal unless the
primary three-phase cable charging current is relatively high in relation 1o the rated
current of the back feeding ransformer 12, and the stiffhess of the secondary network
systen at the back feed location. This also applies even with a reasonably sized
capacitor 2 electrically connected from phase-to-ground on one phase as in Figare 1.
However, with the capacitor 2 electrically connected from one phase o ground, the
phase-~to~-ground voltages will develop a zere-sequence component. The larger the
capacitor (kVAr rating) in relation to the three-phase cable charging KV Ar at rated
voltage, the higher the zero-sequence voltage during back feed with an open feeder
circuit breaker 4.

in Figure 3, Ry and Xy are the resistance and reactance, respectively, of

cach network transformer, such as 12 (Figure 1), in ohms referred to the primary side.
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Capacitive reactance Xoap 18 the capacitive regetance in ohms representing all of the
primary feeder cable being energized during the back feed. Here, it 15 assured that
the Ferranti effect is neghigible such the voltage-to-ground on any phase of the three-

phase primary feeder 6 is the same throughout the primary cable system. Capacitive

¥

reactance Xcaw 18 found from the cable three-phase charging KV Ar per mide at the
network transformer rated voltage, and the total length L (Figure 1} of the primary
cable being back fed.

Capacitive reactance Xc is for the example single-phase power factor
capacitor 2 (Figure 1) connected from phase-to-ground on the primary feeder 6. This
10 capacitor 2 needs only one medium-voliage bushing (not shown}, but if equipped with
two medium-voltage bushings, a current transformer (not shown) could be put into the
lead to ground to monitor continuity when energized. The voltage rating of the
capacitor 2 equals or exceeds the maximum phase-to-phase voltage ocourving duning

back feed, as the capacitor 2 could be energized for a relatively long time should a

it
Laf

network protector, such as 62 (Figure 2}, fail to open its circuit breaker 76 (Figure 2)
during back feed to a single line-to-ground fanlt on a phase other than that where the
capacitor 2 is electrically connected. A three-phase secondary bus 77 electrically
connects the network protector cireunit breaker 76 to the three-phase secondary
winding 72 {Figure 2}, As a non-limiting example, the capacitor 2 is rated for 13.8
20 kV bebween s terminals, and the rated phase-to-phase voltage of the primary system
ts 13.2 kV. The working voltage may be 125% of rated voltage.

if the capacitor rated voltage is the same as or greater than the nominal
phase-to-phase voltage of the network transformer primary winding 18 (Figure 2}

{system phase-to-phase voltage}, the KV Ar supplied by the capacitor 2 (Figure 1)

b
LA

would be one third of its nameplate rating ynder normal, un-faulted conditions. The
voltage applied to it would be §7.7% of the capacitor rated voltage, and its kVAr
output will be 33.3% of its nameplate kVAr. Thus, the capacitor 2 would not be
stressed at #s rated vollage, and wouold be expected 1o have a long life.

For feeders with relatively long lengths of primary cable (main and all
30 taps), the three-phase charging KV Ar could be relatively higher, in which case
capacitors larger than 150 KV Ar may be emploved. In such situations, two single-

phase capacitors {(not shown) may be electrically connected 10 paraliel to the same
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phase, rather than g larger capacitor, such as 2 (Figwre 1), This allows the use of a
relatively smaller CL Tuse (not shown) with each capacitor, and better coordmation
with the feeder ground relays (not shown).

However, if the capacitor 2 {(Figure 1) were shorted, then i would
cause & feeder lockout, which is not acceptable, especially in systems destgned for a
single contingency. As a result, the capactior 2 1s preferably electrically connected to
the primary feeder through a cwrrent-limiting (CL} fuse {not shown, but see the CL
fuses 78 of Figare 7}, selected such that the fuse let through current will not pick-up
the ground instantaneous relay (not shown) of the feeder circult breaker 4 {(Figure 1),
and such that the CL fuse will coordinate selectively with the time overcurrent ground
relay {not shown) for the primary feeder. The example CL capacitor fuse, such as 78§,
needs to operate faster than the overcurrent protection of the feeder that nonmally
supplies power to the network. In the event of a faslure of the capacitor 2 while the
feeder circuit breaker 4 s closed, i a mode that converts the mtended high
unpedance to a low impedance {or short circuit), i is desirable to isolate the capacitor
2 from the energized power circuit rather than causing the feeder to trip. When the
feader circuit breaker 4 is open, and the feeder is being energized from the primary
winding 1§ of the network transformer 12, there is no zero-sequence source {since the
network transtormer primary winding 18 is delta) and bence even a very low
impedance (or short circuit) fault will pass no current and cause no harm.

By applying the example capacitor 2 {Figure 1) from phase-to-ground
on a single phase, a neutral shift for the system results when the feeder circuit breaker
4 is open.

The capactior 2 {Figure 1) i3 suttably sized in order that the change in
zero-sequence voltage Ve occurring when the feeder circuit breaker 4 (Figure 1315
opened in absence of a fault will be such that the circuit 40 of Figure 2, or any
suitable alternative circuif, will detect the open feeder cireuit breaker 4. The amount
of zerp-sequence voltage Vi needed to reliably detect the open feeder civeuit breaker
4, in the absence of & fault, is a function of the accuracy of the voltage measurement

circuit 8 {e.g., without imitation, as shown in Figure 2},

bt
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Typical network feeders operate in the 15 &V voltage class, such as for
example and withoot mtation, 1AV 1247 kV 132 kV and 13.8 kY. The
following assumes g svstem with @ nowinal phase-to-phase voltage of 13.2 kV,

in Figure 4, the feeder zero-sequence voltage in per unit of nominal
phase~-to-neutral voltage is plotted versus the total length of the prunary feeder cable
m kilo-feet, for three-phase cable charging at 132 kV of 35 kV Ar per mile {Figure 4}
or 30 kVAr per mide (Figure 5). This shows the zero-sequence voltage versus the
length of the primary cable being back fed, for capacitor sizes of 50, 100 and 150
kVAr, with the primary feeder three-phase charging being 35 kVAr per mile (6.629
kV Ar'kilo-foot) when there are 1000 kV A network transformers {(13.2 kV, Zy= 3. 1%,
X+/Ry = 8} mn the spot network. Regardless of capacitor size, with zero primary cable
fength, the zero-sequence voltage 15 1.0 per unit,

As the length L (Figure 1} of cable being back fed increases, the zero-
sequence voltage decreases for g given capacitor size, but at any cable length
uicreasing the capacitor size will increase the zero-sequence voltage. With the 150
KV Ar capacitor, the zero-seguence vohtage will exceed 0.30 per unit (30%) for feeder
lengths up to 15 kilo-feet. The capacitive reactance of the example 1530 kVAr, 13.8
kV capacttor is Xe = 1269 Q. Under normal operation in a 13.2 &V system with the
feeder circuit breaker 4 (Figure 1) closed, the capacitor current, which is
approximately the current seen by the feeder ground relay (not shown), is 762171269
(where 7621 V = 13200/N3 V is the line-to-neutral voltage of a 13.2 kV line-to-line
system; when the feeder circuit breaker 4 is closed, the system neutral is held at or
very near ground potential and the capacitor 2 1s subjected to Hne-to-neutral voltage)
or 6.01 amperes. This would be below the pickup of anv ground relay applied with
the primary feeder. Should a single line-to-ground fault occur on either phase without
the capacitor 2 {¥Figure 1), the current drawn by the capacitor 2 would be 13,200/1269
or 10.4 amperes. Assuming that a network protector, such as 62 {Figure 2), could fail
to open during the back feed, the capacitor CL fose would be sized 1o carry this
current continucusly. The capacitive reactance of the example S0 kVAr 1383 kV
capacitor is Xe = 3809 0, and the capacitive reactance of the example 100 kVAr, 138

kV capacitor is Xe = 1904 Q.
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Figore 5 plots the same mformation as in Figure 4, except that the
primary feeder three-phase cable charging is 50 kVAr per mile (8,470 kVardkalo-foot),
practically an upper bound at 13.2 KV for cable sizes up 10 500 KCmil (thousand
circular mul or MCM). With the example 30 kVAr shunt capacitor, the zero-sequence
voltage 1s about 10% for 13 kile-feet of prunary cable. With the example 150 kKVAr
shunt capacitor, the zero-sequence voltage is about 25% for 135 kilo-feet of primary
cable, and with the example 100 kVAr capacitor it is above about 18 %. This level is
about 9 1o 10 tumes the zero-sequence voltage that would exist when the feeder circuit
breaker 4 (Figure 1) is closed in absence of a fault. A change of this magnitude
should allow setting of the detection level of the circust 40 of Figure 2 such that the
back feed with the feeder circuit breaker 4 can be positively detected.

Figure 6 shows the effect of the size of each of the two network
transformers 12,16 (Figore 1} in the spot network on the zero-sequence voltage for
three different transformers sized at S0 RVA, 150 kVA and 2500 kV A, assuming an
example 160 kVAr capacitor 2 (Figure 1) on one of the three feeder phases. For the size
of typical transformers used in two-unit spot networks, between 500 kVA and 2500
KVA, ransformer size has a mintmal effect on the zero-sequence voltage during a
balanced back feed.

Figure 7 shows the example three-phase capacitor bank 20 in which one
or two of the three capacitors 22,24 26 is larger than the other capacitor(s) to create 3
detectable neutral shift. For example and without limitation, the capacitive reactance
NonXonXos of each of the three capacitors 22,24.26 can be unequal (Xoy # Xz #
Xeak: the capacitive reactance Xoz of one 24 of the three capacitors 22,24,26 can be
smatler than that of the other two capacitors {Xor » Xep < Xes); the capacitive
reactance Xz of one 24 of the three capacitors 22,2426 can be larger than that of the
other two capacifors {X¢1 < X¢a > Xea); the capacitive reactance Xeo of one 24 of the
three capacitors 22,24,26 can be smaller than that of the other two capacitors {Xep <
Xy = Xeak; and the capacitive reactance Xz of one 24 of the three capacitors 22,24 26
can be larger than that of the other two capacitors (Xez ™ Xy = Xen). Although Xezis
used as a reference in some of these examples, either of the other two capacitive

reactances can be employed for the other two phases.
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Figure 8 shows the example two-phase capacitor baok 34 i which two
equal capacitors 36,38 are applied to only two 2830 of three phases 28 30,32 w create
a detectable neutral shift

The disclosed feeder is medinm voltage although the teachings of the
disclosed concept can be applied to suitable low voltage or bigh voltage feeders.

The disclosed concept is applicable to dedicated network feeders
where the network transformers have delta-connected primary windings, or non-
dedicated feeders where all non-network fransformers on the feeder also have the
delta-connected primary windings. A dedicated network feeder, for example, supplies
only network transformers, which employ ungrounded primary windings {typically
delia). A non-dedicated feeder may also serve non-network loads. I the disclosed
concept 1s being apphed on a non-dedicated feeder, then any non-network three-phase
load, such as 80 of Figwe 7, is electrically connected as a delta, and any single-phase
toad or equipment, such as 82 of Figure 7, on the three-phase feeder is electrically
connected line-to-line (not line-to-ground).

While specific embodiments of the disclosed concept have been
desceribed in detail, 1t will be appreciated by those skilled 1 the art that vartons
modifications and alternatives to those details could be developed in light of the
overall teachings of the disclosure. Accordingly, the particular arrangements
disclosed are meant to be iflustrative only and not limiting as to the scope of the
disclosed concept which is to be given the full breadth of the claims appended and

any and all equivalents thereof.
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What s Claimed is:

i A feeder power source (1) for a network power svstem (18},
said feeder power source comprising:

a network transformer {12) inchuling a delta three-phase
primary winding {18) and a three-phase secondary winding {72}

a three-phase primary feeder {6) electrically connected to the
delta three-phase primary winding;

a three-phase secondary bus (77} electrically connected 1o the
three-phase secondary winding;

a three-phase electrical switching apparatus {(4) structured to
open and close the three-phase primary feeder;

a network protector (62) weluding a network relay (64) and a
three-phase cirowt breaker (76) structured to open and close the three-phase
secondary bus;

a first circuit {2:20,34) electrically connected between at least
one phase of the three-phase primary feeder and ground, said first circnit being
structured to unbalance shunt nopedance to said ground of saxd three-phase primary
feeder; and

a second circuit (40) structured to detect a shift m system
neutral (N} and detect that said three-phase primary feeder is opened by said three-~
phase electrical switching apparatus.

2. The feeder power source {1} of Clainy | wherein said second
cireuit 1s structured {TO,NO) to cooperate with the network relay and cause the three-
phase circuit breaker to open said three-phase secondary bas.

3 The feeder power source (1) of Claim 1 wherein said first
circuit s a three-phase capacitor bank (20}, wherein said three-phase capacitor bank is
three capacitors (22,24,26); wherein each capacitor of said three capacitors is
electrically connected between a corresponding phase of said three-phase primary
feeder and said ground; and wherein capacitive reactance of one of satd three
capacitors 1s larger than capacitive reactance of the other two of said three capacitors.

4, The feeder power source (1} of Claim | wherein said first

circut is a three-phase capacttor bank (203; wherein said three-phase capacitor bank is
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three capacitors (22,2426}, wherein each capacitor of said three capaciiors is
electrically connected between a corresponding phase of said three-phase primary
feeder and sad ground; and wherein said three capacitors are selected from the group
consisting off

a capacitive reactance of each of one or two of said three
capacitors is larger than a capacitive reactance of each of a remainder of said three
capacitors,

a first capaciiive reactance of a first one of said three capaciiors
is different from a second capacitive reactance of a second one of said three capacitors
and 15 different from a third capacitive reactance of a third one of said three
CAPACIOrS,

a first capactiive reactance of a first one of said three capacitors
13 smaller than a second capacibive reactance of a second one of said three capaciiors
and 15 smaller than a third capacitive reactance of g third one of said three capacitors,

a first capacitive reactance of a first one of said three capacitors
is larger than a second capacitive reactance of a second one of said three capacitors
and is larger than a third capacitive reactance of a third one of said three capacitors,

a first capacitive reactance of a first one of said three capacitors
is simaller than a second capacitive reactance of a second one of said three capacitors,
said second capacitive reactance being equal to a third capacitive reactance of a third
one of said three capacitors, and

a first capacitive reactance of a first one of saud three capacitors
is larger than a second capacitive reactance of & second one of smid tlvee capacitors,
sard second capacitive reactance being equal to a third capacitive reactance of a third
one of said three capacitors.

5. The feeder power source (1} of Claim | wherein said first
circutt is a single-phase capacitor bank (2}); wheremn said single-phase capacitor bank
is a number of capacitors {2) elecirically connected between one phase of said three~
phase primary feeder and said ground.

6. The feeder power source (1) of Clanm 1 wherein said second

circutt comprises:



WO 2015/080828 PCT/US2014/063046

- 18 -~

for three phases of said three-phase primary feeder having three
voltages, a circoit {(42.44.46) to measore the three voltages,

a sunmunation circuit (48) to sum the three measured voltages,
and

a circuit {(60) 1o determine if the summed three measured
voltages exceeds a predetermined value for a predetermined time and responsively
cause said three-phase secondary bus to be opened by said three-phase circuit breaker.

7. The feeder power source (1) of Claim 6 wherein said circuit to
measure the three voliages includes a voliage division circuit (42,44 463 for each of
the three voltages.

3. The feeder power source {1) of Claim 6 wherein said circuit to
nweasure the three voltages mcludes three resistance voltage dividers (42,44 46)
having an put (37}, a ground (G} and an output {38); wherein the mnput of each of
the three resistance voltage dividers is coupled to a connector (50) having a first
terminal (52) for a corresponding one of the three phase voltages, a second termnal
{54) for a corresponding terminal {(H1, H2, H3) of the delta winding of said network
transformer, and a third terpunal (56) electrically connected to the input of
corresponding one of the three resistance voltage dividers; and wheremn said
summation cirenit inchudes three puts, each of said three inputs being for the output
of a corresponding one of the three resistance voltage dividers.

9, The feeder power source (1) of Claim 6 wherein said circuit to
determine if the sunmumed three measured voltages exceeds the predetermined value
for the predetermuned tiwe clades g voltage reference (Veer) 1o output a reference
voltage as the predetermined value, a comparator (66) to compare the summed three
measured voltages to the reference voltage, and a timer {68) 1o time the predetermined
time when the sumumned three measured voliages exceed the reference voltage.

10, The feeder power source (1} of Claim 6 wherein said circwmit to
determune if the summed three measored voltages exceads the predetermined value
for the predetermined time inclades a relay (70} conrolling a contact {NO) to cause
said three-phase secondary bus to be opened by said three-phase circuit breaker

independent of detection of reverse current flow by said network protector.
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11, The feeder power source (1) of Claim 10 wherein said cirenit 1o
determine if the summed three measured voltages exceeds the predetermined valoe
for the predetermined time tncludes a relay (70) controlling a first normally open
contact (NO) to cause said three-phase secondary bus to be opened by said three-
phase cireuit breaker; wherein the network relay (64) of said network protector
micludes a second normally open contact (1) to cause said three-phase secondary bus
to be opened by said three-phase circuit breaker responsive to detection of reverse
current flow by said network relay; and wherein said first normally open contact is
electrically connected n paraliel with said second nommally open contact.

12, The feeder power source (1) of Claim 11 wherein the network
relay {64} of said network protector further includes a third normally open contact ()
to cause said three-phase secondary bus to be closed by said three-phase circut
breaker; and wherem the relay controflig the fivst normally open contact further
controls g first normally closed contact (NC) electrically connected i series with the
third normally open contact m order to block the network relay from reclosing said
three-phase circuit breaker.

13, The feeder power source (1) of Clann 1 wherein said first
circut is a two-phase capacitar bank (34); and wherem two capacitors (36,38) each
having the same capacitive reactance are each electrically connected between a
corresponding phase of two phases (28,30) of said three~-phase primary feeder and
ground.

14, The feeder power source (1} of Clazm 1 wherein said three-
phase primary feeder 1s electrically comnected between the delta three-phase primary
winding and said three-phase electrical switching apparatus in order to provide a
dedicated network feeder.

15 The feeder power source (1} of Claim | wherein said three-
phase primary feeder is electrically connected between the delta three-phase primary
winding and said three-phase electrical switching apparatus in order to provide 4 non-
dedicated network feeder; wherein a non-network load is electrically connected 1o
said three-phase primary feeder; and wherein said non~-network foad is a three-phase
foad (80) electrically connected as a delta or a single-phase foad (82) electrically

connected phase-to-phase.
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