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A power distribution feeder, where a heterogeneous set of distributed energy resources is deployed, is examined by simulation. The
energy resources include PV, battery storage, natural gas GenSet, fuel cells, and active thermal storage for commercial buildings. The
resource scenario considered is one that may exist in a not too distant future. Two cases of interaction between different resources are
examined. One interaction involves a GenSet used to partially offset the duty cycle of a smoothing battery connected to a large PV
system. The other example involves the coordination of twenty thermal storage devices, each associated with a commercial building.
Storage devices are intended to provide maximum benefit to the building, but it is shown that this can have a deleterious effect on
the overall system, unless the action of the individual storage devices is coordinated. A network based approach is also introduced
to calculate some type of effectiveness metric to all available resources which take part in coordinated operation. The main finding
is that it is possible to achieve synergy between DERs on a system; however this required a unified strategy to coordinate the action
of all devices in a decentralized way.

1. Introduction
As the electric utility industry enters an increasingly competitive environment, utilities must concern themselves with
the market value of the services they provide and the cost of
providing those services. At the same time utilities are still
burdened with the obligation to serve their customers with
adequate reliability. Utilities must undertake new investments
in demand-side resources to meet this obligation [1].
Distributed energy resources (DERs) have demonstrated
potential advantages to address the challenges utilities are
facing. Photovoltaic generation (PV), fuel cell (FC), battery
energy storage (BES), natural gas powered GenSet (NGPG),
wind turbine, thermal storage (TS), and micro-CHP (combined heat and power) are exemplary DERs technologies
successfully deployed at power distribution level. On the
other hand, in light of increased needs for both energy
efficiency and high reliability the microgrids are gaining
increasing interest. A microgrid is a collection of DERs that
from the viewpoint of the utility is controllable, acts as a single

load, and is able to function in both grid-tied and islanded
modes [2].
Recent trends in small-scale distributed generation particularly drastic price reductions of PV and small wind
turbines will soon result in high penetration levels of variable
generation, some of which are not directly controlled by the
utility. Moreover, much of this generation is highly intermittent. As a result, concerns are growing on the ability of the
utility to maintain uniform power quality over the length of a
distribution feeder. Recent work has demonstrated that BES
system can effectively perform two important tasks [3]:
(i) shifting renewable power delivery to times of peak
demand,
(ii) smoothing intermittent PV generation before it is
injected into the feeder.
BES systems could be utilized to offset the variability
of the power, supplied by renewable energy resources as
a power-balancing resource [4]. On the other hand, BES

2

Journal of Solar Energy

system can provide a dispatchable resource in conjunction
with nondispatchable renewable resources by providing an
energy-balancing service [5]. Power-balancing service, in this
context, refers to the services provided by the corresponding
resources to compensate the instantaneous power deficit or
surplus which otherwise could cause flicker or overvoltage
issues. In general, a provider of such a service is characterized by high power and low energy capacity. Contrarily,
energy-balancing is associated with long term bulk energy
compensation. An energy-balancing service provider has
a considerably high energy capacity with limited ramping
capability. According to [6], the promising advantages of
distributed storage systems will be the following:
(i) demand peak shaving at substations,
(ii) smoothing for high PV penetration,
(iii) ancillary services,
(iv) improving transmission and distribution reliability,
(v) generation/demand balancing.
Thermal storage is another type of DERs receiving
renewed attention [7]. In the commercial and residential
building sector, cooling loads account for much of the peak
demand (approximately 40%) [8]. Cold storage devices allow
the cooling load to be shifted to periods of lower demand.
While cold storage devices are too small to affect the overall
system demand when acting individually, their aggregated
action could be significant [9].
A modern hybrid distribution system in this context
refers to a distribution feeder which incorporates coordinated
loads, renewable energy resources (mostly small-scale PVs),
coordinated BES systems, and the underlying communication and control infrastructure. The system may include
more than one type of renewable energy resource and BES
system. There are various energy storage systems available
commercially that vary in applicability, type, and cost which
could be utilized in the so-called smart grid.
This paper is organized in four sections. Section 1 is
this introduction and covers some existing literatures related
to the subject matter. Section 2 introduces the distribution feeder under study and considers the development of
models capable of performing various time-series analyses.
PV penetration, spatial distribution effects, and multiagent
operation are also studied. Section 3 covers some simulations
performed to demonstrate the potentials of a coordinated set
of distributed energy resources and their benefits to the power
system. Section 4 offers some conclusions and extensions.

2. System Description and
Preliminary Analysis
A DERs demonstration project located at Studio 14 (ST14)
distribution feeder in Albuquerque, New Mexico [10], combines a microgrid—consisting of a 240 kW natural gas
powered generator (NGPG), an 80 kW phosphoric acid fuel
cell, a 50 kW PV field, a lead acid battery storage system,
and a hot and cold thermal storage system—with a 500 kW
utility scale PV array and an associated 1 MWh shifting and

Figure 1: Studio 14 distribution feeder in Albuquerque, NM, hosting
a number of DERs demonstration projects that could interact to
maximize economic value and system performance.

smoothing battery bank. Also on the same distribution feeder
are several businesses (including movie studios with large ice
storage devices) as well as a growing residential PV-ready
community, which when fully built has the potential to reach
a high penetration. An aerial image of the feeder is shown in
Figure 1.
GridLAB-D is a grid simulator, developed by Pacific
Northwest National Laboratory (PNNL) [11]. It is designed
specifically for modeling complex distribution systems with
distributed resources and provides various functions to
model smart grids. A complete model of the feeder is built
in GridLAB-D based on the data from PNM’s Geographic
Information System (GIS). The model is tested and validated
against the historical demand and monthly consumption data
and is reported in a separate paper [12].
2.1. High Penetration Distributed PV. A partly cloudy day in
early fall is selected for high PV penetration study. Historical
data show that the feeder load is lower in early fall or late
spring than in hot summer. On the other hand, the PV
generation power is not far less than its peak. Therefore, the
PV penetration, defined as the ratio between the peak PV
power to peak load, would be close to its highest value in early
fall or late spring. Any partially cloudy day in early summer
or late spring may also be considered for high penetration
studies.
Power distribution systems will soon be facing increased
number of PV installations in the form of roof top smallscale PV systems. To modify the developed model of the
distribution feeder ST14 and to study the high PV penetration
case, the total number of PV systems and subsequently the
peak generation power were assumed to grow 5-fold. The
prospective PV systems were randomly distributed along the
feeder.
No significant change in the voltage profile was observed
for most nodes except those ones connected to the end of
weak laterals. Even highly fluctuating PV generation did not
make noticeable difference in feeder voltage profile. Results
conform with the study on high PV penetration in [13]
which shows that distributed PV systems installed close to
the main body of the feeder do not cause a significant voltage
fluctuation. However, remote nodes connected to long and
weak feeder laterals may suffer from voltage flicker, sag, and
swell due to fluctuations in PV generation power.
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2.2. Spatial Distribution of the PV Generators. Traditionally,
a distribution system design is based on unilateral flow
of energy from the substation into the points where it is
consumed. The mechanisms responsible for controlling the
power quality could not efficiently operate in existence of
excessive variations in voltage and load and also bidirectional
energy flow. Voltage correcting devices such as tap changers
and VAR compensators do not usually respond to highfrequency changes effectively. Therefore by incorporating
large capacities of renewable energy (RE) resources in the
distribution system, utilities face critical challenges to maintain power quality and continuity of service in presence of
fluctuating power generation caused by passing clouds at very
high/very low wind speeds [14].
Spatial diversity is an inherent consequence of a semiuniform integration of a large number of RE resources in a
distribution feeder. Higher frequency components of the total
generated power are eliminated as a result of such diversity.
That is studied by adding PV to a number of random nodes
to achieve a desired PV penetration level, assuming that highaltitude (cloud-level) wind blows at maximum 60 mph from
north to south and moves the clouds in that direction, which,
respectively, causes sharp fluctuations in the PV output
power. When the wind blows at lower speeds, the expected
ramping rate at the PV output is minimal. Therefore, only
the worst case (high speed) is studied. At the assumed wind
speed, it takes at least 𝑇min (6 minutes in this case) for the
same cloud pattern to move from the northernmost corner to
the southernmost corner of the feeder area. To model cloud
coverage at node 𝑖, the benchmark PV output is shifted by a
random time delay uniformly distributed between zero and
𝑇𝑖min . The benchmark node is the only node in which the
PV output is recorded. 𝑇𝑖min is the estimated time taken by
the cloud to travel from the benchmark node to node 𝑖. Solar
irradiance level is assumed constant during that time period.
To understand the differences in spectral concentration
of the PV energy between a distributed PV system and an
equally sized centralized PV plant, a large PV generator is
modeled. The large aggregated PV system (APVS) has a
generation capacity equal to the total cumulative power of
the distributed PVs connected to the same feeder. The APVS
is considered spatially centralized which means all PV cells
are subjected to the same solar irradiance at any point in
time. Spectral analysis of the output power in a 24-hour
period reveals that spatial distribution of the PV systems over
the feeder area reduces the high-frequency contents of the
power spectrum significantly. In Figure 2, the spectral density
function which is defined as the cumulative density function
(CDF) of the fast Fourier transform (FFT) of the output
power is shown for two cases: distributed PV and APVS. The
smoothing effect thanks to the spatial diversity of the PV
system could be understood by comparing the frequencies
below which 95% of the total energy of the associated signal
is concentrated. The 95% point in distributed PV case is
almost a tenth of its value for APVS. That means that the
higher frequency contents of the PV power due to partial
cloud coverage are filtered out as a result of distributing
PV generators. Also a large portion of the delivered energy
is concentrated in the lower frequency range. Therefore, by
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Figure 2: Normalized absolute density of the spectral contents of the
generated power for distributed PVs and the equivalent aggregated
PV (data from PNM).

distributing the energy resources (in this case PV systems)
over the service area, necessity of any BES system to mitigate
the PV output fluctuations would be eliminated. On the
contrary, it is the PNM demonstration project which is
comprised of a PV farm and a 500 kW smoothing battery
designed to mitigate the high-frequency PV power variations.
More accurate analysis by incorporating exact coordinates, availability information, and nominal rating of each
individual PV could be carried on if desired. However, a
steady and uniform growth in installation of new PV systems
transforms the distribution feeders to spatially diverse and
coherent collections of DERs. In such feeders the assumption
of uniform distributions for the DERs would not deviate
significantly from reality and consequently the simulations
presented in this section would be highly accurate.
2.3. Multiagent Operation. Widespread usage of the DERs at
feeder level makes the capacity of the equivalent aggregated
resource large enough to be comparable to the total feeder’s
demand, which, by raising the complexity of the system,
makes the coordination between the agents and the grid
operator maintain power quality and continuity of service
more crucial and challenging. On the other hand by utilizing
a well-diversified set of DERs in the distribution system, it
would be less inaccurate to build a simplified system model
which incorporates a uniform distribution of DERs. One
ultimate goal would be to dispatch the available distributed
capacity in the same way as a conventional resource would
be dispatched. Coordination is the key solution to provide
such capability to form a dispatchable resource which could
be leveraged to maintain the balance between the load and
the supply in a microgrid or feeder. In a more complicated
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(i) power quality which consists in the following:
(a) smoothing the high-frequency portion of the
PV generation,
(b) preventing possible overvoltage due to excessive
PV generation during nonpeak demand time,
(c) maintaining the feeder voltage stability;
(ii) operations which consist in the following:
(a) arbitrage,
(b) firming and shaping,
(c) shifting.
Arbitrage refers to taking profit by purchasing and storing
electricity when it is cheap and selling it back to the grid when
profitable. This operation is based on dynamic pricing of
electricity. Firming and shaping are the utility nomenclature
referring to transforming the intermittent and unpredictable
renewable energy resources like PV and wind into a dispatchable resource. Shifting means storing energy when not needed
and releasing it when demanded. This technology can help
utilities reduce their need for cycling peak generation units
which are costlier than base generation.
Coordination between the agents would not be possible
without controllability. Resources with a renewable origin
such as PV or wind are among the uncontrollable types.
However, by incorporating a balanced set of controllable
and intermittent resources and by implementing appropriate
coordination methods, it would be possible to attain a
collective goal at the power distribution level.
To devise a coordination method for controlling the
distributed agents and reaching a common objective, one
must first consider the types and the capacities of the available
agents (DERs). Different resources are mainly characterized
by their capacity, controllability/intermittency, effectiveness,
cost of operation, and maintenance and availability; some
attributes are relatively easier to evaluate than others. For
instance, capacity is a measurable parameter, but effectiveness
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form, coordination could be applied toward fulfillment of a
cost minimization or benefit maximization solution.
A good example of coordination between the agents was
the PNM Prosperity PV plus storage project in Albuquerque,
NM. As described previously, Prosperity was connected
to the ST14 feeder. The feeder model was developed and
validated against the recorded information. Several studies
have been conducted on the case and have been reported
[15]. In terms of the number of agents and complexity of
communication, Prosperity was a rather straightforward case
because all the agents (the PV farm, the fast smoothing
battery, and the slow shifting battery) were at the same
location. Therefore, the necessary data were transparent
to the controllable agents (the smoothing battery and the
shifting battery) almost instantaneously. However, in terms
of capacity of the storage system and the developed power
shifting and smoothing algorithms, it has been a rather
successful demonstration of a coordinated multiagent system.
The following collective goals were achieved by implementing
some sort of coordination between the agents:
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Figure 3: PV power spectral contents in a partly cloudy day. The
spectrum is divided into frequency ranges based on the amount of
energy contents (data from PNM).

is a complex attribute. Definition of effectiveness is highly
depending on the collective goal to be reached. As an
example, local PV generation at a remote node is considered
a noneffective parameter in controlling a specific node’s
voltage. In such a case, effectiveness is inversely related to the
electrical distance between the two nodes.
For instance, the intermittency characteristics of the PV
power can be examined using power spectral density plots
[16]. As an example, the spectral contents of a highly intermittent day in May are displayed in Figure 3 and were collected
from the 500 kW PV array irradiance sensors described at the
beginning of this paper. By dividing the spectral contents into
separate subsections, different techniques for managing those
frequencies can be studied for each section.
The power spectral density plot reveals that highfrequency fluctuations carry little power (and as a consequence little energy). Thus, these can be compensated
with fast-responding devices (e.g., capacitors, flywheels, and
some high-performance batteries) with high power/ramping
capacity and relatively small energy capacity. At the other end
of the scale, daily solar power generation cycles can, at least
partially, be compensated with thermal storage devices, offpeak (base load) grid generation, and night-time grid-scale
wind generation when available.

3. Simulations
Simulations were conducted using GridLAB-D, an opensource agent-based modeling tool which allows the entities
(agents) within the model to interact with each other and with
their external environment.
Several cases were studied to demonstrate potential benefits of coordination between distributed agents for the utility

or the microgrid operator in achieving a collective goal. It
was assumed that the required data for every agent would
be available instantaneously and at no cost. Such assumption
helped to keep the control scheme less complex. Additional
cost and delay for data acquisition were later taken into
account in finding solutions for reducing or eliminating the
need for data transmission and the unavoidable delay.
3.1. Partial Smoothing. The medium and high-frequency
fluctuations of the PV power can potentially deteriorate the
quality of power delivered to the customers. Smoothing is a
familiar phenomenon introduced to mitigate the fluctuations
induced by the energy resources with uncontrollable nature.
The capabilities of the Prosperity BES system in smoothing
the intermittency of the PV output are successfully demonstrated in the past. Simply put, the smoothing algorithm
constantly generates a power reference signal for the smoothing battery which correlates with the difference between
the moving average of the PV output and its instantaneous
value. The smoothing process is a costly operation since
it incorporates frequent charging/discharging cycles of the
costly smoothing battery. Due to practical limitations, the
number of charging and discharging cycles is limited. Should
there be a less costly solution for the same purpose, it would
be plausible to utilize the BES system in a more efficient or
more profitable application and offset the costs by using a
cheaper resource where possible.
Considering that the operating costs of the natural gas
GenSet in terms of $/kW and $/kWh were less than those
of the BES system, a microgrid consisting of a PV farm, a
BES system, and a GenSet was set up to study how a less
expensive resource (GenSet) could offset a costlier resource
without compromising performance.
The natural gas GenSet is forced to follow the ramp rate of
the injected PV power in an opposite direction. Two methods
for calculating the power reference signal are defined: ramp
rate compensation (RRC) and moving average compensation
(MAC). In the former, the reference signal is generated by
multiplying the sampling time by the scaled ramp rate of the
PV output and then by adding to 𝑃nom /2 (1). In the latter, the
difference between the moving average and the instantaneous
value of the PV output is calculated, scaled, and then added
to the instantaneous power of the GenSet (2):
𝑃refRR = 𝑇𝑠 ⋅ 𝑘1 ⋅ PVRR +

𝑃nom
+ 𝑘2 ⋅ Δ𝑃 + 𝑘3 ⋅ Δ𝐸,
2

𝑃refMA = 𝑃inst + 𝑘4 ⋅ 𝑃diff + 𝑘5 ⋅ Δ𝑃 + 𝑘6 ⋅ Δ𝐸,

(1)
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Figure 4: BES system power exchange diagrams with and without
GenSet contribution are shown. Peak BES system power is reduced
in presence of GenSet.

GenSet is also shown. Although the GenSet has less ramp
rate capacity (0.3 kW/sec) compared to the BES smoothing
battery (50 kW/sec), to some extent it has moderated the
contribution of the BES in smoothing. Assuming that in
general a gas powered GenSet is relatively less costly to
operate than a BES, the coordinated system has a lower cost
of operation by utilizing a second resource for energy.
The PV output power, its moving average (sliding window
size: 1000 sec), and the total system output are shown in
Figure 5. There is a direct correlation between the level of
smoothness of the total output and the amount of power
exchanged between the resources (BES system and GenSet in
the studied case) and the grid. That means that there is always
a tradeoff between the cost associated with smoothing and the
output quality. A ranking mechanism should be employed to
designate which resource and for how much it should contribute to the common goal. A simple solution could involve
cost and electrical distance. In the above example, the GenSet
had 100% weight and higher priority. That is why the GenSet
was set to operate with full capacity and the BES had to compensate for the balance of the power required for smoothing.
The same concept could be applied to any combination
of DERs and demand side management methods (demandresponse is considered a resource).

(2)

where 𝑇𝑠 refers to the sampling time, 𝑘1 ⋅ PVRR refers to
the weighted ramp rate of PV output, 𝑘2 , 𝑘4 ⋅ Δ𝑃 refers to
the power balancing loop, 𝑘3 , 𝑘5 ⋅ Δ𝐸 refers to the energy
balancing loop, and 𝑘4 ⋅ 𝑃diff refers to the weighted difference
between M.A. and instant output.
Although the GenSet is a net positive energy resource,
it behaves in the same way a combination of a fixed power
source (Power = 𝑃nom /2) and a battery operates. Figure 4
illustrates how the GenSet has contributed to the smoothing
of the aggregated output of the system. The output power
of the BES in the presence and in the absence of the

3.2. Peak Shaving and Demand Shifting. At the lower end
of the frequency spectrum, daily scheduling of thermal
storage devices can result in reduced feeder load peaks
(peak shaving). It is known that cooling loads account for
a large portion of the peaking loads in the summer, and
they have been increasing due to population shifts to warmer
climates. However, because optimization of thermal storage
device schedules is usually strictly local to the facility, it is
possible that the collective action of many thermal storage
sites produces artificial peaks, for example, if all storages
charge at the time of minimum energy cost. For this study,
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Figure 5: Total generated power is smoother than PV output thanks
to the contributions from BES system and GenSet.

20 commercial buildings are added to the feeder model.
Each building’s load is separated into cooling and noncooling
loads. In turn, the cooling load can be served either by
depleting the ice storage or by conventional cooling systems.
To accommodate redundant cooling in a building with
thermal storage, the operator requires deciding how the
cooling is to be provided. The simplistic solution is to
fully charge the storage off-peak and to deplete it on-peak.
However, a full charge is not always necessary, especially
in shoulder seasons (moderately hot), and in fact could
lead to additional thermal losses. Moreover, the period of
maximum discharge could be selected so that the maximum power demand is minimized. Optimization of such
parameters can be performed effectively, for example, by
using Software-as-a-Service, as in the case of the Distributed
Energy Resources-Customer Adoption Model (DER-CAM)
developed by Lawrence Berkeley National Laboratory [17].
However, from a system’s perspective, optimization of the
individual site based only on information at the site itself
could be less than optimal globally. For example, in a system
such as the feeder described here, peak solar generation could
be used directly to supply loads, while peak load could be
shaved by thermal storage, as an alternative to storing the
PV peak in a battery, to deliver it later to serve cooling
loads. Local optimization would not see this opportunity,
since the PV generation is not colocated with the thermal
storage. Another possible downside of local optimization is
the possibility of many thermal storage devices beginning to
charge at the same time, to take advantage of the off-peak part
of the rates. This could create an artificial peak, as well as a
very high ramp rate that would be difficult to manage using
conventional devices such as LTCs.
The conflict between local optimization and global optimization is difficult to resolve. On the one hand, a local
optimization only considers benefits to the end user. Because
of the small number of parameters involved, it is a tractable
problem, which can be solved quickly on commonly available
hardware, by any available service. On the other hand, global
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Figure 6: Operation of thermal storage with uncoordinated and
coordinated storage. Note that coordinated storage cycles frequently,
while uncoordinated storage generally cycles only twice per day, offpeak (charging) and on-peak (discharging).

optimization would involve substantially higher computation
costs, and the optimization provider would need to be the
same for all end-users (e.g., the utility itself). One way to
provide some feedback from the global system to the local
optimization would be to provide some form of “real-time”
pricing, for example, one based on historical trends for
similar weather conditions.
Another possibility is to use statistical techniques to
distribute the load according to existing conditions at the
feeder. For example, a signal based on the deviation of the
feeder load from a desired “optimal” load could be sent to
individual loads. The signal could be in the form of a probability of a cooling device “on” status. For example, if the feeder
load is higher than the desired value, the probability signal
would be reduced, while if the load is low, the probability
signal would be high. The individual devices would then act
according to the probability, with appropriate hysteresis to
prevent excessive cycling. The operation of a storage device
for an individual facility for both control options is shown
in Figure 6. The load profile for coordinated storage shows
frequent changes in load, as a function of the storage device
activating and deactivating. While this is not useful (and
may even produce slight increases in maintenance costs due
to more frequent start-stops) for individual facilities, the
positive effects are evident when examining the aggregate
load due to commercial facilities.
In Figure 7, commercial load which consists of 20 closely
located buildings for the case with no thermal storage
is compared with the load resulting from uncoordinated
thermal storage and from statistically coordinated storage.
The risks resulting from uncoordinated thermal storage are
clearly seen, namely, a very sharp increase in power, briefly
producing a peak higher than the peak for the case with
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Figure 7: Effect of thermal storage on total load due to buildings.
The base scenario of no thermal storage is compared with a scenario
where thermal storages act in an uncoordinated fashion and the case
where stochastic techniques are used to reduce peak loads.

no thermal storage, occurring at the onset of the off-peak
period, and a similar drop in power at the end of the
off-peak period. The intermittent operation of the storage
system due to frequent charge/discharge cycles during the
low/high electricity demand periods deteriorates the average
capacity of the storage system as opposed to continuous
charge/discharge operation. To account for the reduction in
the time-averaged capacity of the charging device within the
optimization algorithm, the assumed cooling power of the
device would be derated based on historical data. Thus, the
optimization algorithm would remain local, while allowing
for global power management requirements.

4. Conclusion
It is known that DERs systems do not necessarily have similar
characteristics in terms of capacity, ramping capabilities, cost
of operation, availability, controllability, and so on. To define
an effective coordination strategy to fulfill the target cost
function, available DERs systems must first be assigned a
grade or rank which could be interpreted as a weight factor
to be used later for contribution adjustments. Of possible
ranking strategies, the following are deemed to be more
effective for that purpose.
(1) Frequency Band. A BES system can effectively perform
two important tasks: to shift the locally generated off-peak
power to the time of peak demand and to smooth the
intermittent PV power. While this approach demonstrably
works, batteries are still very expensive, and their lifetime
is limited. One type of DERs that is gaining increasing
interest is the microgrid, in light of increased needs for

both energy efficiency and high reliability. An islanded
microgrid must have enough storage to compensate for any
mismatch between load and generation while islanded. Use
of thermal storage, as a second type of DERs that is receiving
renewed attention, was then extensively examined. Since,
in the commercial and residential building sector, cooling
loads account for much of the peak demand and cold storage
devices allow the cooling load to be shifted to periods of
lower demand. While cold storage devices are too small to
affect the overall system demand when acting individually,
their aggregated action could be significant. By dividing
the spectral contents into separate subsections, different
techniques for managing those frequencies can be studied
for each section. The power spectral density plot reveals
that high-frequency fluctuations carry little power (and as a
consequence little energy). Thus, these can be compensated
with fast-responding devices (e.g., capacitors, flywheels, and
some high-performance batteries) with high power/ramp
rate capacity and relatively small energy capacity. At the other
end of the scale, daily solar power generation cycles can, at
least partially, be compensated with thermal storage devices,
off-peak (base load) grid generation, and night-time gridscale wind generation when available.
(2) Electrical Distance. In [18] it is shown that the power
networks equations can be formed in the bus frame of
reference in which the performance is described by 𝑛 linear
independent equations for 𝑛 + 1 number of nodes. In
the admittance forms, the performance equation can be
described by Kirchoff ’s Laws as
𝐼𝐵 = 𝑌𝐵 ⋅ 𝑉𝐵 ,

(3)

where
{𝐺𝑘𝑙 + 𝑗𝐵𝑘𝑙 ,
𝑌𝑘𝑙bus = {−∑ (𝐺 + 𝑗𝐵 ) ,
𝑘𝑙
𝑘𝑙
{ 𝑘=𝑙̸

𝑘 ≠ 𝑙,
𝑘 = 𝑙.

(4)

Such definition of the 𝑌bus matrix captures both the real and
reactive portions of the line admittances. In this analysis the
inverse of the 𝑌bus matrix or 𝑍bus is used which is a nonsparse
(dense) matrix. The equivalent electrical distance between
nodes 𝑘 and 𝑙 is thus given by the magnitude of the relevant
bus
| corresponds to shorter
entry of the 𝑍bus matrix. Smaller |𝑍𝑘𝑙
electrical distances.
That being said, based on the electrical distance between
the target DERs systems and the point where the optimization
criteria are applied, effectiveness (weighting factor) of the
corresponding DERs could be calculated. DERs located at
nodes with high electrical distance from the point of interest
are expected to have less contribution to voltage correction or
energy balance than similar agents located at closer (less electrical distance) nodes. That is simply called “effectiveness.”
(3) Voltage Sensitivity. It was discovered that some nodes
along the feeder could be susceptible to voltage problems due
to increased penetration of the DERs. On the other hand,
some nodes, mostly close to the stronger body of the feeder,
are more robust and stable in similar situations. From the
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utility point of view, those robust nodes could be the best
candidates for being DERs “hubs.” That said, those nodes
can tolerate large amount of power injection during high
productivity and low consumption periods. To find the most
suitable nodes to install large size DERs, like utility scale
PV farms, such electrical hubs should be detected. To locate
the so-called “electrical hubs” similar feeder simulations
described earlier must be performed.
Results of this study could be utilized to address the
conflicts between any global (feeder level) and many local
(neighborhood level) optimization targets and to eliminate
the necessity for high speed transmission of large chunks of
data between the utility and the DERs.
Several cases were defined and simulated to demonstrate
that, in presence of adequate information and processing
power, it is readily achievable to satisfy a localized optimum
solution by coordination of several DERs. By designing an
efficient method of extracting required information from the
local parameters, such as voltage and load in the neighboring
agents, a global optimized solution would be reachable if a
limited amount of data such as price, total load, or target load
is transmitted by a central controller (utility company or grid
operator).
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