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Abstract. Microgrids are being successfully promoted and
deployed as a means to integrate distributed energy resources
into distribution systems and manage the combined generation
and load as a single entity. This paper demonstrates, by means of
successful standardization efforts, that despite the wide range of
possible implementations of microgrids and their control system,
there are core functions that define the microgrid and exploit the
benefits of implementing a microgrid. It presents the standards
that define a minimal set of core functions, develops the
functional specification of the control system and proposes test
approaches and metrics. These core functions allow a basic
microgrid control system to be specified and tested for
conformance to the proposed standards.
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1. Introduction

For the purposes of the discussion in this paper, a
microgrid is defined as a group of interconnected loads
and distributed energy resources (DER), with clearly
defined electrical boundaries, that acts as a single
controllable entity with respect to the grid and can connect
and disconnect from the grid to enable operation in both
grid-connected or island modes. The control system
includes a number of functions that define the microgrid
as a system that manages itself, operates autonomously,
and connects to and disconnects from the main
distribution grid for the exchange of power and the supply
of ancillary services, energy management functions, and
other ancillary functions as required. DER, as defined in
this paper, include distributed generation (conventional
and renewable, wind and solar), energy storage (battery),
and controllable loads (for demand response).

Microgrids are being deployed in increasing numbers in

different applications and contexts across distribution
systems [1], [2], [3], [4]. There are a number of incentives
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for deploying microgrids, including the interconnection,
integration and management of a number of DER, the
need for increased reliability and resilience of the supply
of electrical power and the possibility of islanded
operation in the event of the inability of the distribution
grid to supply the load [2], [5], [6], [7], [8], [12].

The purpose of standardization is to facilitate the wide
acceptance and deployment of a given technology. IEEE
Std 1547 specifies the interconnection requirements for
individual DER [9]. This standard is being revised in
response to the increasing penetration of DER and the
need for DER to actively support the grid to maintain its
reliability and integrity. The revised version recognizes
the increasing impact of individual DER on distribution
grids and the enhanced flexibility and the ancillary
services they can provide [8], [10]. In a parallel effort,
standardization of microgrid control systems has been
carried out to facilitate the deployment of microgrids,
irrespective of the topology, the power and control system
and the application [3]. Standard development includes
standards recently sponsored by the IEEE Standards
Association, namely IEEE P2030.7 and IEEE P2030.8.

A major task in the development of standards for
microgrid controllers is defining generic or core functions
for the control of microgrid assets, including DER, and of
switching and regulating devices under the control of the
microgrid control system. The aim is to provide a uniform
baseline for the design, configuration and operation of
microgrids, and allow interoperability of the offerings
from different vendors.

The process of defining core functions for microgrid
control systems is the major contribution of this paper. It
develops the guiding principles for the functional
specification of core functions, characterizes these
functions, develops approaches for testing them, and
discussed the available testing environments, including the
use of real time simulators. It addresses metrics that need
to be met by microgrid control systems for conformance.
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2. Distributed Energy Resources Integration
A. DER aggregation — DERMS, VPP and microgrids

Distributed Energy Resources (DER) are being deployed
in increasing numbers in distribution systems. DER
consists, among others, of generators using renewable
energy resources, namely solar and wind, alternative fuels
(bio-gas and bio-mass), conventional fuels (natural gas
and diesel fuel), and energy efficient generation
technologies such as combined heat and power (CHP). In
the case of renewable energy resources that are variable
and intermittent, generators using these resources are non-
dispatchable, and their output power cannot be controlled,
other than being partially or fully curtailed. Battery energy
storage systems, also a DER, can be associated with these
generators to allow regulating their output power.

An advantage of making use of and integrating DER is the
ability to feed local loads without making use of the
transmission infrastructure. This allows enhanced
reliability and resilience of the distribution system and the
possibility of feeding loads during faults and outages on
the transmission and distribution grids.

When the penetration of DER is low (10 % or less), DER
is used essentially to provide real power and has limited
impact on the grid. DER based on renewable energy
resources are typically operated at their maximum output
power level, set by the maximum power point tracking
mechanism, to maximize the return on the investment. For
higher penetration levels, DER may have an impact on the
grid. For enhanced flexibility in the management of DER,
they can be aggregated using systems such as Distributed
Energy Resources Management Systems (DERMS),
Virtual Power Plants (VPP) or microgrids, Fig. 1.

Central power
plants

Distribution
grid

Wind
farms [

Microgrid - grid connected

Transmission

Critical loads

.
-
5
few| S
oy

i
I
i
|
grid }
i
Substati
—| ubstation [ T
|
I
U | Etectrical Distri i g i
| storage generation and storage (DER)
Solar i
farms i
Virtual Power Plant (VPP)
L
-| Substation : ? $

Renewables
Wind/solar

Electrical
storage

Micro/gas
turbines/CHP

| r r :

Distributed
generation

Electrical
storage

Loads

Fig. 1. Integration of DER in distribution systems.
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The interconnection of individual DER is dictated by
utility grid codes or by standards, such as the IEEE Std
1547. These typically specify grid operating ranges for
voltage and frequency under steady state and transient
conditions for which the DER needs to remain connected.

B. Microgrids — a tool for aggregation of DER and loads

Microgrids are an efficient solution for aggregating
generation, storage and loads into a single entity that can
serve a number of purposes, from the optimization of
resources to serve loads within a specified boundary to
setting the power flow across the point of interconnection
with the distribution utility, participating in markets, and
islanding for resiliency.

A microgrid is an aggregation of DER and loads. It
consists of a group of interconnected loads and DER with
clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid and can connect
and disconnect from the grid to enable it to operate in both
grid-connected or island modes. The discussion in this
paper assumes that the microgrid has a single point of
interconnection with the distribution grid. The general
structure of the microgrid and its relation to the broader
distribution and transmission grids is shown in Fig. 2.

The control system requirements for aggregation include:

1) Energy management function — for local
management of DER, particularly variability and
intermittency. From a power and energy
perspective, this can be done either by means of
storage or by load management (load curtailment
and demand response). There needs to be an
energy management system that dispatches the
assets to supply the load and meet contractual
agreements at the point of connection to the grid.

2) Function overseeing the transition from grid
connected mode to islanded or standalone mode
and back — for connect/disconnect, black start
capability, system restoration services; supplying
local critical loads in the event of the failure of
the distribution grid, features that improve the
reliability, security and resilience of the electric
power supply to the loads within the microgrid.
This requires that the microgrid can disconnect
and operate in islanded mode.

3) Function managing the interactions with the grid
— for power exchanges (real and reactive power)
and DMS interaction; DSO and TSO benefits and
control. One of the important features and
benefits of creating a microgrid is to locally
manage DER and loads and present to the DSO a
defined net power consumed or fed back into the
grid. The recent interest of the TSO to monitor
and control DER is directly associated with the
impact that aggregated DER can have on the
transmission system, particularly the loading on
transmission lines and on transmission system
capacity. Aggregating DER within a microgrid
would facilitate the ability of the TSO to manage
the transmission grid. Other functions include the
provision of ancillary services to the distribution
grid; supply or real and reactive power (voltage
support), frequency regulation and others.
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Fig. 2. Microgrid structure and components.

3. Control System Standardization

A. Standardization — IEEE P2030.7 and P2030.8

The IEEE Standards Association has issued Project
Authorization Requests for the following:

1) P2030.7 - Standard for the Specification of
Microgrid  Controllers “The reason for
establishing a standard for the Microgrid Energy
Management System (MEMS) is to enable
interoperability of the different controllers and
components needed to operate the MEMS
through cohesive and platform-independent
interfaces. This approach will allow for flexibility
and customization of components and control
algorithms to be deployed without sacrificing or
limiting potential functionality.”

P2030.8 — Standard for the Testing of Microgrid
Controllers — “The reason for establishing a
standard for testing microgrid controllers, in the
context of enabling interoperability of the
different controllers and components needed to
operate the controller through cohesive and
platform-independent interfaces, is to establish
standardized testing procedures. The
standardization focuses on testing functional
requirements.”

2)

B. Microgrid control system functions

The control system manages all aspects of the microgrid
operation at the point of connection to the distribution
grid, in steady state and under transient conditions. Under
steady state operation, the control system dispatches the
microgrid assets, including DER units and interface and
switching devices. Under transient conditions, the control
system is responsible for ensuring the smooth connection
and disconnection from the distribution grid. Functions
used to control a microgrid are described in Fig. 3.

The functions cover the different levels of operation, from
the faster functions (typically in the ms range), the device
level functions, associated with the control of the assets,
including the DER, to the slower functions (in the min
range), the grid interactive control, associated with the
interaction with the grid. The intermediate levels deal with
the local area control and the supervisory control. The
representation is a generic set of functions and the
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boundaries between blocks can vary from one microgrid
control system implementation to another. In addition,
since these functions are conceptual functions, there are
many possible hardware and software implementations.

Grid interactive control

Area electric power system control, electricity markets, DMS
interaction, distribution system interaction, SCADA

Block 4

Supervisory control

Generation and load dispatch, optimization (voltage profile, economic),
spinning reserve, reconfiguration, black start, protection coordination,
forecasting, data management and visualization

Block 3

Local area control

Load management, energy management, automatic generation control,
fast load shedding, disconnection, resynchronization

Block 2

Device level control

Voltage/frequency control, current/power control, reactive power
control, generation control, load control, energy storage control,
islanding detection, fault detection and protection

Block 1

Fig. 3. Microgrid control system functions.

C. Control system core functions — P2030.7

The two core functions identified as being essential for all
microgrids are the following:

1) The dispatch function — It computes and
distributes the set-points for generation and
storage, including DER wunits and loads
(controllable and curtailable) in grid-connected
and islanded modes, under steady state and
transient conditions, including disconnection
from and reconnection to the grid.

2) The transition function — It defines the operations
required to implement the transition from grid-
connected to islanded modes, including
disconnection from the distribution grid and

resynchronization to the grid.

The core functions are made up of functions selected from
the blocks of Fig. 3. Because of the nature of the core
functions, their role and position in the microgrid control
system structure are between the lower and higher-level
functions as illustrated in Fig. 4.
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Fig. 4. Microgrid control system core functions.
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D. Functional specification of core functions — P2030.7

The functional description and specification of the core
functions is summarized below:

1) The dispatch function — It maximizes the use of
the assets, including the DER, and ensures that
the operation of the microgrid meets the
requirements, both for the internal operation and
as seen from the point of interconnection to the
distribution system. A dispatch order is a set of
commands sent to the microgrid assets, devices
and components; the commands may be simple
rules, or be based on the optimization of
predetermined operating modes of the microgrid,
including the minimization of the cost of
electricity, while serving the required loads; the
operating rules may be different in grid
connected and islanded modes; under steady state
conditions, the dispatch function executes its
commands at regular intervals (typically 15 min
or less); during transitions, see below, it executes
emergency dispatch orders, on a interrupt basis,
to ensure that transitions take place in an orderly
manner, dispatching assets and curtailing load.

2) The transition function — It manages transitions
and operates in the following four situations: (a)
unplanned islanding, resulting from a loss of
distribution grid power; (b) planned islanding,
resulting from a request from the distribution grid
operator to disconnect; (c) reconnection /
resynchronization; (d) black start as required in
the islanding process. Disconnection from the
grid can be carried out without interruption or
require a shut-down and restart; this can be in the
form of a black start using one of the microgrid
assets, either a dispatchable generator or a
storage device; the transition function provides
the signal to switch the dispatch function from
one mode to another, the dispatch function then
being responsible for reconfiguring the control
system functions during the transitions and as a
function of the new mode of operation.

4. Conformance Testing of Core Function
A. Approach to the testing of core functions — P2030.8

The purpose of this standard for testing is to establish the
minimum requirements for the interoperability between the
offerings of different vendors and facilitate the
development and deployment of cohesive and platform
independent interfaces. A standardized set of testing
procedures can facilitate the wide adoption of a
standardized microgrid functional specification.

The proposed testing approach for the microgrid control
system includes the following elements and steps:

1) Defining test scenarios — Scenarios allow testing
the core functions under well-defined and
representative conditions; they allow testing of
individual core functions or the combination of
the two core functions, as in the case of
transitions, where the transition function initiates
an emergency dispatch order, particularly in the
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case of an unplanned islanding event. These
scenarios assume a generic configuration.

2) Defining performance metrics — These need to
consider existing applicable standards related to
electric ~ distribution  systems,  applicable
distribution grid requirements and grid codes, and
relevant and applicable instrumentation and

measurement techniques.

3) Defining the testing environment — This can
range from a fully numerical/software
environment to a fully hardware (full scale)
installation, see Section 5 below. An accepted
and readily implementable environment is real-
time simulation with a Hardware in the Loop
(HIL) approach for testing all or elements of the

microgrid control system.
B. Metrics — P2030.8

In the testing procedures, based on the scenarios used to
test the core functions, the variables measured are voltage
and current. The derived quantities are frequency, real and
reactive power, and power quality related indices (voltage
sags and swells, flicker). These are measured at the point
of interconnection (POI) to the grid given that the standard
only deals with the steady state and transient response of
voltage, frequency, and power exchanges at the POI. In
islanded mode, other points may be selected.

The typical shape of the allowable operating ranges of
voltage and frequency requirements at the POI are depicted
in Figures 5 and 6. These are the same type of plots that
apply to any generator or DER connected to a distribution
grid. The actual voltage and frequency levels and the
interval over which they apply are set either by the
interconnection requirements with the DSO, or the
applicable grid codes, or set by any applicable or accepted
standard in this jurisdiction.

Islanded microgrids can operate under relaxed voltage and
frequency constraints, if the equipment is designed
accordingly. The islanded constraints are unique to each
microgrid.
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Fig. 5. Generic operational voltage ranges — grid-connected mode.

11 Trip

Frequency, | Ridethrough .
" X

0.9 ’_,Tip'i

0.1 1‘ 100
Time, s
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C. Conformance testing

The standard states that compliance of the microgrid
control system with the standard shall be tested in
accordance to the test scenarios specified and metrics
agreed upon. The test shall be carried out by the vendor
jointly with the utility or entity to which the microgrid is
connected, and that has issued the interconnection
requirements and agreements or the system specification.

5. Test Facilities and Types of Test Beds

A number of known and tested approaches, implemented
in various forms and in a number of different contexts in
electrical power conversion system testing and validation,
have been used for testing controllers to verify and tune
operation to meet desired functionalities. The more recent
approaches use Real Time Simulators (RTS).

A. Controller Hardware in the Loop (C-HIL)

Controller Hardware-in-the-Loop C-HIL) testing is a
common testing methodology which has been used for
decades to test complex control and protection systems. It
offers a wide range of test coverage with the possibility of
automating tests to accelerate the performance assessment
of the device under test.

1) Non-Real-Time Controller HIL — This testing
methodology  uses non-real-time  software
simulations and slow communication protocols to
communicate with the Microgrid Control System
(MGCS). This approach only allows for testing
slow dispatch scenarios handled by the MGCS. It
may be used as a first step in controller
prototyping to evaluate the implementation of
dispatch rules in the controller software.

Real-Time Controller C-HIL — Real-Time C-HIL
simulations, Fig. 7, requires that the power
components, and/or their controllers, and the rest
of the system be simulated in real-time. This
requires more powerful computing hardware than
is used for pure software simulations. With C-
HIL, all the high-voltage, high-power equipment
is simulated while the controllers under test are
interfaced with the simulator and “tricked” into
“thinking” that they are controlling actual power
hardware.  The interfaced controllers receive
signals such as voltage and current measurements,
execute their control algorithms, and feed signals
for their control actions back into the simulator.
By having all the high-power, high-voltage,
equipment software-modeled, C-HIL enables
wide test coverage of edge conditions such as
faults, allowing non-destructive tests.

2)

HIL involves the use of a real time simulator, such as the
commercially available systems supplied by RTDS,
OPAL-RT, Hypersim, and others. The advantages of this
approach are to allow: (a) the reproduction of the
distribution system operation in real time, with the
possibility of synchronizing with an existing power
system, if data from this system if available in real time;
(b) the inclusion of real hardware components, in particular
a hardware implementation of the microgrid controller,
allowing HIL implementation and testing; (c) the use of
models of components and systems with the appropriate
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degree of complexity needed to reproduce the microgrid
environment, particularly for the non-critical components.
Reducing the complexity of the models allows the
reduction in the time needed to execute these models and
representing the components as models reduces the amount
of hardware needed. This approach is more expensive than
the all-software approach, but significantly increases the
level of confidence in the results and may reduce the
validation requirements and time.

B. Power HIL

Power-HIL also uses a real-time simulation of a power
system, but combines the simulation with actual full-
voltage, full-power hardware, Fig. 7. It employs, a high-
bandwidth power amplifier interfaced with the real-time
simulator, which creates the voltage profiles required for
the power equipment, for example a DER power electronic
interface, under test, with profiles determined by the
simulation. Power-HIL is typically used to test one
component at full voltage and full power to evaluate its
performance or to perform model validation and parameter
identification of the DER. This Power-HIL testbed
recreates the power system conditions that the equipment
being tested would see on an actual power grid.

While Power-HIL typically involves testing of individual
power components, it can also be employed for limited
system integration and testing. The test fidelity for the
equipment under test, interfaced with the simulation
platform, will be high, but P-HIL does not offer a
significant advantage in terms of fidelity over C-HIL for
testing MGCS at system level, especially when using
validated or manufacturer specified equipment models in
the real-time simulator. Moreover, test coverage could be
limited by the response bandwidth of the Power-HIL
interface between real world equipment and the real-time
simulator, and its power ratings. The range of tests may
therefore be limited.

C. Reduced scale test bed

Subscale testbeds provide a scaled-down version of the
microgrid power and control system to be deployed. The
test equipment may operate at reduced voltages and power.
Some organizations have developed power benchtop-level
distribution testbeds operating at touch-safe voltages.
Alternatively, the full system may be run with its final
equipment at reduced voltage and power.

Depending on the scale factor and the level of voltage and
power of the scaled-down system compared to the full-
scale system, the subscale test bed can achieve a high test
fidelity. However, the type of technology between scale-
down equipment and final deployment should be taken into
account appropriately. For example, most small power
converters are single-phase and operate fundamentally
differently than larger three-phase power converters.
Controllers for smaller equipment may also operate
differently, particularly in their grid support functionality,
than controllers designed for larger ones. Since the
subscale testbed offers a higher test fidelity, some
microgrid owners, utility companies are interested in
microgrid demonstration projects and testing of the control
system in a scaled down version before large scale projects
are implemented.
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D. Full scale field testing

Some utilities and equipment vendors have developed real
size test systems, including substations and test feeders,
into which they integrate new equipment for evaluation.
These test installations may be operational customer-
serving facilities, or may simply serve dummy loads.
When a full electric power system is populated with the
components that are planned for deployment, this provides
the highest level of test fidelity. Test coverage may be
limited and component integration may be slowed,
however, by concerns about operator and equipment
safety. This is particularly a concern when testing under
faults, overload conditions, and using newly developed
software. Full-power system testbeds are among the most
expensive to implement.

E. Pure software simulation (off-line or real time)

Software simulations are the traditional approaches in the
study of power systems. They are usually performed under
non-real-time conditions. Real Time Simulators (RTS) can
be used for full software simulation or faster-than-real-time
simulation. For most of the control system dispatch
scenario evaluation, steady-state, or quasi steady state
simulations may be sufficient. Simulations assessing the
dynamics of the equipment within the power system may
use generic, field validated or manufacturer specified
models to allow designing the power and control systems
and characterizing the desired performance. The fidelity of
software simulation is related to the availability of
validated models or equipment manufacturer supplied
models. Software simulations enable an evaluation for a
large and full range of test conditions and contingencies.
Commercial software simulation packages, of the EMTP
type, offer a wide range of models to simulate lines,
transformers, DER and even some of the control and
protection functions.

While the pure simulation approach may be used by
microgrid controller developers in early stages of product
development, the challenge is that the microgrid control
system needs to be adequately reproduced in the
simulation software. It can be supplied by the vendor.
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6. Conclusion

This paper demonstrates that despite the wide range of
implementations of microgrids and associated control
functions, it is possible to define a generic control system,
with a minimum of two core functions, that meets the
requirements for a microgrid as per an agreed upon
definition. It describes the microgrid control system
standardization approach as carried out by the IEEE
Standards Association working groups. It discusses the
testing requirements and approaches, including software
and hardware approaches.
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