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Abstract— In this paper, we present a test bed for evaluating
existing and future advanced distribution management system
(ADMS) applications in a realistic laboratory setting, including
other utility management systems and field equipment. We
present an example of using it to evaluate the impact of the ADMS
network model quality on a Volt/ VAR optimization (VVO)
application. The test bed integrates a commercial ADMS with a
real-time simulation model of a utility distribution feeder.
Representative power and controller hardware are integrated
through hardware-in-the-loop (HIL) techniques. Initial results
indicate that a higher model quality achieves the highest possible
energy savings while avoiding voltage exceedances, whereas a
lower model quality results in increased energy savings but at the
expense of more voltage exceedances.

Keywords—advanced distribution management system
(ADMS), power distribution system, hardware-in-the-loop (HIL)
simulation, test bed, Volt/VAR optimization (VVO)

I. INTRODUCTION

Distribution system operators (DSOs) need to prepare for a
future electric grid with increased penetrations of renewable and
distributed energy resources (DERs), prosumers and microgrids,
as well as new business models and services, some of which
could be provided by third-party aggregators. This complex
operating environment will require enhanced operating systems,
platforms, and applications for the management of electricity.
Advanced distribution management systems (ADMS) have
emerged and offer a single software platform to provide
traditional functions, such as supervisory control and data
acquisition (SCADA), an outage management system (OMS),
customer information system (CIS) and geographic information
system (GIS). ADMS platforms also offer advanced functions,
such as Volt/volt-ampere reactive (VAR) optimization (VVO);
fault location, isolation, and system restoration (FLISR); and
dynamic voltage regulation [1].
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Despite the promise of ADMS platforms to improve
resilience and security and increase power quality and reliability
[1], ADMS deployment is still in the early stages. One reason is
that ADMS deployment requires a significant investment of
time and funds by utilities, which in turn requires that the
benefits the ADMS provides are well understood and quantified
for the utilities. To address this challenge, the U.S. Department
of Energy (DOE) Office of Electricity has invested in the
development of a vendor-neutral ADMS test bed as part of the
Grid Modernization Initiative [2]. The test bed provides utilities
and vendors the opportunity to understand the benefits of
specific applications for a specific distribution system under a
wide range of conditions that can be simulated and emulated in
a laboratory environment. Another advantage of a laboratory test
bed is that it can be used to evaluate the effectiveness of ADMS
applications on a futuristic model of a utility feeder. For
example, a feeder that currently has a low penetration of
photovoltaic (PV) generation can be modeled with the level of
PV penetration that is forecasted in 5, 10, or 20 years. Similarly,
more efficient and flexible heating and cooling systems or
increased penetrations of electric vehicles (EVs) can be modeled
as well as emerging controls and management systems.

We developed a collaborative approach involving both the
utility and ADMS vendor to define the specific conditions to
simulate and analysis to perform. We refer to the combination
of these as use cases; further details on potential use cases are
presented in [3]. This paper presents a use case developed in
collaboration with Xcel Energy, an investor-owned utility, and
Schneider Electric, the ADMS vendor selected by Xcel Energy.
This use case studies the impact of the quality of the network
model within an ADMS on its VVO application.

Section II of this paper provides an overview of the ADMS
test bed and the model quality use case. Sections III and IV
present how the test bed is configured for this use case and
experimental results obtained from the ADMS test bed,
respectively. Section V concludes with a discussion on potential
future use cases that can support the power industry in managing
power systems with high penetrations of DERs.

II.  ADMS TEST BED OVERVIEW

The ADMS test bed used in the paper is hosted by the
National Renewable Energy Laboratory’s (NREL’s) Energy
Systems Integration Facility (ESIF). The test bed consists of
software and hardware elements to realistically represent a
power distribution system.
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Fig. 1. Overview of the ADMS test bed.

The test bed uses industry standard communications
protocols to interface the ADMS with software and hardware
components. Fig. 1 shows an overview of the test bed. The main
elements are a multi-timescale simulation, controller and power
hardware that can be interfaced with the software simulation
through the use of hardware-in-the-loop (HIL) techniques, and
industry-standard communications interfaces.

The multi-timescale simulation of the power distribution
system is the central element of the test bed. The network model
will consist mostly of feeders selected by the utility; however,
we can also use synthetic feeders, i.e., anonymized, realistic
feeders, such as those from the Advanced Research Projects
Agency-Energy GRID DATA program or representative feeders
provided by the Electric Power Research Institute. This might
be particularly useful for a vendor-driven use case with the intent
of showing the value of a new application.

The multi-timescale simulation currently includes both an
open-source, quasi-steady-state time-series power system
simulator, OpenDSS, with a typical time step of 1 minute; and a
faster power system simulator executed on an OPAL-RT digital
real-time simulator. On the OPAL-RT, either a transient stability
simulator (using a phasor-domain solver), ePHASORSIM, with
a typical time step of 10 milliseconds, or an electromagnetic
transient (EMT) simulator, eMEGASIM, with a typical time
step of 100 microseconds, can be used to simulate the power
system. We can simulate the entire network in OpenDSS or in
Opal-RT, or we can cosimulate the network with part of it
modeled in OpenDSS and part of it modeled in Opal-RT. For
cosimulation, we developed software to coordinate the
ePHASORSIM, eMEGASIM, and OpenDSS simulators, and it
uses the Hierarchical Engine for Large-scale Infrastructure Co-
Simulation (HELICS), an open-source cyber-physical-energy
cosimulation framework for electric power systems developed
through the Grid Modernization Initiative of DOE [4]. We
anticipate that we would integrate different power system
simulation tools, including other digital real-time simulators,
with the test bed to support future use cases.

The other essential element of the test bed is the ability for
all the simulated devices that need to be interfaced with the
ADMS to communicate using an industry-standard
communications protocol. Simulated devices in ePHASORSIM
or eMEGASIM can communicate through libraries available on
the OPAL-RT platform. The OpenDSS simulator does not

support communications protocols, and therefore we developed
software that can exchange data between the ADMS and
OpenDSS using industry-standard communications protocols.

It is also possible to integrate controller and/or power
hardware with the simulation using HIL techniques. Controller
hardware that might be integrated with the test bed include
controllers for capacitor banks, voltage regulators, and load tap
changers (LTCs); protection relays; and genset controllers.
Power hardware might include PV or battery inverters, EVs, or
conventional generators. Finally, other utility management
systems—such as a transmission energy management system,
DER management system (DERMS), microgrid controller, or
building automation system—can also be incorporated into the
experiment as needed for a specific use case.

For each use case, a set of scenarios is generated that
includes loading and solar insolation conditions, DER
penetration levels, and/or faults. These scenarios are then
simulated and can be observed using real-time visualization
tools developed for the test bed, and the data are stored to enable
analysis of them.

III. MODEL QUALITY USE CASE DESCRIPTION

We present a use case here that was developed in partnership
with our utility partner, Xcel Energy, which is in the process of
deploying an ADMS provided by Schneider Electric [5]. Xcel
Energy plans to use the ADMS VVO application to reduce the
energy use and potentially monthly bills for their customers. The
VVO application, when configured for energy conservation,
aims to reduce energy use by flattening the voltage profile and
reducing voltages across the feeder as much as possible while
avoiding voltage exceedances. This is sometimes referred to as
conservation voltage reduction (CVR).

This can be achieved with VVO configured to utilize only
telemetry data or to utilize both the network model and telemetry
data. With the penetration of renewable generation continuing to
increase in distribution systems, we can no longer assume that
the voltage is lower the further a point is located from the feeder
head. This can limit the effectiveness of relying only on voltage
measurements at a number (typically 10 to 20) of pre-selected
points at the edge of a feeder. Using a network model within the
VVO application can provide additional insight into the voltage
profile, especially for feeders with a high penetration of
renewable generation. Therefore, the VVO application was
configured for this research to utilize a network model and real-
time measurements to optimize the set points of legacy voltage
control devices, such as voltage regulators and capacitor banks.
In the future, with increased penetrations of smart inverters for
DERs, VVO applications might also optimize DER power set
points or interface with DERMS that provide voltage support
services.

If a utility/DSO does not have a high level of confidence in
the accuracy of the network model used by the ADMS, they
might use more conservative constraints, keeping the voltages
in the feeder higher to avoid undervoltage exceedances. This
approach would result in reduced energy savings. Alternatively,
a utility might invest in data remediation (specifically data
cleansing) to gain more confidence in the model and operate
with less conservative constraints and potentially increase
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energy savings. Data remediation is an expensive and time-
consuming process, and results of our work will help Xcel
Energy understand how much data remediation is required to
achieve the desired result from their ADMS investment.

Preliminary results for the impact of model quality were
obtained by simulating six Xcel Energy feeders—four urban and
two rural—using the ADMS training simulator as a proxy for
the real feeders. To evaluate the impact of model quality, four
different network models were developed for each feeder for use
within the ADMS. The lowest model quality level (Q1) contains
base-level data extracted from the Xcel Energy GIS adjusted to
provide power flow convergence. The next level of model
quality (Q2) adds field verification at selected locations of
capacitor, voltage regulator, and recloser attributes. The next
quality level (Q3) adds phasing information at selected
locations. The highest quality level (Q4) adds distribution
transformer attributes, identifying new assets not shown in the
GIS and identifying assets that no longer exist in the field.

In addition, the number and location of telemetry points were
adjusted in the ADMS training simulator to four different
measurement density levels. The lowest level of measurement
density (D1) provides only feeder-head measurements. The next
level (D2) adds measurements at capacitor banks and reclosers.
The next level (D3) adds 10 advanced metering infrastructure
(AMI) sensors, and the highest level (D4) adds 10 more AMI
sensors. Four different levels of model quality and four different
levels of measurement density result in 16 possible
combinations that were simulated with three different loading
conditions within the ADMS training simulator. The results of
these simulations will be presented in another paper.

In summary, results show that the feeder characteristics
greatly influence the impact of different model quality levels.
Rural feeders show a greater impact on energy consumption for
different levels of model quality compared to urban feeders.
This is because the urban feeders are relatively new and have
been field-verified in recent years, whereas the rural feeders are
older and their data have not been updated as recently.

The SCADA points in the ADMS training simulator were
set up with a dead band that would report a measurement value
only when the current measurement exceeded the dead band
value. This provided a limited number of data points (typically
less than 50 per day) for our analysis. In addition, data are
available for analysis only from the telemetry points defined by
the different levels of measurement density, which is very
limited for the lower levels of measurement density.

As discussed in the next section, simulation of a feeder using
the ADMS test bed provides much more granular results, with a
simulation time step of 1 minute. Further, we can monitor
voltages at several end-of-line locations and power injections by
all PV systems on the feeder when using the ADMS test bed.
We can also integrate actual hardware and evaluate the
interoperability of different control systems and devices with the
ADMS test bed.

IV. ADMS TEST BED SETUP FOR MODEL QUALITY USE CASE

Fig. 2 shows the ADMS test bed setup for the model quality
use case. We simulate one urban Xcel Energy feeder using the
multi-timescale simulation capability.
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Fig. 2. Diagram of the ADMS test bed setup for the model quality use case

The feeder has a peak load of about 12 MW, an LTC at the
feeder head, and four capacitor banks. Part of the feeder is
simulated in OpenDSS, and the rest of the feeder is simulated in
ePHASORSIM. OPAL-RT’s eMEGASIM is used to interface
to the hardware, which consists of a 12-kVA three-phase PV
inverter, two capacitor bank controllers, and an LTC controller.

The capacitor bank and LTC controllers are interfaced with
the power system simulations through the digital-to-analog and
analog-to-digital interfaces provided on the OPAL-RT platform
[6]. The controllers receive low-voltage signals representing
simulated voltages and currents from OPAL-RT and issue
control set points that are extracted and fed back to the simulated
equipment. The PV inverter power hardware is interfaced with
the power system simulations through a grid simulator (a
controllable AC power source). The grid simulator receives a
low-voltage signal from the OPAL-RT representing the
simulated voltage at the node in the power system simulation
where the power hardware is connected, and it amplifies it to
(nominally) the rated voltage of the power hardware [7]. The DC
power input to the PV inverter is supplied by a PV simulator, a
specialized controllable DC source that can emulate a PV panel.
Fig. 3 shows a photograph of the ADMS test bed setup for the
model quality use case in NREL’s ESIF [8].
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Fig. 3. Photograph of the ADMS test bed setup for the model quality use case.
Photo by Joshua Bauer, NREL
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The ADMS uses the DNP3 protocol to communicate with all
the simulated and actual devices in the test bed. OPAL-RT
supports the DNP3 protocol, but OpenDSS does not. Therefore,
device simulator software was developed to provide a DNP3
interface with OpenDSS. The device simulator software uses a
data bus (Dbus) to exchange data with the test bed coordinator,
which interfaces with OpenDSS. The device simulator software
also includes the control functionality of a capacitor bank
controller, and this is used for the two simulated capacitor bank
controllers.

V. EXPERIMENTAL RESULTS

We present results here from simulations that we performed
on the ADMS test bed with two different network model
qualities. We will perform additional experiments with other
network model qualities and different measurement densities in
the future. The VVO primary objective is set up for energy
conservation, which is one of the planned objectives for use in
the field. The VVO application aims to achieve this objective by
decreasing the voltages across the feeder while avoiding voltage
exceedances. We consider a voltage below 0.95 p.u. or above
1.05 p.u. to be an exceedance, based on the ANSI C84.1 industry
standard. The VVO closed-loop application was configured to
run every 15 minutes to emulate field settings, performing state
estimation and calculating the optimal LTC voltage set point and
the optimal states (open or closed) of the capacitor banks to
achieve the desired objective. (It can also be set up to run at
shorter time intervals and when voltage violations occur to
make it event-triggered.) We use a load profile provided by Xcel
Energy that corresponds to a winter day, which is a low-load
scenario for the feeder, and a solar insolation profile for an
average clear winter day that peaks at about 12:30.

The simulated scenarios consisted of two different levels of
model quality within the ADMS, in the following two
combinations: Q1/D1 and Q4/D1. These were chosen based on
the results from the simulations using the ADMS training
simulator, as the two use cases in which the impact of the model
quality can be best assessed.

A baseline simulation was also performed that excluded the
ADMS and for which the capacitor bank controllers and LTC
controller were set up in local control mode with the same
settings as those used in the field. The LTC controller voltage
set point was 124.3 V (1.035 p.u.), and the bandwidth was 3.5
V. The capacitor bank controllers had a close threshold of 0.99
p.u. and an open threshold of 1.04 p.u. The results obtained from
the baseline simulation served as the base to compare the energy
use when the ADMS is incorporated into the test.

All the simulations were started with all the capacitors in a
closed position and with the baseline LTC voltage set point. The
priority of the LTC is set higher than the capacitor banks in the
configuration of the ADMS, i.e., the VVO application lowers
the voltage by changing the tap position of the LTC and utilizes
the capacitors to flatten the voltage profile for additional voltage
reduction. When a voltage exceedance occurs, the LTC is the
first choice to resolve it, and if this is not possible, the VVO
changes the capacitor bank states. The experiments were run
from 15:00 to 13:30 the next day to provide data for almost 24
hours while allowing time to set up the simulations on
consecutive days. Data were logged once per minute from

4

OpenDSS and twice per second from ePHASORsim, starting at
15:30, and then all data were normalized to 1-minute intervals.

Fig. 4 shows the active power demand at the substation. It
peaks at 7.3 MW for the baseline and is reduced to 6.82 MW
and 6.93 MW for Q1/D1 and Q4/D1 respectively by the VVO
application. The power reduction is achieved by reducing
voltages across the feeder. Fig. 5 shows a representative end-of-
line voltage. The voltage is higher in the baseline scenario
because the ADMS is not incorporated and the LTC is in local
control mode with a voltage set point of 1.035 p.u. In the other
scenarios, where the ADMS is incorporated, the LTC voltage set
point is reduced to achieve the configured VVO objective of
energy conservation.

This is shown in Fig. 6, which shows the LTC tap position
corresponding to different scenarios. The initial tap position at
the start of the experiment is 0. The tap position stayed constant
for the baseline because the voltage always remained within the
defined bandwidth of 124.3V+1.75 V at the secondary side of
the LTC. In all other scenarios, the VVO recalculated the LTC
set point every 15 minutes. Fig. 7 and Fig. 8 show the maximum,
minimum and mean of 75 end-of-line voltages collected from
various parts of the feeder simulated in ePHASORsim and
OpenDSS. Fig. 7 shows that the VVO reduced the voltages for
Q4/D1 compared to the baseline while avoiding voltage
exceedances. Fig. 8 show that the voltages were also lower for
Q1/D1, but with voltage exceedances.
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Table I shows the total number of voltage exceedances along
with energy savings compared to the baseline and the number of
LTC tap position changes. There are no capacitor state changes
because the capacitors remained in their initial state for all
simulations. The results in Table I are calculated from data
logged between 15:30 and 13:30 the next day (i.e., 22 hours).

The LTC tap position never changed for the baseline; and for
Q4/D1, the tap changed from 0 to -8 in the first 30 minutes of
the experiment, during which time no data were logged, and then
stayed at -8 for rest of the experiment. Therefore, no tap changes
were recorded for Q4/D1. For Q1/D1, there were 16 tap changes
during the observed time. The maximum energy savings,
compared to the baseline results, is observed for the Q1/D1
simulation. This is because the VVO reduces the voltages the
most for Q1/D1, as shown in Fig. 6 and Fig. 8; however, Q1/D1
also exhibits the highest number of voltage exceedances,
calculated by adding the number of voltage exceedances every
minute for each observed end-of-line voltage. The energy
savings were lowest for Q4/D1, but no voltage exceedances
were observed.

TABLE I SUMMARY OF EXPERIMENTAL RESULTS

Number of LTC Energy savings | Number of voltage

tap changes (%) exceedances
Baseline 0 N/A 0
Q1/D1 16 6.4 784
Q4/D1 0 5.3 0

Initial results therefore indicate that a higher model quality
(Q4) achieves the highest possible energy savings while
avoiding voltage exceedances, whereas a lower model quality
(Q1) results in increased energy savings but at the expense of
more voltage exceedances. It should be noted that the network
model simulated in the test bed are very similar to the highest
ADMS network model quality (Q4), since both draw on the
most remediated data provided by Xcel. Therefore, further study
is warranted.
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VI. CONCLUSIONS AND FUTURE WORK

The rapidly evolving electric power system creates new
challenges and opportunities as the deployment of DERs
continues. ADMS are poised to serve a key role in ensuring the
reliable operation of the future grid, but utilities need to be able
to quantify the potential for performance improvement on their
specific systems to deploy ADMS. We propose that evaluating
existing and future ADMS applications in a realistic laboratory
setting—including other utility management systems and field
equipment—will allow utilities a cost-effective way to obtain
the insight that they need and as a result will accelerate the
deployment of ADMS. We present an ADMS test bed that has
been developed at NREL with funding from DOE that can be
used by utilities, vendors, and researchers.

In this paper, we presented initial results from the ADMS
test bed to evaluate the impact of ADMS network model quality
on the performance of a VVO application for an urban feeder.
We will conduct more experiments for this use case, including
experiments with different model qualities and measurement
densities, as well as with heavy-load conditions. Next, we will
use the ADMS test bed to evaluate the coordinated operation of
DERMS and ADMS for peak load reduction. We anticipate
using the test bed to quantify the operational benefits of a wide
range of applications for specific utilities, for example, FLISR
and VVO for feeders with very high penetrations of PV and/or
EVs or that have microgrids connected.
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