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Allie E. Auld

Jack Brouwer1

Keyue M. Smedley

Scott Samuelsen

Advanced Power and Energy Program,
University of California Irvine,

Irvine, CA 92697

Effects of Distributed Generation
on Voltage Levels in a Radial
Distribution Network Without
Communication
The challenges associated with incorporating a large amount of distributed generation
(DG), including fuel cells, into a radial distribution feeder are examined using a dynamic
MATLAB/SIMULINK

™ model. Two generic distribution feeder models are used to investigate
possible scenarios where voltage problems may occur. Modern inverter topologies make
ancillary services, such as on-demand reactive power generation/consumption economi-
cal to include, which expands the design space across which DG can function in the
distribution system. The simulation platform enables testing of the following local control
goals: DG connected with unity power factor, DG and load connected with unity power
factor, DG connected with local voltage regulation (LVR), and DG connected with real
power curtailment. Both the LVR and curtailment strategies can regulate the voltage of
the simple circuit case, but the circuit utilizing a substation with load drop compensation
has no universal solution. Even DG with a penetration level around 10% of rated circuit
power can cause overvoltage problems with load drop compensation. The real power
curtailment control strategy creates the best overall circuit efficiency, while all other
control strategies result in low light load efficiency at high DG penetrations. The lack of
a universal solution implies that some degree of communication will be needed to reliably
install a large amount of DG on a distribution circuit. �DOI: 10.1115/1.4001050�

Keywords: distributed generation, distribution system, dynamic model, electric utility,
fuel cell, inverter, voltage regulation
Introduction

New advancements in inverter-based decentralized electrical
nergy technologies, which include everything from plug-in elec-
ric vehicles, solar photovoltaic panels, to combined heat and
ower �CHP� with fuel cells and microturbine generators, have the
otential to change the premises upon which electric power is
enerated, transmitted, distributed, and consumed �1�. Whether
he proliferation of these energy resources is driven by energy
conomics or environmental concerns, the existing distribution
ystem is not designed to be flexible enough to accommodate
hese resources, even provided that the necessary accommodations
ere well known. Previous work has shown that voltage regula-

ion can become a major concern when large penetrations of dis-
ributed generators significantly change the distribution feeder
haracteristics �2–4�. The IEEE 1547 standard for interconnecting
istributed generation �DG� states that the generator may neither
ctively regulate any voltage nor cause any voltage on the system
o go beyond specified requirements �5�. This clause alone will
imit the penetration of DG allowed in many existing distribution
cenarios. Thus, independent of the difficulties in economically
nstalling fuel cells and other DG systems, producing a large per-
entage of power on-site may be an ambitious goal from the other
ide of the point of common coupling �PCC�: the electricity dis-
ribution system.

Recent interest and investment in smart grid technology prom-
ses to make the distribution system more intelligent in the long
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term, by enabling communication and control between load
meters, voltage regulators, field capacitors, d-FACTS, smart sub-
station elements, and even other circuits �6�. In this scenario, DG
will play a major role, due to its ability to change power output
and power angle, in meeting the needs of the distribution system
and the greater utility network. However, waiting for these wide-
spread intelligent circuit upgrades will create a major barrier to
installation and deployment of a high penetration of DG. It is thus
critical to the near-term deployment of DG to understand what
converter behavior is desirable and most compatible with the cur-
rent system, and then to construct and deploy such converters to
be upgradeable, so that in the future, as smart grid circuits become
available, the asset is further optimized and incorporated into the
system.

The goal of this paper is to explore four different control meth-
ods, where each rely purely on locally measured parameters: DG
with unity power factor �baseline control�, DG and local load with
unity power factor �power factor correction�, DG with local volt-
age regulation �LVR�, and DG with real power curtailment �RPC�.
These control strategies are evaluated based on whether they
cause the generator to create �1� over- or undervoltages on the
circuit, or �2� undesirable utility conditions such as an excessive
reactive power demand. A DG control that successfully improves
the voltage regulation and power flow in the circuit is labeled as a
“model citizen.” A poor citizen DG control creates major prob-
lems in the circuit, and a good citizen has a neutral effect �7�.
These four control strategies are added to a variety of generic
feeder models and the resulting behavior is analyzed and classi-
fied to determine whether locally controlled distributed generators
can become a model citizen of the grid. Finally, the circuit effi-
ciency of each scenario is also calculated, analyzed, and com-
pared, providing an additional facet of the impacts of DG on the

circuit.
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Background
At present, addition of DG to distribution circuits is tightly

imited and regulated to prevent any possible problems. The
EEE-1547 standard is developed as a guideline for this imple-
entation �5�. This standard states that a DG installation may

either cause any voltage on the system to go outside of set limits,
or actively regulate the local voltage. It recommends that a gen-
rator either operates with a power factor of 1 or provide a power
actor compensation for the local load to the realistic limits of 0.9,
eading to lagging.

ANSI C84.1 defines the allowable voltage rating at the cus-
omer entrance for Range A, which encompasses most DG loca-
ions, is from 114 V to 126 V �0.95–1.05 per unit�. To allow for
ransformer and secondary line losses, a study into this issue by
E, under contract by NREL, defines the acceptable per-unit

p.u.� voltage at the distribution transformer primary as 0.98–1.05
.u. �4� The per-unit value is the actual value normalized to a set
ase value, and is used here for both voltage and power.

This same study looked at all combinations for six different DG
evels on each of eight different base circuits, with two control
trategies, two load growth scenarios, four DG locations, and two
oad levels. For each case, the maximum and minimum voltage
cross both are recorded and used to understand voltage behavior
f the circuit, due to the addition of DG. All cases are designed to
ave no steady-state voltage problems when no DG is imple-
ented. Many of these cases resulted in either under- or overvolt-

ges on the circuit, which would preclude the DG installation and
ealize the problems associated with installing generators on a
istribution feeder �4�.

The current work takes a subset of the circuits from the GE/
REL work and focuses on how the DG-grid interface could be

ontrolled to avoid voltage problems. As a premise, it is assumed
hat the generator real power output can be curtailed on demand.
n example of a generator that is curtailable, though not control-

able, would be a photovoltaic �PV� array �8�. It is also assumed
hat the inverter connection can provide either a leading or lagging
ower factor. A variety of cases that span different DG locations,
enetrations, and load power are simulated for different control
trategies. All the control strategies try to execute control using
urely local information such as local load reactive power or local
us voltage, which represents the current manner in which DG is
ntroduced.

Assumptions and Approach

3.1 Model Development. The set of models used to explore
hese circuits are developed in MATLAB/SIMULINK

™, according to a
odified version of the ladder iterative technique from Ref. �9�.
he models are built and solved entirely in the time domain, and
rovide voltage and current waveforms as outputs. A circuit sche-
atic of the simulated radial distribution model is presented in
ig. 1. The time-based data are run through a postprocessing MAT-

AB code to produce voltage magnitudes, angles, and real and
eactive power flow. This method lacks the optimization of a more
ommonly used load flow analysis software, but it has a major
dvantage in providing flexibility for the design of an interface
etween the DG and the grid, as well as control and communica-

Fig. 1 Circuit schematic of distribution model
ion throughout the feeder.
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3.2 Circuit Models. This work explores two generic feeder
models: Circuits A and B.

3.2.1 Circuit A: Simple Model. The first circuit explored has
20 load buses, evenly spaced along a 4-mile feeder, with a sub-
station “source” bus set at 1.05 p.u. voltage, assuming a 12.47 kV
base. There are no transformers modeled and no capacitors on the
line. The first half of the line has an impedance of 0.5+ j1.0 �,
and the second half has an impedance of 0.8+ j1.4 �. The base
power is 7 MW, and the load is evenly distributed among the 20
load buses. Light load means a total power of 0.3 p.u. with a
power factor of 0.95; and heavy load means a total power of 1.0
p.u. with a power factor of 0.85. Spanning light and heavy load
conditions represent a temporal variation in the loading of a dis-
tribution feeder. Circuit A approximates a simple, densely loaded
urban circuit. The real/reactive power flows and voltage profile
are shown in Fig. 2 for the case without DG. Distance is measured
as the distance from the substation. Power flow is defined as posi-
tive when going from the substation toward the circuit loads. As
there is no generation of real or reactive power on the circuit, all
power flows are positive and monotonically decreasing along the
length of the circuit. This corresponds to a voltage profile that
always decreases with increasing distance from the substation.
The heavy load case causes a larger voltage drop, but both load
cases result in acceptable voltages at all locations on the circuit.

3.2.2 Circuit B: Voltage Control Model. The second circuit is
similar to Circuit A, except that this circuit is 8 miles in length
with four fixed capacitor banks, rated at 1200 kVAR, and evenly
distributed at bus 4, 8, 12, and 16. The longer line now has a first
half line impedance of 1.0+ j2.0 � and the second half imped-
ance of 1.6+ j2.8 �. Also, there is an automatic voltage regulat-
ing �AVR� autotransformer at the substation with load drop com-
pensation �LDC�. LDC uses a compensation parameter and a local
power flow to approximate the line drop, and compensate for this
by changing the output voltage. Essentially, this will increase the
substation voltage during heavily loaded times, and decrease it at
light load to prevent overvoltage. The compensation parameter
assumed here is 0.6+ j1.1 � with a voltage set-point of 1.02 p.u.
and a maximum voltage of 1.05 p.u. A characteristic voltage pro-
file of the circuit without DG at both light and heavy load times is
shown below in Fig. 3. The operation of the AVR with LDC is
indicated by the high substation voltage, indicated by the
y-intercept, for the heavy load case, and lower voltage for the light
load case. Figure 3 also shows the real and reactive power flows
for Circuit B without the presence of DG. The fixed capacitor
banks result in substantial reactive power flowing from the circuit
to the substation, which causes the voltage profile of the light load

Fig. 2 Real/reactive power flow and voltage profile for Circuit
A without DG at light and heavy load
case to rise with increasing distance from the substation.
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For model verification, a sample four-bus system is created
ith a base voltage of 10 MVA and a base voltage of 12 kV.
alues for the line and load impedance are chosen to be arbitrary,
ut realistic. For simplicity of hand calculation, the loads are all
ssumed to be at constant impedance with overhead distribution
ines, which means capacitance can be neglected. The

ATLAB/SIMULINK
™ model is then compared with the same four-

us system in both POWERWORLD, which is a conventional load
ow simulation program, and to hand calculations for the same
us. The comparison of bus voltages and angles are shown below
n Tables 1 and 2, and the close agreement between results of all
hree methods indicates that MATLAB/SIMULINK

™ method is a valid
ay to simulate load flow in a three-phase power system. A com-
arison of line power flow shows similar agreement, and an addi-
ional comparison between MATLAB/SIMULINK

™ and POWERWORLD

or constant power loads is consistent, indicating that both con-
tant power and impedance loads are represented realistically by
he MATLAB/SIMULINK

™ model.

3.3 Control Strategies. Four different local control strategies
re described and explored herein.

3.3.1 Baseline. The baseline case control strategy is to set the
enerator to run at full real power capacity all the time and to
roduce no reactive power. This simple control strategy most
losely resembles how most DG units today operate, particularly
igh temperature fuel cells, which have exhibited little load-
ollowing capability �10�.

3.3.2 Power Factor Correction. An alternative DG control
trategy is to operate at full real power capacity, and to create an
verall power factor of 1, as seen by the distribution primary. This
equires the DG to compensate for the consumption/generation of

ig. 3 Real/reactive power flow and voltage profile for Circuit
without DG at light and heavy load

Table 1 Bus voltage comparisons in p.u.

Theoretical POWERWORLD SIMULINK

us 1 0.969 0.97 0.969
us 2 0.953 0.95 0.953
us 3 0.946 0.95 0.946

Table 2 Bus angle comparisons in degrees

Theoretical POWERWORLD SIMULINK

us 1 �2.85 �2.85 �2.85
us 2 �4.55 �4.56 �4.55
us 3 �5.50 �5.51 �5.50
ournal of Fuel Cell Science and Technology
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reactive power by generating/consuming it locally. This strategy
assumes that the generator has limits of 0.9 leading to 0.9 lagging
power factor, as referred to the generator output capacity, and it
cannot compensate outside of this range.

3.3.3 LVR. A control strategy for regulating the generator bus
voltage is to use reactive power injection to directly affect the
local bus voltage. This is investigated in Refs. �4,11�. The genera-
tor sinks the reactive power if the voltage is too high, and sources
it when the voltage is low. Here, the limits of 0.9 leading and
lagging are used, along with a 5% voltage droop. A diagram of the
associated reactive power is shown in Fig. 4.

3.3.4 RPC. All previous methods assume that DG real power
is independent of the utility desires and feeder condition. This
assumption infers that either the owner controls its operation, or
that the output is intermittent due to natural causes. The real
power curtailment strategy assumes that the voltage will be ad-
equately regulated in the feeder with no DG, and thus, irregular
voltages must be due to excess DG real power. The real power
curtailment method is derived from Ref. �8� and generalized to all
generators in the circuit. If the local voltage exceeds 1.05 p.u., the
output power is reduced until the voltage falls below 1.05 p.u.
Between 1.04 and 1.05, the previous output power is maintained,
and if the voltage falls below 1.04 p.u., the output power will be
increased if it was being curtailed.

3.4 Analysis Parameters. The output parameters of interest
across the various studies include maximum/minimum voltage
and substation real/reactive power input. The voltage extremes
must be between the 0.98 p.u. and 1.05 p.u. boundaries set on the
power system. Ideally, the voltages will be within a narrow band
at the lower end of the acceptable range. This is because lower
voltage will reduce the power requirement for constant current
and constant impedance loads, and indirectly provide an effi-
ciency benefit. The real and reactive power should have an export/
import pattern that is more desirable than without DG. For real
power, this is assumed to be within the confines of load-leveling:
power import at heavy load is less than or equal to that without
DG, and power import at light loads is greater than or equal to the
nominal power on the circuit. Similar conditions are also applied
to reactive power consumption, as it is assumed that this resource
is added with switched capacitor banks. At present, one-third of
utility capacitor banks are fixed and the other two-thirds switched
to meet changing load requirements. A reduced swing in the reac-
tive power usage would reduce the number of switches and extend
the component lifetime. The reactive power usage should not ex-
tend outside of the range, as adding reactive power need would
directly equate to an increase in infrastructure investment, and a
reduced reactive power load might recede below the permanent
demand met by the base 1/3 of nonswitched capacitors. The basic

Fig. 4 Diagram of reactive power consumption by local volt-
age regulation control
comparison metrics are summarized in Table 3.

DECEMBER 2010, Vol. 7 / 061011-3
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Results

4.1 Circuit A

4.1.1 Baseline Case. The simple feeder baseline case shows
vervoltages for penetrations above 0.2 for generators located at
he end, and above 0.3 for generators located at the middle, as
resented in Fig. 5. The overvoltages occur during light load,
hen a net export of DG power creates a voltage rise in the

ircuit. An example illustrating this effect is shown in Fig. 6 for a
G penetration of 100% located at the middle. The discontinuity

n power flow at 2 miles is due to the injection of 7 MW real
ower. In the light load case, this injection results in a substantial
egative real power flow that corresponds to a voltage rise from
he substation to the circuit midpoint. The overvoltage problem is
ot present in the heavy load case because the voltage drop,
aused by a large reactive power demand, dominates the voltage
ncrease due to reversed real power flow. The real power import to
he circuit �Fig. 7� decreases linearly with penetration, and the
eactive power import �Fig. 8� is insensitive to DG because it does
ot generate reactive power. There are no voltage problems asso-
iated with citing DG at the beginning of the circuit.

4.1.2 Alternate Control Strategies. Adding the power factor
orrection control to the generator does not correct the overvolt-
ge problem, and in fact, exacerbates it slightly by reducing the
oltage drop, due to the reactive power flow in the circuit. The
ocal voltage regulation control succeeds in eliminating the over-
oltage problem, but it creates new problems in the real and re-
ctive power flows. This control strategy works by assuming that
eactive power flow through a line impedance will change the
oltage. This is true for a remote bus, but a bus near to the sub-
tation is considered a stiff voltage source and no amount of re-
ctive power flow will change this. As a result, when the generator
s located at the beginning, the voltage regulation control causes a
harp increase in the reactive power demand of the system both at

Table 3 Analysis metrics for comparing control strategies

Model citizen Good citizen Poor citizen

oltage max Vmax�1.05 Vmax�1.05 V�1.05
oltage min Vmin=0.98 Vmin�0.98 V�0.98
eal power Load leveling Pdem� Pdem,max Pdem� Pdem,max

eactive power Load leveling Qdem�Qdem,max Qdem�Qdem,max
Fig. 5 Voltage regulation cases for Circuit A: „a…

61011-4 / Vol. 7, DECEMBER 2010

om: http://asmedigitalcollection.asme.org/ on 12/02/2015 Terms of Use: ht
light loads �model� and at heavy loads �poor�. The reactive power
flow change for the LVR case is presented in Fig. 9. It should be
noted that there was never a voltage regulation problem in these
cases where the DG is at the beginning. Thus, voltage regulation
is not a universal solution and will sometimes create new prob-
lems while trying to solve a problem that did not exist.

The load curtailment control strategy does not affect the circuit
during heavy load conditions when overvoltage is not a problem.
In the light load cases, the generator real power output is de-
creased and the resulting substation power is shown in Fig. 10.
This control action eliminates the overvoltage problem, as shown
along with the other control strategies in Fig. 5. An advantage of
the curtailment method is that most overvoltage problems occur
during light load conditions. This period typically coincides with
night and low electricity rates—a time when DG users may want
to reduce real power output, and thus, fuel consumption. This type
of control would naturally turn DG units into peaker units, and
level the grid tie-line power flow. However, this reduction in out-
put will be detrimental to the circuit performance if it occurs
during high load, when the power is most critical. Additionally,
combined heat and power �CHP� installations associated with
many applications �e.g., manufacturing� may not have the flexibil-
ity to be turned down by the utility.

Fig. 6 Real/reactive power flow and voltage profile for Circuit
A with 100% DG penetration at middle
baseline, „b… PFC, „c… LVR, and „d… curtailment
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Fig. 7 Circuit A, substation real power flow for baseline

Fig. 8 Circuit A, substation reactive power flow for baseline
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4.2 Circuit B

4.2.1 Baseline Case. In Circuit B, the LDC changes the sub-
station voltage in proportion to the substation real and reactive
power flows. The addition of DG now not only alters the power
flow on the circuit, but also the substation voltage. The voltage
extremes for each case of Circuit B are presented in Fig. 11.
Without LDC, locating the DG by the substation did not change
the power flow in the rest of the circuit, and this location was
relatively safe. With LDC, the generator reduces real power flow,
which causes a low voltage problem and results in undervoltages
at penetrations greater than 0.3. The DG-at-middle case exhibits a
combination of problems: the same overvoltage as from Circuit A
for penetrations above 0.3, and a new undervoltage problem that
begins occurring at penetrations above 0.5. When DG is at the
end, there is an overvoltage for any penetration above 0.1, and an
additional undervoltage for penetrations above 0.5. The detailed
behavior of Circuit B with a 1.0 penetration of DG at the middle
is presented in Fig. 12. The substation undervoltage occurs for the
light load case due to considerable exportation of both real and
reactive power. Yet, even this undervoltage is insufficient to com-
pensate for the voltage rise in the circuit, and the furthest circuit
locations experience overvoltages. The real power import is iden-
tical to that of the baseline control case for Circuit A �Fig. 13�.
The reactive power import is still insensitive to DG penetration,

Fig. 12 Real/reactive power flow and voltage profile for Circuit
B with 100% DG penetration at middle
ig. 9 Circuit A, substation reactive power flow for LVR
ig. 10 Circuit A, substation real power flow for curtailment
ontrol
seline, „b… PFC, „c… LVR, and „d… curtailment

DECEMBER 2010, Vol. 7 / 061011-5
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ut the addition of fixed capacitors on Circuit B results in a reac-
ive power import that is either near-zero or negative, which

eans the circuit is exporting reactive power �Fig. 14�.

4.2.2 Alternate Control Strategies. Again, power factor cor-
ection is completely ineffective in addressing voltage regulation
roblems. LVR can effectively eliminate all overvoltages, but
here is still an undervoltage problem associated with adding DG
o the beginning of the circuit, as presented in Fig. 11. The LVR
ontrol still causes a poor reactive power demand profile, as
hown in Fig. 15. Not only does LVR control increase the demand
or reactive power at heavy loads, but it also increases the impor-
ation of reactive power during light load when the generator is
ocated at the beginning. This is another problematic consequence
f installing generators with LVR control.

Results from the curtailment method are mixed and are highly
ocation dependent. When the DG is at the end of the circuit, the
ower curtailment eliminates both over- and undervoltages
hroughout the circuit. However, when the DG is located at the

iddle or beginning, the location of the voltage problems do not
oincide with the generator, and the output power is not
urtailed—thus, the middle and beginning cases show the same
ehavior as cases without control. In addition, the 1.0 penetration
G-at-end case invoked power curtailment for both light and
eavy loads, which is shown in Fig. 16. A 7 MW DG installation
ould never function above 4.7 MW, which adds another unde-

irable constraint to the installation. The conditions for over- and
ndervoltage are summarized in Table 4, along with the effective-
ess of the LVR and curtailment regulation strategies.

Fig. 13 Circuit B, substation real power flow for baseline

Fig. 14 Circuit B, substation reactive power flow for baseline

ig. 15 Circuit B, substation reactive power flow for LVR

ontrol

61011-6 / Vol. 7, DECEMBER 2010
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5 Circuit Efficiency
In addition to affecting voltage, power flow through the distri-

bution circuit consumes real power and causes line efficiency
losses. As a result, the circuit efficiency will depend strongly on
the same factors that affect voltage, which include DG placement,
penetration level, and control strategy. The circuit efficiency is
defined as the fraction of real power input that is consumed at the
load

�circuit =
Pload

Psubstation + PDG

As this definition does not account for transmission or substation/
distribution transformer losses, it is not intended to absolutely
quantify the effects of DGs on power delivery. It instead provides
a simple and useful measure for comparing the variations in dis-
tribution line losses attributable to DG parameters.

5.1 Circuit A. The efficiencies of Circuit A with the baseline
control are presented in Fig. 17. When the DG is located at the
beginning, the efficiency is roughly independent of penetration
because the impedance between the generator and the substation
is minimal. For the light load cases, both middle and end locations
have an initial increase in efficiency with penetration that is fol-
lowed by a sharp efficiency loss for penetrations above 0.3. At
these high DG levels, excess real power flows directly from the
DG to the substation and creates additional line losses throughout
the circuit. When these circuits are loaded heavily, the DG power
is instead consumed locally and the efficiencies remain high.

The LVR control strategy creates an efficiency profile that is
similar to that of the baseline control, except that the efficiency
losses at light load/high penetration are exacerbated by the in-
crease in reactive power flow as well. All efficiencies for the

Fig. 16 Circuit B, substation real power flow for curtailment
control

Table 4 Summary of voltage problems with Circuit B and the
effect of LVR and real power curtailment strategies

Threshold LVR Curtailment

Overvoltage Mid �50%+� Fixes No effect
End �10%+� Fixes Fixes

Undervoltage Bed. �30%+� Worse No effect
Mid �50–100%+� Fixes No effect
End �50–100%+� Fixes Fixes
Fig. 17 Circuit A, circuit efficiency for baseline control
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ircuit with LVR control are presented in Fig. 18. In contrast to
aseline control, the real power curtailment control eliminates the
G-to-substation bulk power transfer that is the source of this

fficiency loss. Curtailment control allows the efficiency to re-
ain high for all DG scenarios, as shown in Fig. 19. This effi-

iency analysis shows that compensating for voltage rise with
eactive power consumption not only increases stress on the ex-
ernal electric power system, but it also compromises the effi-
iency as well. Providing the model citizen load-following behav-
or instead improves the efficiency associated with installing
enerators at the middle and end of the circuit, and thus enhances
he benefit locally.

5.2 Circuit B. The baseline efficiencies of Circuit B, pre-
ented in Fig. 20, demonstrate trends similar to those of Circuit A.
ne notable difference between the two circuits is that Circuit B
as higher efficiency for heavy load than light load, while Circuit
showed the opposite trend. The capacitors installed in Circuit B

ause this difference because during light load they generate ex-
ess reactive power that is exported through the substation. In the
eavy load condition, this reactive power is consumed in the cir-
uit and not subjected to traveling long distances as it does in
ircuit A. The same high penetration/low efficiency trends from
ircuit A are still observed in Circuit B, although the longer line
f Circuit B results in lower numbers overall.

The local voltage regulation control strategy again continues to
losely follow the efficiency trends of the baseline case, as pre-
ented in Fig. 21. The light load DG-at-middle efficiency is im-
roved with LVR because the reactive power draw of the DG
revents reactive power export in the light load condition. How-
ver, the DG-at-end 1.0 penetration case has an even worse effi-

Fig. 18 Circuit A, circuit efficiency for LVR control

Fig. 19 Circuit A, circuit efficiency for curtailment control
Fig. 20 Circuit B, circuit efficiency for baseline control
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ciency because the reactive power must travel farther than in the
DG-at-middle case, and the line impedance is higher on the latter
half of the line.

Figure 22 presents the real power curtailment strategy, which
generates an excellent efficiency profile for all penetrations when
the DG is located at the end, due to the same load-following effect
observed in Circuit A. The beginning and middle DG locations are
unchanged from the baseline control, due to the lack of corrective
action by the DG controller during these situations.

6 Conclusions
The distribution system functions by making assumptions about

the circuit that DG installation, including most current fuel cell
systems, invalidates and thereby creates problems with maintain-
ing proper voltage. In addition to a baseline case where the gen-
erator produces a rated real power output, three alternative control
strategies are investigated: power factor correction, local voltage
regulation, and real power curtailment. All of these strategies rely
only on locally measured information and do not assume commu-
nications in the circuit, which is the usual case today. The power
factor correction strategy is found to be ineffective at preventing
overvoltages and shows poor citizen behavior whenever the base-
line control strategy does. The local voltage regulation and real
power curtailment have varying effectiveness depending upon DG
installation and operating conditions. Local voltage regulation can
exhibit model citizen behavior when implemented with DG instal-
lations far from the substation, but it can also act as a poor citizen
when located near the substation. Real power curtailment may not
always work, but it is always better than an interconnection strat-
egy without any control. The efficiency of the circuit also changes
with various DG penetrations and locations. In general, the real
power curtailment control strategy was most effective at consis-
tently maintaining high circuit efficiencies when it could provide
corrective action. This is due to the reduced import and/or export
of real and reactive power that results from this strategy, and
implies that the “model citizen” load-following behavior for the
rest of the electric utility provides localized benefits as well. As no
control strategy elicited model citizen behavior in all cases, the
results imply that some degree of communication and control on
the circuit is needed to allow high DG penetration. Sufficient
communication and control may be as simple as a priori knowl-
edge of DG location relative to the substation and other loads, and

Fig. 22 Circuit B, circuit efficiency for curtailment control

Fig. 21 Circuit B, circuit efficiency for local voltage regulation
choosing a proper control strategy accordingly.
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