
Operating conflicts
for DISTRIBUTED
GENERATION
interconnected
with UTILITY
DISTRIBUTION
SYSTEMS

B Y R O G E R C . D U G A N & T H O M A S E . M C D E R M O T T

HE DEREGULATION OF UTILITIES and the emerging

power markets are creating renewed interest in operating

generators in parallel with the utility system. Some of the

more common reasons are

� utility perspective

� transmission capacity relief

� distribution capacity relief

� hedge against high market prices
19
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� end-user perspective
� efficient use of energy from combined heat and

power
� improved reliability by having backup genera-

tion
� incentives from utility to provide capacity reserve

or power market hedge
� commercial power producer perspective

� power market (to sell power)
� to sell ancillary services (reactive power, standby

capacity, etc.).
The emphasis of this article will be on those generators that
would be connected to the utility distribution system.
These will generally be units smaller than 10 MW. Larger
units are generally connected directly to transmission facil-
ities and will most likely be commercial power producers.
The units installed on distribution systems will typically
be no larger than 1 or 2 MW. These would be installed
mostly by the utility itself or by end users. This method of
generation is commonly referred to as “distributed genera-
tion” (DG).

The utility may install such genera-
tion to provide additional feeder or sub-
stat ion capacity . One planning
methodology that utilities might use to
determine if DG is an attractive option
for adding capacity was described in [1].
To achieve additional feeder capacity,
the generation must often be installed
some distance away from the substation,
and the best location may be at a cus-
tomer’s site. One issue that arises is the
question of ownership of the generation.
Some utilities that are chartered as regu-
lated “wires” companies may be prohib-
ited from owning any generation, but
might benefit from some distributed
generation being on the feeder. Service
agreements can be structured to provide
incentives for customers or independent
power producers to install DG so that it
can be operated to the benefit of the
power delivery system.

Much of the value of DG today is on
the end-user side of the interconnection. For example, a
factory may have a process that requires steam heat, pur-
chases gas to make the steam in a boiler, and purchases
electricity to power the machines. A more efficient use of
energy resources might be to first burn gas to make elec-
tricity and then use the waste heat for process steam. An-
other example would be an industrial or commercial
customer with a very high-value product that easily justi-
fies the purchase of standby generation. In areas of fre-
quent interruptions or power shortfalls, this greatly
enhances the apparent reliability of the system to that
customer.

An astute wires company with a power delivery or
power market constraint problem might be wise to seek
out customers with a sufficient value of service to warrant
the investment in generation and work with them to facili-
tate its use to the mutual benefit of all.

Whatever the reason, we will increasingly find DG being
installed to operate in parallel with the distribution system.
This brings about several potential operating conflicts that
have been addressed since the early 1980s [2]-[5]. A few of
the conflicts will be discussed here. Specifically,

� overcurrent protection
� instantaneous reclose
� ferroresonance
� reduced insulation
� transformer connections and ground faults.

Overcurrent Protection
Most distribution systems—especially rural systems—are
operated in a radial configuration. That is, there is one
source and the feeders extend radially from the source. The
main reason for this structure is the simplicity of operation
and the economy of the overcurrent protection system (Fig.
1). Most conflicts over operation with DG arise from this
structure. (Distribution networks have some serious issues,
too, but we will not cover them here.)

The most basic element is a fuse,
which dictates the characteristics and be-
haviors of all overcurrent protective de-
vices. The setting of the utility breakers
and reclosers that enables them to work in
concert with the fuses is referred to as the
“coordination” of the overcurrent devices.
The guiding principle is to position these
devices to minimize disruption to cus-
tomers in the inevitable case of a fault. An
excellent resource on the art and science
of the coordination of series overcurrent
devices on radial utility distribution sys-
tems is [6].

There are two classes of utility system
faults: temporary and permanent. Most
systems have a large number of overhead
lines, and most faults on overhead lines are
temporary. That is, if the fault arc is inter-
rupted, the fault will heal itself without
outside intervention, and power can be re-
stored immediately by reclosing the inter-
rupting device (a breaker or recloser).

On a radial system, fault clearing re-
quires the opening of only one device, because there is only
one source contributing current to the fault. In contrast,
meshed transmission systems require breakers at both ends
of a faulted line to open.

When DG is present, there are multiple sources, and
opening only the utility breaker does not guarantee that
the fault will clear promptly. It would be far too costly to
revamp the distribution system protection scheme to oper-
ate it in the same manner as a meshed transmission system.
Therefore, DG will be required to disconnect from the sys-
tem when a fault is detected so that the system reverts to a
true radial system and the normal fault-clearing process
may proceed. There is the possibility that the DG will dis-
connect either too quickly or too slowly to avoid detrimen-
tal impacts on the distribution system. Either case creates
potential operating conflicts with respect to overcurrent
protection and voltage restrictions.20
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Fig. 2 illustrates one impact DG can
have on utility protective relaying.
Utility breakers and reclosers are set to
“see” a certain distance down the radial
feeder. This is sometimes referred to as
the “reach” of the device. The reach is
determined by the minimum fault cur-
rent that the device will detect.

At peak loading, when the DG is
likely to be interconnected, the relay-
ing is actually fairly sensitive—the
reach is large. It doesn’t take much ad-
ditional current to trip the breaker.
The DG infeed, as shown, can cut
sharply into that reach. That is, there is
a significantly increased risk that faults
with high resistance will go unde-
tected until they burn into larger
faults. The obvious result is that there
will be more damage to the utility
physical plant than without the DG.
There is also more risk of sustained in-
terruption to customers. Thus, while
there is the perception that DG will
bring more reliability to the system,
that is generally true only for the entity
that owns the generator, assuming it
can be operated as backup generation
as well as cogeneration. For the exam-
ple shown, the net effect on the utility distribution system
reliability is probably slightly negative.

Fig. 3 illustrates the concern with voltage regulation
that often yields the most restrictive limits on how much
DG can be served from a particular distribution feeder.
This is particularly true of rural feeders where the DG is
more likely to be sited a long distance from the substation.

Before a fault occurs, the DG will help support the
voltage and may be large enough to actually raise the volt-
age as suggested in the top diagram in Fig. 3. In one sense,
the DG improves the reliability of the distribution sys-
tem by allowing it to serve more load at a good voltage
than without the DG. However, if the load has increased
to the point where the feeder is actually dependent on the
DG to support the load, there can be significant opera-
tional difficulties when the inevitable fault occurs. In or-
der for the utility system fault protection scheme to
operate, the DG must disconnect. It will remain discon-
nected until it can be determined that the utility voltage
has stabilized (usually a few minutes). However, if the
load is too great, the voltage will sag too low, the utility
will not be able to successfully serve the load upon
reclosure, changes in operating procedure will be re-
quired to restore power, and it will take longer to restore
power to some customers. In that sense, the reliability of
the power delivery system might appear to have worsened
slightly, although the DG may actually be mitigating a
voltage regulation problem under normal conditions.

If one limits the maximum voltage change permissible
for this condition to a certain value, such as 5% (or 10%, if
there are fast line regulators), this is frequently the most
limiting factor in determining how much DG can be sup-

ported on a given feeder without significant modifications
to operating practices. For example, on a typical rural,
15-kV class feeder, the maximum amount of generation
with respect to this rule is in the range of 500-1000 kW,
depending on the actual location(s) of the DG on the
feeder. When generation is located close to the substation,
as it might be in an urban area, this range could increase to
3000-4000 kW with respect to this criterion.
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Voltage Profile

Before Fault

Voltage Profile

After Reclose

The voltage sags too low after generators are disconnected

to clear a fault.

3

Substation

Primary
Distribution
Feeders

Line
Recloser

Sectionalizer

Fused LateralBreaker or
Recloser

Transmission
System

The typical overcurrent protection of a utility distribution feeder.

1

X

Reduced Reach Due to DG Infeed

Fault
ResistanceDG Infeed

Normal Reach of Line Recloser

DG

Reach of Substation Breaker

The generator infeed reduces the reach of utility relaying.
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Instantaneous Reclosing
Because many faults are temporary, reclosing is prevalent
throughout North America. Fig. 4 illustrates this princi-
ple by showing the fault currents and the reclose interval
(dead time) between “shots.”

Reclosing and some types of DG are fundamentally in-
compatible. For the reclose to be successful (the one shown
in Fig. 4 is not), there must be sufficient time between
shots for the fault arc to dissipate and clear. That means any
DG on the system must detect the presence of the fault and
disconnect early in the reclose interval. Otherwise, the
fault continues as indicated.

This is a problem with significant consequences. A clear-
ing failure means that there will be prolonged arcing and the
utility transformers will experience another “through fault.”
Either can mean shortened life and expensive repairs to util-
ity equipment. Likewise, if the DG is still connected upon
reclosing, the DG equipment itself is subject to damage. For
a rotating machine, which is the most common type of gen-
erator, owners can expect damage to the shaft, coupler, and

prime mover due to out-of-phase switching. In one instance
from our experience, a piece of insulation detached from the
rotor winding, presumably from either the electrical forces
or the mechanical shock. Solid-state inverters have much
less inertia and would normally be less susceptible to the
out-of-phase reclose, assuming proper protection against
current surges.

The failure to clear also means that some of the utility’s
customers will now see a sustained interruption when they
should have been subjected to only a momentary one.
Again, the reliability of the power delivery system is
slightly degraded.

Complicating this issue is the fact that many utilities
use “instantaneous” reclose for power quality purposes.
This reclose interval is nominally 0.5 s but can be as short
as 0.2 s. The utilities that use this short interval have done
so because they wanted to improve the power quality for
their customers. For example, many of the nuisance blink-
ing clock problems can be avoided. However, this increases
the probability that the DG will not disconnect in time.

While there may be few problems with today’s low level
of penetration on distribution systems, as DG installations
increase in number and size there is almost certainly going
to be a conflict between the needs of DG and the use of in-
stantaneous reclose. We recommend against using instan-
taneous reclose on feeder sections that contain DG. A
reclose interval of 1 s or more would be preferable. This
will dramatically reduce the chances that the DG will fail
to separate in time, but will also result in reduced power
quality to a certain segment of customers. Thus, we have a
clear conflict on this issue.

Ferroresonance
As we have seen, it is necessary to disconnect the DG when
a fault occurs so that the utility can proceed with the
fault-clearing process that was originally intended. This is
sound practice, but sometimes there are unintended conse-

quences. In one example, related to us
by Feero [7], ferroresonance can occur
and damage customer load or the ser-
vice transformer.

Many modern loads are served with
underground cable. The cable is com-
monly run from an overhead line,
where it is nearly universal to apply
fuses at the riser pole to protect the
overhead line from faults on the cable.
The fuses are sized to blow quickly be-
cause it is assumed that all cable faults
are permanent and there is no reason to
attempt fuse saving. Requiring the DG
to disconnect at the first sign of trouble
will leave the service transformer iso-
lated without load and served with an
open phase. Fig. 5 shows the situation
with a delta-wye grounded service
transformer.

This is a classical ferroresonance
condition [8]. The capacitance of the
cable appears in series with the magne-
tizing inductance of the transformer,22
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Reclose Interval

DG Must Disconnect Here

The first two shots of a typical utility distribution system

reclosing sequence during a short-circuit fault.

4

G

Breaker
Required to Open

A riser-pole fuse blowing on a cable-fed transformer leads to ferroresonance.

5

An example of ferroresonant overvoltages for delta primary with one phase

open. Scale is 1 p.u. per vertical division.
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often resulting in very irregular and
high voltages and currents (Fig. 6). If a
small amount of load-side equipment
remains connected, it can be damaged.
A common casualty in this situation
are surge protectors on the secondary
system. Under the right conditions,
the transformer and its primary arrest-
ers are also at risk if the condition is al-
lowed to persist. Unfortunately, this
condition does tend to persist for some
time unless line crews happen to be
standing nearby. Conventional over-
current protection will frequently not
detect ferroresonance until something fails.

It should be noted that this situation is not unique to a DG
installation; it also occurs in many commercial loads where
the loads are automatically disconnected from the mains and
transferred to backup sources. This, likewise, leaves the ser-
vice transformer isolated on a section of cable with little or no
load. That is the customer’s choice. In the case of DG, how-
ever, the typical utility interconnection standards require the
separation to occur, exposing the customer to the risk of
ferroresonance. On the other side of the conflict, it is inadvis-
able to leave the DG connected with an open phase, because
the negative sequence heating could damage the machine.

One solution is to arrange the circuit,
if possible, so that there is always some
significant load on the transformer when
the isolation occurs. Another, more cer-
tain solution is to employ a three-phase
switch (such as a recloser) on the primary
side of the service. This adds a relatively
large expense for smaller DG sites that
may eliminate much of the economic ad-
vantage of the DG.

The root cause of the ferroresonance
problem is that there are fuses employed
for line protection between the substation
and the DG. Ideally, the only fuses in se-
ries with the DG would be transformer fuses, which should
blow only for internal transformer faults. If line fuses can be
avoided, the probability of this situation occurring is greatly
diminished. It can still happen if a jumper were to come
loose or a line were to become open, but the odds of this
should be much lower than a line fuse blowing.

Of course, one could avoid cable-fed transformers for
DG installations. Note that using a wye-wye transformer
does not completely eliminate the ferroresonance problem
[9]. A grounded wye-delta connection might help, but
there are other operational problems with this that we will
discuss later.

Reduced Insulation
The prevalence of the four-wire multigrounded primary dis-
tribution system yields numerous economies due to reduced
insulation requirements. Line equipment ranging from
transformers to switches to line insulators can be made
smaller at a lower cost. This has been exploited for decades
over the entire system, and a change in the accepted practice
at this point in time would be inconceivable.

To protect the insulation, appropriately sized arresters
are required. Like other equipment, the arresters are manu-
factured with a voltage rating that is less than the nominal
line-to-line voltage of the system. For example, on a
12.47-kV feeder, one may typically apply arresters rated
for either 7.65- or 8.4-kV maximum continuous operating
voltage (MCOV). (These correspond to a 9- or 10-kV ar-
rester duty-cycle rating.) This works as long as the system
is effectively grounded.

The assumption of effective grounding is violated in the
condition shown in Fig. 7. A permanent single line-to-
ground fault has occurred, and the utility interrupting device

has opened. This leaves an isolated system
energized by the DG that is connected
through a delta-connected transformer.
There is no longer a grounded source on the
utility side of the transformer.

Besides at least one resonant condition
that can occur in this situation, the two
arresters on the unfaulted phases are now
subjected to line-to-line voltage. These
will likely fail unless the DG relaying
picks up on the abnormal islanding con-
dition promptly. Frequently this delta
transformer connection will be found at
industrial loads when the DG is also sup-

plying the load. If the net flow across the transformer at the
time of the fault is small, it may take some time before the
DG protection is able to detect something is wrong using
only the signals available on the load side.

Transformer Connection and Ground Faults
The previous two sections highlight some of the drawbacks
of using an ungrounded primary connection for transform-
ers used for DG interconnection. This can make it difficult
to detect the most common type of utility fault—the sin-
gle line-to-ground (SLG) fault—and can subject utility
equipment to excessive duty if the fault goes undetected.
However, that does not mean all problems can be solved by
using a grounded wye connection, which we will examine
in greater detail.

Many utility engineers believe the best transformer
connection for DG is grounded wye-delta, with the
grounded wye side connected to the utility side, just like
central station generation connected to the transmission
grid. The protective relaying for this connection is well un-
derstood from decades of experience with central station 23
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generation. SLG faults are relatively easy to detect from the
phase-to-phase voltages on the DG side. Other fault condi-
tions are also relatively easy to detect. If the DG acciden-
tally becomes isolated in an island, the utility side still
appears to be effectively grounded, although somewhat
less so than before the island formed. There are fewer
strange resonant conditions that can occur and
ferroresonance is considerably less likely. Triplen harmon-
ics produced by the machines are blocked by the delta
winding (very important for some machines) and there are
probably other benefits we have not mentioned.

Despite these apparent benefits for
DG, it is rather ironic that most utilities
forbid this connection on radial distribu-
tion systems.

Fig. 8 illustrates the reason for this re-
striction. A grounded wye-delta trans-
former creates additional ground current
paths. Thus, it is sometimes referred to
as a “ground source.” The current into a
SLG fault is increased, and breakers or
fuses attempting to interrupt this cur-
rent may see excessive duty. The fault
currents are no longer flowing in just one
path from the substation to the fault, but
are flowing in other paths—even those
downline from the fault. Thus, relays can
be fooled and line or transformer fuses
can blow needlessly. Faulted circuit in-
dicator (FCI) devices will register fault current in many lo-
cations in the feeder not normally involved in the fault,
delaying the fault repair. One common side effect is that
the feeder breaker will trip for any SLG fault on all feeders
served off the same substation bus.

The transformer itself is subject to failure. Utility trans-
formers are nominally designed to withstand 25 times the
normal rated current briefly during a through fault. They
seldom are subjected to such currents in actual service to
prove this capability. However, a grounded wye-delta
transformer would see the majority of faults that occur on
the distribution system, including all feeders fed from the
substation bus. Thus, it would be subjected to many high

current impulses that can shorten its life. To compound
this, many distribution transformers have less than 4% im-
pedance, which will allow more than 25 times rated cur-
rent to flow. Thus, they would be overstressed repeatedly,
which is a certain recipe for early failure.

There are two common solutions to this problem:
� Purchase transformers with a higher impedance.
� Add a reactor to the neutral on the wye side.

These can be technically effective solutions, but are dis-
liked by utility operating personnel. While utilities may
often specially engineer equipment for transmission sys-

tems, the preference for distribution sys-
tems is consistency. “Specials” are
discouraged, because that information
often gets lost over the years. The results
can be disastrous. For example, assume
the wye-delta transformer is made up of a
bank of special 6% transformers. Now,
assume one of the transformers fails some
years later. In a rush to get the customer
back in service, the transformer is re-
placed with a conventional 2.5% trans-
former. That transformer will likely fail
upon the occurrence of next SLG fault,
perhaps catastrophically.

A neutral reactor value has to be care-
fully selected so that the fault current
flowing through the transformer is lim-
ited yet still appears effectively grounded

from the perspective of the generator. This is not a great
difficulty, but does require additional expense. Another
objection of operating personnel is that it requires special
care and training. Utility line personnel are not accus-
tomed to seeing large reactors in the neutral and must be
aware of the voltage hazards. This is a particular problem
when out-of-town crews are brought in during emergen-
cies. Therefore, there is a tendency to discourage such in-
stallations and stick with something more familiar—even
if it doesn’t work as well.

To prevent the sympathetic tripping of the feeder
breaker for SLG faults on other feeders, one of the more
popular solutions is to replace standard overcurrent relays

with directional overcurrent relays.
Perhaps the most common three-

phase connection in the United States
is the grounded wye-wye. This is gen-
erally well behaved in DG installa-
tions, except that it does not block
third harmonic currents produced by
the machine. The harmonics produced
by the machine are dependent largely
on the “pitch” of the winding. A
2/3-pitch machine produces very little
third harmonic voltage and can be eas-
ily connected to a grounded wye-wye
transformer. However, other designs
can produce significant amounts of
third harmonics, and generator own-
ers/operators are often unpleasantly
surprised when they first connect their
old standby generator to the utility24
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system. Where they had previously experienced no prob-
lems, there are now high currents flowing in the neutral.
The load presents a high impedance to these harmonics so
there are few symptoms when operating in standby
backup. However, the utility is essentially a short circuit
sink for the harmonic currents that can be produced by the
normal voltage distortion of the machine.

This problem can also occur for DG interconnected
through the common delta-wye grounded (e.g., 480/277
V secondary) transformers. This will result in high neutral
currents on the customer side of the transformers.

Conclusions
At present, it seems almost certain that there will be a sub-
stantial increase in the amount of DG connected to utility
distribution systems over the next decade or so. The sys-
tems were designed for unidirectional flow and, as the pen-
etration of DG increases, it should not be surprising that
operating conflicts arise. Several have been identified here
and the following conclusions may be drawn.

� Too much existing utility infrastructure has been
built on the assumption of simple protection schemes
for faults and effective grounding for insulation struc-
tures to consider changing to better accommodate
DG. DG must adapt to the distribution system needs.

� While DG may greatly improve reliability for some
DG owners, it can degrade the reliability and power
quality for other customers on the feeder.

� Established practices on overcurrent protection
must be revisited. For example, instantaneous
reclosing is probably incompatible with widespread
DG usage. Line fusing must be weighed against the
adverse effects of single-phasing three-phase genera-
tors.

� There are several tradeoffs to be considered concerning
transformer connections. Some of the more common
connections yield some difficulties. One connection that
might be very good for DG will, unfortunately, conflict
with the existing overcurrent protection scheme.

� Because of the conflicts and tradeoffs, there are no
easy answers, and special engineering is required for
many DG installations.

Despite these conflicts, DG installations on utility dis-
tribution systems can nearly always be successfully engi-
neered. There may be some cost involved in additional
equipment or some compromises made with respect to
long-established utility operating practices.
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