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Executive Summary 
The Microgrids, Infrastructure Resilience, and Advanced Controls Launchpad (MIRACL) 
project’s controls research area aims to quantify and expand the benefits from distributed wind  
generation assets beyond solely providing low-cost power directly to consumers. Advanced 
control methods are required to make distributed wind turbines operate more effectively, 
allowing electric utilities, businesses, and energy consumers to take advantage of the wide range 
of services from wind turbine systems at the distribution voltage scales. Distributed wind can 
contribute to the safe and secure operation of the grid by providing services such as voltage 
regulation, frequency regulation, spinning reserves, and even black start capabilities. In the larger 
distributed energy resource (DER) context where much of the research has focused on solar 
technologies, the inertia available in wind technologies has generally not been considered. For 
wind turbines to provide inertia and other essential grid services in an optimal and expanded 
way, development and demonstration of control methods and communication interfaces within 
grid and microgrid frameworks are required.  

This National Renewable Energy Laboratory (NREL)-led literature review of DER controls 
integration, in collaboration with Sandia National Laboratories (Sandia), will help establish a 
baseline for the controls research under the MIRACL project and develop appropriate scope for 
distributed wind control functions development to be focused throughout this project. This 
literature review focuses primarily on the control functions of variable distributed generation, 
largely pulling from past solar photovoltaics and battery controls works, with a specific focus on 
applicability for distributed wind energy systems. The goal of this document is to identify a 
research roadmap based on the open literature and past National Laboratory works to inform 
advanced wind turbine and power electronics control functions across four use cases identified 
by the MIRACL project team: (1) distributed wind in isolated systems, (2) grid-connected 
microgrids (wind-hybrid systems and islanded operation), (3) behind-the-meter distributed wind 
applications in the power distribution systems, and (4) front-of-the-meter distributed wind 
applications in the power distribution systems.  

Based on this document’s historical view of wind turbine and relevant DER controls research, 
the MIRACL project controls research team identified the following research areas to pursue, 
which align with the needs of the distributed wind community: 

1. Demonstration of distributed wind turbine generators providing a wide range of grid 
services based on active and reactive power control.  
o Essential reliability services such as fault ride through, inertia, primary and secondary 

frequency response, and black start for resilience will be investigated.  
o Assessment will be conducted for the most common forms of distributed wind 

technologies: stall-regulated to active pitch control, and Type 3 and Type 4 turbines. 
2. Demonstration of aforementioned advanced controls for grid support capabilities will be 

applied across the different applications of distributed wind use cases, from grid-connected, 
microgrids, and isolated, including transitions between these states as appropriate.  
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o Especially for distributed wind turbine in microgrids, studies will include 
investigating transitions (utility grid-connected to islanded mode, and vice versa) in a 
seamless (ride-through) manner.  

3. Development and demonstration of controls for hybrid distributed wind turbine and battery 
storage, most specifically with direct current (DC) coupling to take advantage of existing 
advanced power converter technology that is already integrated into the wind turbine 
generator. In the hybrid wind farm setup, active load control will also be considered to 
support higher contributions of wind in isolated grids. 

4. Implementation of expanded testing infrastructure at NREL’s Flatirons Campus 
(previously known as National Wind Technology Center) and Sandia’s Scaled Wind Farm 
Technology (SWiFT)/Texas Tech University field and power hardware-in-the-loop test 
sites, allowing for expanded testing of potential grid support services from distributed 
wind. Scenarios of assessment will also include distribution systems with high renewable 
energy contributions, as well as weak rural grids. 

All of these studies will be documented with relevant results and findings.  
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1 Introduction 
Many distributed wind turbines were originally deployed to solely provide energy to their 
connected distribution systems. As the contribution from distributed wind grows, the need for 
distributed wind turbines to provide additional grid services and support grid stability will be 
important. As a generation source with many unique characteristics employing mechanical and 
solid-state power electronics technologies, wind generation can allow for additional benefits to a 
power system beyond solely providing energy to the system, such as enhancing grid reliability 
and resilience and lowering production costs and electricity price.  

One of the key Microgrids, Infrastructure Resilience, and Advanced Controls Launchpad 
(MIRACL) objectives is to expand the understanding and documentation of active control 
capabilities of different distributed wind technologies and help address integration challenges of 
wind integration on weak and isolated energy networks. This document outlines a literature 
review of distributed generation integration (including variable renewable resources and battery 
storage) and grid support research. A specific focus is opportunities for advancing and 
documenting expanded grid support from distributed wind across the four use cases: distributed 
wind in isolated grids, distributed wind in microgrids, behind-the-meter distributed wind 
turbines, and front-of-the-meter distributed wind turbines.  

1.1 Control Functions Relevant to MIRACL Use Cases 
Traditionally, distributed wind deployments focus on maximizing annual energy production 
(AEP). Distributed wind control typically utilizes mechanical aspects of the turbine such as rotor 
speed and pitch as variables to control and maximize the power output. Many modern distributed 
wind turbines interconnect to the external power system through advanced power electronic 
interfaces, which allows additional control over the characteristics of the distributed wind 
system. The coupling of the mechanical and electrical characteristics of a distributed wind 
system through the inverter and advanced controls methods enables improved control that is 
expected to increase reliability and allow for greater benefits than previously expected from 
distributed wind in a power system. However, improved forecasting of wind resources, 
especially at a higher spatial resolution relevant to distributed wind installations, will be required 
to better realize the aforementioned benefits of distributed wind systems. 

There are two dominant distributed energy resource (DER) control functions applicable to 
distributed wind controls: grid-following and a grid-forming operational modes. In a nutshell, 
both functions relate to voltage and frequency regulation for meeting local grid codes and 
stability standards. Grid-following mode follows a control signal from the grid through real and 
reactive power changes, whereas grid-forming mode enables DERs to set the voltage and 
frequency. The control methodology used in a DER and distributed wind turbines is reliant upon 
the composition of the connected power system and the amount of available wind resource. To 
align the controls research with specific system needs, the MIRACL project defines a set of four 
use cases for distributed wind deployments: 
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• Use Case 1: isolated grids 
• Use Case 2: microgrids 
• Use Case 3: behind-the-meter deployments in distribution systems 
• Use Case 4: front-of-the-meter deployments. 

Operating a power system is a careful balancing act requiring generation to provide many 
ancillary services, which are typically provided by conventional generation sources. Although 
distributed wind turbines traditionally do not provide grid services, most are technically capable, 
and this capability is now required per the recent revision to the Institute of Electrical and 
Electronics Engineers (IEEE) 1547-2018 standards. With the trend toward higher contributions 
of variable generation displacing fossil-based generation sources, these functions will be 
increasingly requested from distributed wind turbines deployed across the four use cases. These 
challenges will be exacerbated compared to a typical interconnected power system in isolated 
grids (Use Case 1). Isolated grids typically possess higher contributions of variable renewables 
and a limited number of flexible resources, and the limited geographic diversity of the variable 
renewables will exacerbate the impact of their variability. To support these higher contributions 
of wind, the services required from distributed wind turbines in the future will be, at a minimum:  

• Power dispatch and curtailment 
• Power factor power support  
• Voltage support 
• Frequency support  
• Voltage and frequency ride through 
• Black start capability. 

1.1.1 Isolated Grids 
Isolated grids remain electrically independent of a bulk power grid. They may consist of several 
different generation technologies (wind, photovoltaics [PV], diesel), storage (battery, thermal, 
mechanical) and system controls. Systems with high contributions of wind often include an 
advanced level of supervisory control.  

• Technical characteristics: isolated grid, multi-DER, higher variability, potentially include 
storage and active load control, stricter demands for maintaining stability (as no 
dependence on the larger grid). 

• Financial characteristics: the need for remote power is more dependent on the cost of 
imported fuel combined with its transport and storage. Reliability, resilience, and fuel 
security become more significant) considerations. 

• Market characteristics: there is a lack of structured markets for isolated, remote, and/or 
temporary communities, utilities, or state or federal government facilities. 

1.1.2 Microgrids 
A microgrid is a group of interconnected loads and DERs within defined electrical boundaries 
that can operate either connected or disconnected (“islanded”) from an external grid. It may 
consist of several different generation technologies, controllable loads, and storage systems (Ton 
and Smith 2012). System controls often include a hierarchical strategy, primary-level control 
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within the DERs including fast controls to local events, a secondary control at the microgrid 
level for overall DER coordination, and optimal DER dispatch. Tertiary controls are used in grid-
connected mode for coordination and dispatch optimization with the larger grid (including 
coordinating with multiple microgrids). Example systems range from small backup power 
systems using single small wind turbines to relatively large systems such as those for military 
bases and communities employing multiple distributed wind turbines. Islanded mode is typically 
used for backup power during a disruption or to shed load when required as a grid service. One 
critical function for closed transitions is a stable transition between grid-connected and islanded 
mode, and the ability to black start for open transitions. 

• Technical characteristics: able to operate in both grid-connected and islanded mode, 
multi-DER, higher variability, potentially include storage and active load control, stricter 
demands for maintaining stability (as no dependence on the larger grid). 

• Financial characteristics: high-reliability system to limit financial impacts of an outage, 
reduce fuel usage during islanded operations. 

• Market characteristics: communities/institutions needing energy security in the event of a 
grid outage. 

A microgrid typically requires two main control modes: grid-connected and islanded mode. The 
role of distributed wind in such modes could be: 

• In grid-connected mode, a wind turbine is traditionally used to offset energy purchased 
from the utility, providing economic benefit to the turbine owner. In some high-wind-
contribution systems and energy markets, the distributed wind turbine system will be 
requested or required to provide grid services, including frequency/voltage stabilization, 
to the connected utility.  

• In islanded mode, a wind turbine is typically used to reduce fuel consumption by 
supplementing/offsetting generation from fossil-based generation. A distributed wind 
turbine, along with other DERs, will need to sense the disconnect from the external grid 
and switch operating modes to provide expanded support and receive control requests 
from the local microgrid controller; these capabilities are required for DERs per IEEE 
1547-2018.  

1.1.3 Behind-the-Meter Deployments in Distribution Systems  
Behind-the-meter wind turbines are systems that are always connected to the grid behind the 
utility meter and are typically directly connected to load in the distribution systems, including net 
metering (for the purposes of this document and MIRACL research more broadly, islandable 
systems that are behind the meter are considered under Use Case 2: microgrids). These systems 
could be made up of several different generation technologies and storage with a goal to better 
manage meter-level energy usage, including potentially auxiliary services, even if those are 
primarily focused on addressing behind-the-meter energy quality. These systems may include 
some level of supervisory control to address/direct specific operational considerations, though 
utilities and system operators frequently do not have good visibility over the individual DERs 
(including distributed wind) behind the meter. The utilities and operators often only have 
information about net-metered load (that includes the contribution of DERs, and hence DER 
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outputs are masked), unless they get access to such data through inverter companies or installers. 
System configuration and size can vary greatly, from a single turbine to relatively complex 
power systems that could include hybrid distributed generation and storage technology that 
provides better control of energy draw from the utility. 

• Technical characteristics: currently provide energy with limited grid services, behind the 
meter, remote/virtual net metering, not typically regulated/controlled by utility and 
markets. 

• Financial characteristics: offset retail rates, peak shaving or demand charge reduction, 
potential decrease of capacity or other power quality charges, potential green power 
credits, hedge against potential power cost variability. 

• Market characteristics: limited structured markets, to be environmentally responsible, to 
displace high utility bills, or to hedge against energy costs that are likely to increase in 
the future. 

1.1.4 Front-of-the-Meter Deployments in Distribution Systems 
Front-of-the-meter systems are always connected to load-serving distribution grids. A front-of-
the-meter distributed wind deployment can serve a larger electric power system and can also 
participate in the wholesale market as an independent power producer, but is installed at the 
distribution voltage primarily to serve local loads. Systems could be made up of several different 
generation technologies and storage, with a goal to provide energy at locations of need while 
supporting other auxiliary services. Given that they are visible to the utility (metered), they may 
include some level of supervisory control to address/direct specific operational considerations 
and are generally dispatched by a relevant utility. Project size can vary greatly from one turbine 
to multiple turbines, but systems are generally no greater than 20 megawatts (MW).  

• Technical characteristics: grid-connected systems, can be metered by utilities/system 
operators, sometimes connected on weak grids, potential for advanced control 

• Financial characteristics: compete with wholesale rates, ancillary service 
markets/support, aggregator or cost-of-service tariff, potential green power credits, 
provision of capacity in wholesale market through direct participation, aggregator or cost-
of-service tariff hedge against potential power cost variability 

• Market characteristics: utilities wanting resource diversity, can be owned by the utility or 
an independent power provider, may require implementation under the Public Utility 
Regulatory Policies Act, and can be a hedge against energy costs that are likely to 
increase in the future. 

1.2 Control of Inverter-Based Resources and Services: Philosophy 
DERs are generally connected to the power systems through power electronic interfaces. 
Depending on whether the DER is a direct current (DC) (e.g., battery, solar PV, fuel cells) or 
alternating current (AC) (non-dispatchable wind turbines, dispatchable small hydro and gas 
turbines) source, and whether the interconnecting grid is an AC or DC system, appropriate 
topologies and combinations of converters (DC-DC) and inverters (DC-AC) have been used in 
practice (Olivares et al. 2014).  
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For wind turbines, power electronics (see Table 3 for wind turbine types) are used in Type 3 
(doubly fed induction generator [DFIG] with rotor-side inverter) and Type 4 (full-power 
converter, with a rotor-side AC-DC converter and grid-side DC-AC inverter linked through a DC 
capacitor) wind turbines, thereby offering them a way to provide real and reactive power 
controlling capability. The purpose of power electronics in a Type 3 wind turbine is to control 
the rotor current, which provides regulation of the output power and voltage for a wider range of 
input wind speeds (±30% slip speed) and respond to grid-side disturbances or reliability needs. 
The Type 4 wind turbine control is much more involved and is decoupled from the main grid 
through back-to-back power converters. The rest of this section will focus on summarizing the 
overall control philosophy in a grid with power-electronic-interfaced resources.  

The controls at a power-electronics-interfaced wind, solar, or energy storage system could serve 
two overarching purposes: (1) ensuring a reliable interconnection of inverter-based technology at 
the point of interconnection at the grid for one of the mentioned Use Cases 1–4 and (2) ensuring 
grid stability as a result of the interaction of inverter-based resources with the grid under myriad 
grid disturbances. Typically, the converter that connects the DER to the grid (grid-side 
converter) uses a control that uses dual loops (Peng et al. 2019; Blaabjerg et al. 2006), with the 
inner loop controlling/regulating the converter’s current and the outer loop setting a voltage set 
point based on the needed real and reactive power outputs. There can be many variations to this 
control loop.  

In wind plants, in addition to the real power control through inverters, real power regulation can 
also be achieved by direct control of the mechanical system (i.e., blade pitch, generator 
torque/speed, and yaw control)—a feature that is made possible by the presence of rotating mass 
in the wind turbines. However, the type of control depends on the temporal resolution of the 
service needed for ensuring grid reliability and stability.  

Irrespective of the targeted use cases in the MIRACL project, the services that can be obtained 
from the controls of DERs can be further classified from a temporal resolution perspective. 
Typically, stability-related services are at the second and sub-second time scale, and include the 
following, depending on the type of wind turbine interconnection, which impacts reactive power 
consumption (Singh, Allen, et al. 2014; Wilches-Bernal et al. 2019; Singh et al. 2015):  

• Fault ride-through capability and distributed resource anti-islanding 
• Oscillation damping for local mode or inter-area oscillations  
• Sub-synchronous resonance and harmonic resonance mitigation 
• Converter control mode interaction 
• Inertial response for frequency stability (Wilches-Bernal, Chow, and Sanchez-Gasca 

2015)  
• Transient voltage stability.  

Although both wind and solar power plants are interconnected via power electronic converters, 
the presence of rotating mass with stored energy (Guttromson et al. 2017; Gravagne et al. 2018) 
adds an additional dimension to the distributed wind energy control research that is worth 
investigating. It will be interesting to investigate the levels of stored inertial energy available 
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from different sizes and types of distributed wind resource and quantify both positive and 
negative impacts. One of the positive impacts from using wind plants is providing synthetic 
inertia (primary fast frequency response) by using its stored energy in the rotors and the 
avoidance of pre-curtailment, in comparison to a solar PV plant, which has to provide a 
headroom and thereby curtail some energy. Negative impacts could be quantified in terms of 
loading on the wind turbine blades and overall structure to provide inertial response. There are 
works in the open literature that have also looked to exploit the DC link capacitor between the 
DER and the inverter to extract short bursts of stored power for frequency and voltage control.  

Services that can be provided from DER controls at the seconds to hour time scale include: 

• System reliability (load-serving capability) 
• Frequency response (secondary and tertiary frequency response services)  
• Voltage regulation (steady-state American National Standards Institute [ANSI] voltage 

limits). 
These services could be thought of as steady-state or quasi-steady-state (with some grid 
dynamics) grid services, compared to the stability related in the transient time scale.  

For constant power factor, volt-volt ampere reactive (volt-VAR) (achieved through reactive 
power control of converters) and volt-watt (achieved through real power curtailment, especially 
for voltages greater than the ANSI limit of 1.05 per unit) may be performed. For frequency 
regulation, MW-hertz (Hz) (real power control through converter control) can be performed. 
Note that the MW-Hz control in the lower temporal scales (few seconds to minutes) is different 
than the MW-Hz control in higher temporal scales. The inertial response or primary fast 
frequency response is typically achieved in the first few seconds of the system disturbance to 
reduce the frequency nadir and rate of change of frequency, much like the natural inertial and 
governor response provided by the synchronous generator. The type of MW-Hz control in the 
steady-state or quasi-steady-state domain involves secondary (automatic generation control for 
regulation at 4–6 s) and tertiary (reserve procurement) controls. Depending on the use case, 
control signals in the steady-state domain are typically initiated by a centralized system 
dispatcher or optimizer (e.g., a centralized grid control center, distribution management system, 
or microgrid controller) (Olivares et al. 2014).  

The stability and steady-state control strategies outlined here apply for a typical AC grid and 
normal operating conditions. Special cases of grid type or system conditions will incur additional 
controls, some of which include: (1) a purely DC grid or a coupled AC-DC grid and (2) system 
restoration after a brownout or a blackout (i.e., black start capability or aiding restoration 
process). The latter situation will require inverter-interfaced resources to be connected in a grid-
forming mode to provide voltage and frequency set points to the grid. Typically, the inverters are 
connected in a grid-following or supporting mode, where they follow real and reactive power 
command signals to provide frequency and voltage support.  

To investigate the implementation of all the aforementioned control strategies and study the 
impact on system reliability and stability, appropriate tools are necessary. For the distributed 
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wind research, the MIRACL project will also improve the state-of-the-art simulation tool 
development to study the controls. This includes developing co-simulation tools that can study 
grid events spanning multiple time scales of interest, from seconds to hours. 

1.3 Microgrid Control Initiatives: Overview 
According to IEEE standard 2030.7-2017, a microgrid is a system that can manage itself, operate 
autonomously or grid-connected, and connect to and disconnect from the main distribution grid 
for the exchange of power and the supply of ancillary services. A microgrid can provide 
increased reliability and resilience to the local energy supply (Milligan 2018). As electric power 
systems evolve from synchronous generator-dominated systems to inverter-dominated ones, 
distributed generation, including microgrids, must operate in a more active way to support 
electric power system stability.  

A microgrid retains many features of the bulk grid but at smaller scales, which are commonly 
managed through a microgrid controller. Power system operation is an intrinsic feature of the 
microgrid control system, which attempts to balance load with generation considering 
interoperability and constraints of the subsystems comprising a microgrid. An overview of 
research and development (R&D) activities encompassed by U.S. Department of Energy (DOE) 
microgrid controller initiatives was summarized in a recent article (Ton and Reilly 2017).  

With increasing contributions of DERs and microgrids in the bulk power system, utilities are 
gradually demanding two-way interaction of microgrid control systems and connected DERs to 
share the benefit and burden of intricate generation and load balancing. Microgrids are governed 
by the same set of standards and codes as other DERs. An overview of current grid integration, 
interconnection standards, and emerging solutions, with a focus on storage plus solar PV 
integration, is summarized in Horowitz et al. (2019). Typical control strategies for microgrids 
involve a hierarchical control paradigm involving primary, secondary, and tertiary controls 
(Bidram and Davoudi 2012). Primary control basically involves local DER-level control using 
local measurements. Secondary controls will be performed at the microgrid level to dispatch and 
control various DERs to achieve microgrid operational objectives (in grid-connected and 
islanded modes). Tertiary controls will be used in the grid-connected mode and will utilize the 
grid-wide control optimization strategies to ensure grid stability, reliability, and economic 
operation. These are outlined in the recent IEEE 2030.7-2017 – IEEE Standard for the 
Specification of Microgrid Controllers (IEEE 2017).  

Distributed wind brings additional complexity to controls in a microgrid, as wind energy can be a 
less predictable resource at the local level than solar, and wind turbines include complex 
mechanical components that are monitored and controlled. An additional set of challenges starts 
to emerge as DER contribution levels advance from low to high levels. Penetration levels of 
renewable energy are a moving target informed by confluences of technology advances, know-
how, and informed choices we make about our energy services and uses. To understand the 
impacts and study the microgrid controls that include distributed wind resources, some of the 
control strategies delineated in Sections 3 will be adopted. 
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Various tools are being developed to support microgrid planning, design, and control across 
various national laboratories through DOE support. The definition of a microgrid has evolved 
over time; accordingly, the tools and methods employed must adapt to provide capabilities and 
features such as grid services (e.g., voltage support, VAR support, inertial response, primary 
frequency response), which are not commonly considered. 

1.4 Cross-Technology Learning 
Some of the control functions important for distributed wind share some commonality with 
functions explored in other technology spaces, such as solar PV and battery energy storage 
systems (BESS). Hence, in this section, we briefly review literature from solar PV and other 
technologies for applicability to distributed wind. More detailed review of such cross-technology 
control experiments, including past and current National Renewable Energy Laboratory (NREL) 
studies, is provided in later sections. Sandia National Laboratories (Sandia), a project partner of 
MIRACL, has done some work on grid support functions and power-hardware-in-the-loop 
(PHIL) testing, especially for the solar PV control case. Fast-frequency support functions 
(Elkhatib, Neely, and Johnson 2017) and ancillary service capabilities of residential and small 
commercial inverters (Gonzalez, Johnson, and Neely 2015) are equally relevant for the MIRACL 
project. Some grid support functions such as volt-VAR curves and extremum seeking control 
have been evaluated (Darbali-Zamora 2019) for solar PV inverters and could be applicable for 
distributed wind control. 

DC power converter-based control can integrate/sum generations from all variable renewable 
energies (VREs) and utilize a single point of DC/AC conversion along with a smart inverter 
function. An example of such capabilities was demonstrated recently (Zeng et al. 2019) with a 
four-port DC–DC converter for a stand-alone wind and solar PV system. An important aspect of 
such a converter is that it may maintain a constant DC-link voltage even with the variable nature 
of renewable energy generators. This is an important function to aspire to for performance and 
reliability of a grid-connected inverter. 

With an example distribution circuit test bed at the Distributed Energy Technologies Laboratory 
(DETL) at Sandia, a team demonstrated control function for voltage regulation using DER power 
factor, volt-VAR, and extremum seeking control methods (Johnson, Gonzalez, and Arnold 
2017). A voltage regulation within stipulation limits at the various nodes of a microgrid could be 
a cross-technology control function that the MIRACL project could investigate. Any structurally 
similar control function may be transpired across technologies to make VREs (distributed wind) 
smarter.  
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2 Distributed Wind Controls Research: A Roadmap 
A wind turbine system has multiple ways of providing various grid services, ranging from 
physical and synthetic inertial response to real power and reactive power control functions using 
smart inverters, and can also work in tandem with storage systems to provide essential reliability 
services. Several of these advanced functions will be discussed in Sections 3 and 4. These 
advanced control functions will have different values, benefits, and technical impacts across the 
different use cases introduced in Section 1.1. These use cases present unique challenges as well 
as opportunities to distributed wind integration, some of which are summarized in the following 
sections. Under MIRACL controls research, the controls team intends to combine behind-the-
meter and front-of-the-meter deployments, as shown in Figure 1, as they will produce largely 
similar results from a controls perspective. These results will be translated and expanded for the 
other areas of research under the MIRACL project, such as valuation, modeling, resilience, and 
cybersecurity. 

 

Figure 1. Microgrid use case: commonalities and uniqueness with other use cases 

2.1 Use-Case-Specific Challenges and Opportunities 
The following sections outline various challenges and opportunities identified during background 
research in an effort to develop a way forward for MIRACL advanced controls research. 

2.1.1 Wind in Isolated Grids 
• Challenges: High-wind-contribution isolated systems such as in Alaska experience 

regular, unannounced turbine shutdowns for a variety of conditions, including high wind 
speed, excess vibration, or just a simple controller reset. Given the size of the isolated 
grid, these sudden operation events force plant operators to maintain excess spinning 
reserve, which limits the potential savings that high-wind-contribution systems could 
provide in isolated systems. Therefore, better forecast integration and look-ahead 
planning of operational and spinning reserves (for ramping and unannounced 
contingencies) is needed to minimize such costs.  

• Opportunities: In isolated grids, a wind turbine is typically used to reduce fuel 
consumption by supplementing/offsetting generation from fossil-based generation. As 
wind resource becomes a higher percentage of the generation capacity, the isolated grid 

Isolated wind turbine 
deployments 

Behind-the-meter and 
front-of-the-meter wind 
turbine deployments Wind in Microgrids 

No External Utility Connection External Grid Connection 
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owner may require the wind turbine to support grid stability, provide essential grid 
services, and allow better visibility and control over turbine instrumentation. Integration 
of storage systems with wind in such isolated systems can help offset such additional 
reserve cost, as storage could be used to store excess wind (instead of curtailing) and 
leverage that during such wind-outage or excess down-ramp events. Demand response 
across various time scales to support daily ramping of wind and even short-duration 
cycling will also be investigated as a novel control mechanism to support high 
contributions of wind in isolated grids. Inertial response, in which the wind turbine’s 
active power is varied in proportion to the rate of change of frequency, will have an 
enhanced value in an isolated grid. According to IEEE 1547, inertial response is not 
required of turbines in grid-connected mode but is permitted. In isolated mode, inertial 
response can provide time for the primary generator to come online.  

2.1.2 Wind in Microgrids 
The role of distributed wind controls in a microgrid has several commonalities with isolated and 
grid-connected use cases, as depicted in Figure 1, and yet has unique needs when it comes to 
research on islanded-mode operations for ensuring stable and resilient transitions, and secondary-
level microgrid controls that will link the microgrid with the larger grid during connected state.  

• Challenges: The research challenges for integrating distribution wind technology in 
microgrids lie in wind turbine primary controls and their interoperability and 
communication with the secondary controls of the microgrids. This applies to grid-
connected and islanded, as well as during transition periods focusing on how the wind 
turbines can operate to better support the grid. Another challenge is the need for stable 
voltage support during disturbances or islanded operation. In the presence of a stable 
voltage source, typically distributed wind technologies may be connected in a grid-
following mode. However, with higher penetrations of DERs in grid-following mode, 
DERs may cut out during faults at same time, creating a large outage. Therefore, for 
resilience against fault situations and disturbances, as well as supporting 100% inverter 
resources-based microgrids, grid-forming controls for distributed wind are being pursued. 
A relevant challenge will be to operate the distributed wind technology in grid-forming 
mode and offer stable voltage. This research challenge may also apply to the isolated grid 
use case. Related challenges will be to utilize inverter-based distributed wind turbine 
technologies for a larger pool of essential reliability services in the microgrid, such as for 
supporting the voltage and frequency stability, and providing black start capability. These 
challenges may require distributed wind to operate stably in grid-forming mode and 
adhere to synchronization and power-sharing controls via droop-based or virtual 
oscillator-based approaches. 

• Opportunities: Distributed wind deployments in microgrids will benefit from the research 
covered in the isolated grid R&D for islanded mode, and the grid-connected controls 
research during normal grid-tied operation. In both situations, the two important 
functions the controller needs to handle are transitions and dispatch. Figure 2 presents 
relationships and interactions between transition and dispatch function in the case of core 
microgrid control function (IEEE 2017). The transition between the two operating modes 
can be done in two ways: in a seamless manner (closed transition), or with a short-
duration outage before the microgrid is brought back online (open transition). The 
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transition from grid-connected to islanded operation is relatively simple and 
straightforward for a single generation source. When a system consists of many 
generation, storage, and demand response components needing to transition together, the 
components of the system must maintain stability to avoid triggering anti-islanding 
protections during the transition. The anti-islanding protections were designed to ensure 
that DERs trip offline and do not create an accidental island, but during transition to or 
from an island scenario, these set points may be too restrictive for the weak power system 
of the island. Therefore, performing transient studies for the transition to understand the 
role of distributed wind technology to support the transient stability and stable transition 
will be interesting. As discussed in previous use cases, using the unique characteristics of 
wind energy systems to provide a full range of ancillary services, including inertia and 
black start, and developing advanced wind communication strategies will be relevant 
high-priority research activities.  

 
Figure 2. Relationship between transition and dispatch functions (IEEE 2017) 

2.1.3 Distribution Connected Wind 
A distribution-system-connected (both front-of-the-meter and behind-the-meter) distributed wind 
turbine is traditionally used to offset energy purchased from the utility, thereby providing 
economic benefit to the turbine owner. 

• Challenges: Integrating wind turbines to the distribution grids (either front-of-the-meter 
or behind-the-meter), especially state-of-the-art Type 3 (converter connected at the rotor 
side) or Type 4 (full power converter at the stator) turbines, will have impact on the 
grid’s frequency response. With the power converters at the interface, the rotor frequency 
of a wind turbine is decoupled from grid frequency, and hence they don’t inherently 
provide inertial response that we typically obtain from synchronous generators (inertia 
and governors). Past works have demonstrated the technical feasibility of providing 
inertial response or fast frequency response from large utility-scale wind turbines, and 
such research and demonstration will have to be investigated for the distributed wind 
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interconnections at the lower-voltage distribution grids. Another challenge, particularly 
for behind-the-meter applications, is the general lack of visibility to the utility or system 
operator, as typically they only have access to net-metered data, where individual DER 
behind-the-meter is masked.  

• Opportunities: In some high-wind-contribution systems and energy markets, the 
distributed wind turbine system will be requested or required to provide ancillary services 
to the connected utility. The updated 2020 edition of the IEEE 1547 grid connection 
standards requires that inverters be able to provide significant grid support services. 
These regulations have opened up opportunities for developing distributed wind functions 
and technical capabilities for grid integration. The MIRACL project will explore some of 
the functions and test them in a hardware-in-the-loop environment at NREL’s Flatirons 
Campus. The control functions to be investigated for a wind turbine connected at the 
medium- or low-voltage distribution grid are summarized here:  
o Power (active and reactive) control for essential reliability services: The control of 

active and reactive power for essential reliability could be specific to a turbine type 
and grid connection topologies. For example, scenarios of weak rural feeders will 
require much more onus on distributed wind to provide grid services than an 
interconnection at a strong grid. The essential reliability services are of several types, 
including inertia, frequency response (primary governor droop-based and secondary 
based on automatic generation control [AGC]), voltage or fault ride through, and 
congestion management, to mention a few. Sections 3 and 4 elaborate on some 
examples of DERs providing such services. For some wind turbines, such capabilities 
are inherent in the interconnection standard’s requirements, whereas others need to 
utilize the advance control mechanisms. The advance control of the variable 
renewable generation always comes at a cost (i.e., the cost of additional controls and 
the cost of curtailing real power for providing essential reliability grid services). 
Evaluating and augmenting the external control is an economic question that requires 
careful weighing of marginal cost and benefits (the benefits being improvement in 
frequency response, voltage, reactive power support services, reduced network 
congestion and losses, and reduced curtailment). 

o Integrated storage and hybrid wind farm: Although this integration is also applicable 
to other use cases, the economic value that an integrated storage-wind (hybrid wind) 
system will have on a distribution grid will be much higher than on an islanded 
microgrid or isolated grid alone. However, the economic benefit as related to energy 
resilience may be more valuable depending on the requirements of the system owner. 
In the latter use cases, the motivation is more for reliability and resilience, whereas in 
the mainstream grids, the need for distributed hybrid wind can also be motivated by 
economic reasons. Integration of storage and other DERs with the wind turbine, via 
different strategies such as AC or DC coupled, will need design and operational 
investigation to better understand their value and price bids for providing grid 
services. 

o Forecast-based proactive/preventive control: Additionally, an underlying capability 
needed for enabling grid services from distributed wind is the need for advanced 
forecasting techniques for higher spatial resolutions (at the distribution feeder and 
substation levels, including individual meters for some rare control applications). In 
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order for a wind turbine to participate effectively in the distribution network or an 
area electric power system, it is important that the controller of the wind turbine know 
states of various subsystems that form a wind turbine system and its environment, 
predict a course of action under a given forecasted operation condition, and pass on 
information to the upstream network interface (grid). A centralized controller then 
may make an informed system-level decision and command set points for wind 
turbines for effective operation under given conditions and constraints. Such a 
predictive or proactive wind turbine controller with forecast-based intelligent control 
functions could help wind turbines play their best possible role in the distribution 
system (or in a microgrid use case).  

2.2 MIRACL Controls Research: A Summary 
In summary, the MIRACL distributed wind research plan aims to lay a foundation for controls 
research and consequent demonstration of integrating distributed wind resources into the four use 
cases. The advancements made in DER controls (summarized in Section 3) will be leveraged and 
adapted for distributed wind use cases. Figure 3 presents a high-level summary of the proposed 
research activities in this MIRACL distributed wind project funded by the Wind Energy 
Technologies Office. As seen, the control research is split into four use cases, though there are 
clear overlaps in the modeling tasks, as learned from previous discussion.  

 
Figure 3. An overview of MIRACL distributed wind controls research and their relationship with 

various grid services, use cases, and relevant test systems (DG: distributed generation; FIC: 
Flatirons Campus; P&Q:Real and Reactive Power; SNL: Sandia National Laboratories) 
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2.2.1 Modeling and Simulations 
The test systems and scenarios we will use in modeling and simulating each of the use cases will 
be different, thereby making the modeling and simulation studies interesting. We will be able to 
understand the role and value of the distributed wind quantitatively in each of these use cases. 
The various possible grid services and value streams are listed in the third row of Figure 3. 
Although the majority of those services apply to a grid-connected situation, in isolated use cases, 
priority might be given to some services more than the others. For instance, in an isolated grid 
scenario, reliable operation and resilience against disturbances is highly desirable compared to 
economic dispatch based on look-ahead scheduling. Such advanced predictive planning of 
energy and reserves from the distributed wind technologies based on look-ahead forecasts maybe 
more valuable in grid-connected use cases, where we have multiple resources to coordinate with 
and opportunities for economic utilization of resources.  

It should also be noted that some controls are needed at the device level, as listed in the fifth row 
(primary controls). The secondary control will be one level higher than the primary device-level 
controls, which are used to optimize the resources and DERs in a microgrid. Tertiary controls 
will include coordination with a central dispatcher (e.g., markets or utility control center, more 
applicable to Use Cases 2–4). 

The last row of Figure 3 lists the various inputs needed to undertake the research activities, 
including load and variable renewable time series forecasts, control parameters, and tariff 
structures relevant to the use cases. These data sets will dictate the scenarios under which 
simulations may be performed and have direct impact on the value proposition of the distributed 
wind. 

The models will be developed using MATLAB Simulink software to be reconfigured and will 
represent all four MIRACL use cases. Figure 4 shows an example of current MATLAB Simulink 
modeling to design, simulate, and validate the NREL Flatirons Campus testing facility. This 
model will also be applicable to an isolated grid, where the microgrid is not connected to any 
external voltage source. For grid-connected use cases, the Simulink models will be connected to 
a larger distribution feeder (either in MATLAB or via co-simulation with distribution system 
simulation software such as Open-Source Distribution System Simulator [OpenDSS] or Gridlab-
D). We may also investigate the use of PSCAD models to study the transient behaviors and 
stability in a computational tractable manner, especially studying phenomena related to 
oscillations in a weak grid, phase imbalances during faults, or distributed wind supporting inrush 
currents during black start.  
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Figure 4. NREL Flatirons Campus with DERs modeled in MATLAB Simulink 

2.2.2 Lab-Based Hardware-in-the-Loop Testing 
In addition to the simulations, we will demonstrate proof of concept in a controlled lab-based 
hardware testing environment. We will leverage the state-of-the-art testing facility available at 
both NREL’s Flatirons Campus and Sandia’s DETL facility; a summary of assets available is 
shown in Table 1. We will carry out power hardware-in-the-loop testing, leading to field testing 
of ideas in a controlled environment.  

Table 1. Available DER Devices for Distributed Wind Lab Testing at NREL and Sandia 

NREL Flatirons Campus (20 MVAa at 13.2-
kVb Xcel grid via controllable grid interface) 

Sandia Scaled Wind Farm Technology (SWiFT) 
DETL microgrid (at 12.47-kV medium-voltage 
Hurlwood distribution system) 

• CART3 wind turbine (600 kilowatts 
[kW]) 

• First Solar 430-kW PV array 
• SunEdition 1-MW PV array 
• 1-MW/1-MWh (megawatt-hour) 

RES Americas LG lithium-ion 
battery (SMA 2.3-MVA, 400-V 
inverter/charger), connected via 1-
MVA 13.2-kV/400-V transformer 

• Real-time digital simulator 
(RTDS)/PHIL model of diesel 
generation (1.7 MW) 

• Loads: critical and controllable 
loads  

• Sensing and collection systems 
• Distribution wind turbines 

(upcoming) 

• GE 2.5-MW turbine via 3-MVA GE 
transformer  

• Three 200-kW SWiFT turbines, each via 
500-kVAc SWiFT transformers 

• Texas Tech University GLEAMMd 
microgrid assets 

• 150-kW PV array 
• 1-MW load bank (500 kW × 2 banks) 
• 500-kW diesel generator 
• 50-kW/400-kWh flow battery  
• Sensing and collection systems 
• RTDS and hardware-in-the-loop 

capabilities 

a Megavolt-ampere 
b Kilovolt 
c Kilovolt-ampere 
d Global Laboratory for Energy Asset Management and Manufacturing 
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2.2.3 Industry Partner Validation and Demonstration 
Eventually, the demonstrations will move toward real-world systems working with industry 
partners. There are two phases to this effort: desktop simulation and hardware-in-the-loop 
validation. The real-world systems can be modeled using simulation tools and can be simulated 
in the NREL/Sandia lab environments using RTDS testing, with the DERs at NREL/Sandia 
assumed to be connected to one of the nodes at the real-world models. Such system modeling 
can be done for Public Service Company of New Mexico (PNM1, PNM2, PNM3) feeder models 
with >50% DERs (Sandia), national grid feeder models (Sandia), Saint Mary’s microgrid in 
Alaska (Sandia), Cordova microgrid model in Alaska (Sandia), building group NIRE 540 model 
(suited for behind-the-meter customer-sited distributed wind interconnection testing), 
Commonwealth Edison’s (Illinois) Bronzeville Community microgrid model (NREL) 
(Bahramirad et al. 2018), and Modified Banshee microgrid model (connected with NREL PHIL 
testing node) (NREL 2017). Additionally, thanks to the industry advisory board members 
meeting in March 2020, there are several other candidate systems, summarized in Table 2, where 
we will explore performing field demonstration, starting with modeling their systems at 
Sandia/NREL, and developing a field test plan based on simulations and lab testing. 
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Table 2. Candidate Real-World Reference Systems for Industry Demonstration 

System Name Description 

Joint Base Cape Cod Otis U.S. Department of 
Defense Strategic Environmental Research and 
Development Program/Environmental Security 
Technology Certification Program (SERDP/ESTCP) 
microgrid 

1.5-MW wind generation, 1.6-MW diesel 
generation, medium-voltage distribution, 
1.6-MW/1.2-MWh UltraBattery energy 
storage system, microgrid control system 

Lake Region Community Hybrid project (electric 
cooperative)a 

Wind-solar hybrid system developed by 
Juhl in Pelican Rapids, Minnesota 

Iowa Lakes Electric Cooperative distribution wind 
farmsb 

Multi-megawatt wind plants serving 
industrial loads (ethanol plants) 

Buckland, Deering, and Kotzebue, Alaskac Wind-diesel-solar-battery hybrid system 
(isolated Northwest Arctic communities) 

Kodiak Electric Association, Kodiak, Alaskad Cooperative with >98% renewable: hydro, 
wind, flywheel, diesel 

Fire Island wind on Railbelt grid 17.6-MW (11-turbine) independent wind 
plant near Anchorage, Alaska 

Igiugig, Alaskae 35-kW run-of-the-river turbine, smart grid 
and electric battery 

City of Summerside, Prince Edward Islandf Grid-connected microgrid with wind, solar, 
battery, and diesel, advanced controls 

Old Crow, Yukong Grid-forming when running only on PV and 
battery in summer 

Colville Lake, Northwest Territoriesh Solar-diesel-battery system with live data 

Gull Bay First Nation, Ontarioi Solar-diesel-battery system 

Homer Electric Association, Homer, Alaskaj Railbelt community with diesel and battery 
for grid support when islanded 

National Grid Nantucket BESSk Battery storage plus diesel generator for 
grid loss “resiliency” 

Tullahennel, Irelandl Wind with integrated battery storage for 
grid services/data centers 

PJM PV + battery for black start services R&D 
projectm 

Solar Energy Innovation Network (SEIN) 
project on PV + storage for black start 

PJM Philadelphia Navy Yard Microgrid Projectn Natural gas peakers, rooftop solar, fuel 
cell, battery redevelopment 

a https://www.juhlcleanenergyassets.com/projects/ 
b https://www.ilec.coop/renewable-energy  
c https://www.ktuu.com/content/news/Buckland-sets-a-milestone-for-rural-energy-capabilities-with-new-Li-ion-battery-
540800061.html 

d https://kodiakelectric.com/about/ 
e https://microgridknowledge.com/tribal-microgrids-federal-energy-funds/ 
f https://www.electricalindustry.ca/changing-scenes/4841-hydro-ottawa-and-city-of-summerside-to-optimize-
microgrids-with-ai 

g https://www.bba.ca/wp-content/uploads/2019/07/oldcrow-en-spread-web.pdf 
h https://www.ntpc.com/smart-energy/how-to-save-energy/colville-lake-solar-project 

https://www.juhlcleanenergyassets.com/projects/
https://www.ilec.coop/renewable-energy
https://www.ktuu.com/content/news/Buckland-sets-a-milestone-for-rural-energy-capabilities-with-new-Li-ion-battery-540800061.html
https://www.ktuu.com/content/news/Buckland-sets-a-milestone-for-rural-energy-capabilities-with-new-Li-ion-battery-540800061.html
https://kodiakelectric.com/about/
https://microgridknowledge.com/tribal-microgrids-federal-energy-funds/
https://www.electricalindustry.ca/changing-scenes/4841-hydro-ottawa-and-city-of-summerside-to-optimize-microgrids-with-ai
https://www.electricalindustry.ca/changing-scenes/4841-hydro-ottawa-and-city-of-summerside-to-optimize-microgrids-with-ai
https://www.bba.ca/wp-content/uploads/2019/07/oldcrow-en-spread-web.pdf
https://www.ntpc.com/smart-energy/how-to-save-energy/colville-lake-solar-project
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i https://www.nrcan.gc.ca/science-data/funding-partnerships/funding-opportunities/current-investments/gull-bay-first-
nation-diesel-offset-micro-grid-project/22301 

j http://www.homerelectric.com/battery-energy-storage-system-bess-
update/?utm_campaign=PD_BESS&utm_content=119934815&utm_medium=social&utm_source=linkedin&hss_cha
nnel=lcp-37845 

k https://www.wbur.org/earthwhile/2019/10/08/nantucket-energy-storage-lithium-ion-giant-
battery?utm_content=109906049&utm_medium=social&utm_source=linkedin&hss_channel=lcp-37845 

l http://www.ionicconsulting.ie/the-first-of-its-kind-tullahennel-wind-farm/ 
m https://insidelines.pjm.com/pjm-grant-targets-role-of-solar-storage-in-grid-resilience/ 
n https://microgridknowledge.com/philadelphia-navy-yard-microgrid/ 

2.2.4 Simulation Scenarios and Metrics Evaluated 
Based on Figure 3, simulation experiments for distribution wind research under all four use cases 
need to be done at varying time scales of controls as needed by the various grid services. 
Therefore, the scenarios will include, but are not limited to: 

• Active Power Control and Reactive Power Control (<5 s) 
o Purpose: active power (curtailment, derating [fault tolerant], delta, proportional), 

reactive power command  
o Scenarios: baseline (diesel gen set, no DER control), wind, wind with integrated DC-

coupled BESS, wind with AC-coupled BESS, BESS (in grid forming) 

• Inertial Response (<10–20 s) 
o Purpose: inertia support from wind and DERs (to reduce frequency nadir and limit rate 

of change of frequency [ROCOF]) 
o Scenarios: baseline (diesel gen set, no DER control), wind, wind with integrated DC-

coupled BESS, wind with AC-coupled BESS, BESS (in grid forming) 

• Primary Frequency Response (governor droop) (<10–50 s) 
o Purpose: after initial inertia support, frequency deviations beyond a deadband will be 

offset by local governor droop (the headroom reserved by active power control [e.g., 
delta] could be used here) 

o Scenarios: baseline (diesel gen set, no DER control), wind, wind with integrated DC-
coupled BESS, wind with AC-coupled BESS, BESS (in grid forming) 

• Secondary Frequency Response (AGC) – seconds to 5 min and higher 
o Purpose: any residual area control error resulting from frequency error from local 

generation/net-load changes or tie-line deviations will be offset at 4–6-s AGC signals 
(decided based on area control error and local droop) 

o Scenarios: wind, wind + BESS hybrid, microgrid (for 5 min, hours, and days) 
o Note: for multi-hour or multi-day simulations, the MATLAB simulation models will 

need to be co-simulated with market clearing process (economic dispatch and unit 
commitment models)  

• Voltage Support (all time scales, especially <10 s) 
o Purpose: transient response (faster settling of voltage transient or quicker recovery of 

voltage sag after fault), fault ride through, providing inrush currents for black start, 

https://www.nrcan.gc.ca/science-data/funding-partnerships/funding-opportunities/current-investments/gull-bay-first-nation-diesel-offset-micro-grid-project/22301
https://www.nrcan.gc.ca/science-data/funding-partnerships/funding-opportunities/current-investments/gull-bay-first-nation-diesel-offset-micro-grid-project/22301
http://www.homerelectric.com/battery-energy-storage-system-bess-update/?utm_campaign=PD_BESS&utm_content=119934815&utm_medium=social&utm_source=linkedin&hss_channel=lcp-37845
http://www.homerelectric.com/battery-energy-storage-system-bess-update/?utm_campaign=PD_BESS&utm_content=119934815&utm_medium=social&utm_source=linkedin&hss_channel=lcp-37845
http://www.homerelectric.com/battery-energy-storage-system-bess-update/?utm_campaign=PD_BESS&utm_content=119934815&utm_medium=social&utm_source=linkedin&hss_channel=lcp-37845
https://www.wbur.org/earthwhile/2019/10/08/nantucket-energy-storage-lithium-ion-giant-battery?utm_content=109906049&utm_medium=social&utm_source=linkedin&hss_channel=lcp-37845
https://www.wbur.org/earthwhile/2019/10/08/nantucket-energy-storage-lithium-ion-giant-battery?utm_content=109906049&utm_medium=social&utm_source=linkedin&hss_channel=lcp-37845
http://www.ionicconsulting.ie/the-first-of-its-kind-tullahennel-wind-farm/
https://insidelines.pjm.com/pjm-grant-targets-role-of-solar-storage-in-grid-resilience/
https://microgridknowledge.com/philadelphia-navy-yard-microgrid/
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voltage disturbance at point of interconnection or in a “weak” grid, maintain local 
point-of-connection nodal voltage or remote nodal voltage at some set point. 

o Scenarios: baseline (diesel gen set, no DER control), wind, wind with integrated DC-
coupled BESS, wind with AC-coupled BESS, BESS (in grid forming), “weak” grid. 

Metrics of interest to be evaluated in simulations as well as field testing studies will include: 

• Stability and Controllability: rate of response, device level bidirectional communication 
latencies (<10–50 ms), time to offset transients and reach stability, power sharing as per 
command, black start capability and time taken to synchronize (<1 s), battery fade time 
(percentage time state of charge hits the limit), inertial response time, eigen values and 
dominant modes, droop parameters, ramp controllability, stable voltage source (grid-
forming mode). 

• Reliability: AGC (control performance standard), frequency response (nadir, ROCOF), 
ramping capability, voltage regulation and control (deviation from ANSI limits, transient 
oscillations, slow voltage recovery [sag]), real power curtailment, supply inrush current. 

Economics: Peak shaving, pay for performance (MW mileage in response to AGC or area control 
error signals [i.e., higher-quality regulation services]), following economic dispatch, and lower 
load shedding or renewable curtailments. More economics metrics related to market price 
impacts, line flow congestion, regulation up/down, spinning/non-spinning reserves will require 
co-simulating higher time resolution control models with production costing or unit 
commitment/economic dispatch process such as utilizing DOE Hierarchical Engine for Large-
scale Infrastructure Co-Simulation (HELICS) platform.1 

  

 
 
1 https://helics.org  

https://helics.org/
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3 Grid Integration and Controls Research for 
Microgrid and Distribution Grids 

3.1 Background: Increasing Levels of Variable Renewable Energy 
Integration of VRE into the power system traditionally depended on the conventional spinning 
(or dispatchable) reserve. VRE was considered as a negative load into the power grid. At a small 
contribution level of VRE, the spinning reserves can easily absorb variations in loads. However, 
the issues become pronounced at a high level of contribution. A systematic study of how much 
wind energy power can be reliably integrated into the U.S. power grid began with Eastern and 
Western Wind Integration Data Sets, which led to development of the Wind Integration National 
Data Set (WIND) Toolkit (Draxl et al. 2015). NREL has done one of the largest such regional 
studies to date. The three-phase Western Wind and Solar Integration Study (NREL 2020b) was 
commissioned in 2007 to understand the costs and operating impacts resulting from the 
variability and uncertainty of wind, PV, etc. on the Western Interconnection. Without a 
significant grid infrastructure upgrade, the three-phase research (2007–2015) found that it is 
operationally feasible to accommodate about 30% wind and 5% solar energy in the West (GE 
Energy 2010). A similar study at 5-minute resolution on the power grid of the eastern United 
States revealed that the grid can accommodate upwards of 30% wind and solar/PV power (NREL 
2020a). A high contribution of VRE will have an impact on the way spinning reserve and 
regulation services are procured and will necessitate an increased coordination among available 
flexible generators in the system operator footprint (independent system operators/regional 
transmission organizations) (Hobbs et al. 2018; Huang, Krishnan, and Hodge 2018). The World 
Bank’s Energy Sector Management Assistance Program has a recent summary (ESMAP 2019) 
regarding grid integration requirements of VRE.  

These system-level studies have provided important insights into the planning of VRE into a 
larger generation portfolio. However, various technical and economic issues start to emerge at 
different scales of integration. At the distributed scale or local level, the wind turbine needs to 
shoulder its own variability to provide headroom for coordination with other subsystems. In 
weak grids, wind integration research needs to consider voltage regulation functionality and 
solutions to counter the lowering of system inertia (caused by more power-electronics-based 
DER integration). An example of voltage control is the control at the DC link of a Type 4 wind 
generator (Singh, Muljadi, et al. 2014) operating in weak-grid systems (Yuan et al. 2009). 

3.2 Quantifying Higher Wind Penetrations and Opportunities 
The contribution level of VRE in an isolated power system can be characterized utilizing various 
metrics. A pair of metrics could be peak instantaneous power and average annual energy with 
reference to the load on the power system or microgrid. The primary, or grid-forming, generator 
in an isolated operation is normally a diesel genset. In a grid-connected microgrid, the grid can 
be viewed as a primary, or grid-forming, asset.  

• Annual VRE contribution level = Percentage of the load’s annual energy (kWh) met by 
VRE 
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• Instantaneous VRE contribution level = Percentage of the load’s instantaneous power 
(kW) met by VRE at any point in time. 

The annual average percentage of the load served by the renewable energy-based generators 
within the boundary of the grid balancing area largely characterize the contribution level of 
VRE. Such metrics are also defined for each technology and are sometimes referred to as the 
load ratios of the technology (e.g., wind, solar PV) comprising the system. As the contribution 
level of VRE trends to medium and high (Kroposki et al. 2017), a separate set of economic and 
engineering challenges arise to adhere to the quality assurance framework for microgrids or 
isolated grids (Baring-Gould et al. 2016).  

In such high-VRE penetrations, a wind turbine in a microgrid, especially for islanded operation, 
can harness rotor inertia (Muljadi et al. 2012) and an integrated storage on the DC link (Jiang and 
Yu 2008; Miller 2014; Pokharel, Ojo, and Balogun 2015) to add value to the system. The grid-
side inverter can be made to integrate with storage to provide additional grid services. These are 
some features in which power electronics and mechanical inertia control can work together to 
provide fast frequency response in the wind turbine. These features may find a significant value 
at distributed scale or in a microgrid environment. Again, the value may well also depend on the 
contribution level of VRE in the local power system. 

3.3 Wind Turbine Types and Capabilities 
Wind integration into the power system depends also on the wind turbine type. There are four 
different generator topologies used in wind turbine applications (Hansen 2012), summarized in 
Table 3. These generator topologies for utility-scale application are classified as Type 1 through 
Type 4. They range from fixed-speed rotors (Type 1) to variable-speed rotors that utilize full 
back-to-back power converters (Type 4). In conventional (generic) Type 3 and Type 4 machines, 
the rotor speed/frequency is normally detached from the grid frequency. However, an advanced 
control system can utilize an existing (Type 3) and/or additional feedback loop (for Type 4) to 
help the wind turbine work more collaboratively with the grid in high-VRE-contribution 
scenarios.  

Table 3. Wind Turbine Type and Control Capabilities 

Wind Turbine Generator Grid Forming | Inertia | Voltage Support 

Type 1 Asynchronous generator (by grid 
frequency) 

No (need external support) 

Type 2 Asynchronous generator/wound-rotor 
induction generator (10% variable 
speed) 

Possible (limited control, frequency-
dependent, rotor resistance control, with 
possibility of increased losses) 

Type 3 DFIG (~30% power converter) Possible (more flexible compared to Type 2 
as a result of power electronics) 

Type 4 Synchronous 
generator/asynchronous generator: 
100% power converter 

Highly flexible as a result of larger power 
electronics, completely decoupled from grid, 
synthetic inertia (fast frequency response), 
expensive 

b Wound-rotor induction generator 
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Earlier generations of fixed-speed wind turbines used static synchronous compensators and/or 
capacitor banks to ensure the high-quality power that the grid codes demand from wind 
generation. Type 4 wind turbines are decoupled from the grid via their power electronics during 
their normal operation. This isolation from the grid can either be an advantage or disadvantage to 
the wind turbine. As a major player among VRE, a wind turbine must share its responsibility of 
being a part of the integrated power system, which will further open up the possibilities of higher 
penetrations of VRE into the power system. Innovations in power electronics and control 
functions can make this possible. However, much needs to be done for distributed wind to 
develop required flexible functionalities to meet requirements of grid codes and standards and 
provide grid support functions for reliable and resilient operations. 

3.4 Active and Reactive Power Support 
Active power control and reactive power control aims to adjust a wind turbine or wind farm’s 
active and reactive power at multiple time scales. Wind resources are variable in nature and will 
have an uncertain forecast. Moreover, the wind turbine’s frequency is not typically synchronized 
to the frequency of the power grid and is generally unresponsive to changes in system frequency. 
These three characteristics of wind energy-based generators—variability, uncertainty, and 
asynchronism—are challenges for maintaining power system reliability. With larger geographic 
regions covering more balancing areas, the aggregate variability and uncertainty can be reduced. 
Some independent system operators have also considered controlling the active power 
(curtailment) from large utility-scale wind farms to provide downregulation services in the 
market (under the name “dispatchable intermittent resources”). Therefore, wind power plants, 
which are typically non-dispatchable, are beginning to be dispatched via innovative controls and 
integration practices. A number of factors influence the control strategy, including wind resource 
availability, ability to forecast accurately, and synergistic resources available in the grid such as 
storage (Madjidian 2016) at local or regional scales. Direct control of active power of wind 
turbines is also one of the options, further described in Section 3.4.1. 

3.4.1 Active Power Control 
Figure 5 summarizes the ways to realize power control, beginning with (1) active power control 
(APC): setting an upper maximum limit and curtailing any wind power above that dispatch level; 
(2) gradient power control: controlling the ramp rate of wind power out to limit the ramping and 
thereby mitigate netload ramps and the associated reserves needed; (3) delta power control: 
reserving a constant headroom MW “delta” by pre-curtailing from the available power, so that 
wind plant can also provide reserves (i.e., spinning reserves, contingency reserves, ramping up); 
and (4) frequency power control (addressed in Section 3.5), in which one of the aforementioned 
controls could be implemented to maintain grid frequency within allowed upper/lower limits. 
Beyond a frequency dead band, APC will keep the frequency within limits, preventing generator 
tripping or load shedding protections. Some past relevant publications include Nock, Krishnan, 
and McCalley (2014); Howland et al. (2014); and Fang et al. (2018). 
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Figure 5. Active power control functions (UVIG IEEE 2009) 

A team from NREL, University of Colorado, and Electric Power Research Institute (Ela et al. 
2014) looked at three of the forms of APC. A focus of the study was synthetic inertial control, 
primary frequency control, and AGC regulation. A conclusion of the study, based on wind 
turbine simulations and field tests, is that wind turbines can provide a satisfactory response for 
primary frequency control and AGC. Power system dynamic studies show that wind can 
generally improve reliability when providing primary frequency control and synthetic inertial 
control. In addition to systematic management of available power through APC, two other 
studies (Lori, Jaquelin, and Xi 2014; Ryan and Mark 2019) also summarize examples of wind 
energy curtailment practices internationally and in regions across the United States. 

3.4.2 Derated Operation 
A wind turbine can be made to operate at a power level below the available power. Refer to 
Figure 5 for various ways of performing active power control, namely curtailing beyond an 
upper limit, limiting the rate rates, performing delta control, or responding to frequency events. 
The derating may be done for several reasons, including situations such as (but not limited to):  

• Responding to a large wind power ramp  
• Alleviating transmission congestion 
• During minimum loading times (e.g., night), with several conventional generators at their 

minimum allowable generation levels (i.e., situations when the grid doesn’t have any 
more flexibility to accommodate more wind energy) 

• Alleviating any local wind turbine operational safety concerns (e.g., as indicated by 
temperature or vibrational sensors) 

• Providing ancillary or essential reliability services such as regulation or spinning reserves 
or ramping product (especially in the upward direction). 

The derating is achieved by simply curtailing the wind power below a certain maximum value, or 
particularly through “delta control,” in which the derating is performed normally by modifying 
the power set point (say, a constant “delta”) and subsequently adjusting the turbine control input, 
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namely generator torque and blade pitch corresponding to the commanded power. At times, 
derating can also be performed proportional to the available wind, say by some x% called 
“proportional control” (instead of constant delta all the time) (Ela et al. 2014). Obviously, the 
derating takes place at suboptimal level on the physical surface of the wind turbine. In addition, 
wind turbine derating can be accomplished by modifying the rotor speed set point (Lio, Mirzaei, 
and Larsen 2018). Two levels of power output set points are common in industry to operate the 
wind turbine at low and near-rated wind speeds.  

3.4.3 Reactive Power Support 
The amount of reactive power support available to provide VARs to a system is related to the 
amount of power available from the wind resource. Therefore, variable resources sometimes use 
auxiliary VAR devices to provide reactive power, in addition to their power electronics controls. 

Type 1 and Type 2 wind turbines use variable capacitor banks to regulate reactive power at the 
turbine level such that the overall wind farm power factor is close to unity. Wind turbine 
generator Type 3 and Type 4 have the ability to control the reactive power and real power 
instantaneously and independently via their power converters (Singh, Muljadi, and Gevorgian 
2012). Modern wind turbines that employ power electronics are continuous sources or sinks of 
reactive power. Conventional wind turbines use external components like capacitor banks, static 
synchronous compensators, or static VAR compensators to regulate the reactive power for the 
wind turbine (Zhang et al. 2017). The transformer connecting the wind farm to the grid can also 
use load tap changers to regulate the reactive power output. A variable-speed wind turbine that 
utilizes a DFIG is considered a limited source of reactive power.  

IEEE standard 1547-2018 stipulates minimum reactive power injection and absorption 
capabilities of distributed energy resources. The recommendations (IEEE 2018) are applicable 
for active power output levels greater than or equal to the minimum steady-state active power 
capability, or 5% of rated active power of the DER, whichever is greater. 

3.5 Frequency Support 
If the frequency of a power system reduces below a certain value, connected generator protection 
devices and under-frequency load shedding (UFLS) relays will be activated to trip or shed loads, 
helping to prevent a brownout or a blackout event. In conventional grids, synchronous generators 
provide the necessary inertia as well as other controls (primary response through governor and 
secondary response through AGC regulation) to support a desirable frequency response in which 
the nadir is not too low to trip UFLS relays, nor is the ROCOF too fast to trip protective relays. 
However, in a grid with higher inverter interfaced DERs that replace conventional synchronous 
generators, system inertia is reduced, therefore leading to a steeper ROCOF and higher risks of 
UFLS relays tripping (shedding loads). 

3.5.1 Frequency Support from Solar PV Research 
Figure 6 shows the control of smart inverters (Hz-watt or frequency-watt) (Hoke et al. 2017) to 
detect ROCOF and release real power using a droop control. The result indicates recovery of grid 
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frequency in a timely manner to obviate the UFLS tripping, as shown in the right-hand side of 
the figure. 

 

Figure 6. Hz-watt control of smart inverter (solar PV) to provide frequency response  

3.5.2 Frequency Support from Wind Research 
A wind turbine employing advanced controls can provide frequency support to the grid it is 
connected to, using its mechanical inertia and power electronics, whether a bulk power or 
isolated microgrid system. A frequency support function of a DER requires the generator to 
respond to the frequency as a demand and generation function at the given instant. A wind 
turbine, utilizing an advanced controller, can leverage kinetic energy stored in the rotating parts 
of the wind turbine to respond to the grid frequency signal. Accordingly, a wind turbine can 
provide an inertial response as well as the primary frequency control function. These functions 
generally come at the cost of the total energy production, which is normally optimized through 
the Maximum Power Point operation of the wind turbine. 

IEEE 1547 provides an example frequency-droop curve for a DER connected to the power 
system. Figure 7 from IEEE 1547-2018 presents droop curves for three different loadings of 
DER and regions where DER is expected to isolate its contribution (IEEE 2018). 
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Figure 7. Example frequency-droop function curves (IEEE 2018) 

The frequency support from a wind turbine can also be in the form of APC, as mentioned in 
Section 3.4.1 (Ela et al. 2014). The basic ideas include rotor inertial control and synthetic inertia 
(Tamrakar et al. 2017). Advanced controls can make a wind turbine or farm grid-friendly. GE 
has demonstrated some advanced controls at the transmission level (Miller 2013), and this has 
been adopted by a number of utilities and balancing areas; this can also be utilized for distributed 
wind controls. A team at NREL looked at the frequency-watt function, which is optimal for the 
Hawaiian electric companies utilizing both simulation and field testing (Hoke et al. 2017). The 
study demonstrated the activation of frequency-watt control in distributed PV inverters, which 
resulted in an increase in grid stability. A Ph.D. thesis at Ghent University (Vyver 2016) 
examined the issue in more detail, including an additional control loop for the Type 4 wind 
turbines to generate a response to the various states of the grid.  

3.5.3 Inertial Support for a Grid with 100% Inverter-Based Resources 
For a grid with 100% inverter-based resources (IBRs), synchronized operation and power 
sharing among all becomes a challenge. Traditionally, IBRs are operated in a grid-following 
mode, meaning an external power or voltage signal is sent to their outer control loop, and the 
inverter follows that signal. Commercial inverters are commonly configured to operate as current 
source inverters in distribution applications, meaning they provide current to supply the load 
connected in parallel. Typically, in traditional grids, synchronous generators set the frequency 
(60 Hz) and voltage set points, which ensure real/reactive power-sharing coordination among all 
resources. For example, to maintain an acceptable frequency response, the AGC module 
estimates the area control error and each generator shares real power based on its droop 
characteristics (i.e., change in real power for a unit change in frequency, ∆P/∆f) (NERC 2019).  
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In an isolated grid with 100% IBRs, without synchronous generators setting the frequency, 
inverters can operate in a “grid-forming mode” and can be adjusted to also set a constant supply 
frequency and voltage. In this situation, one or a few IBRs can act as grid-forming inverters, and 
the rest can share power based on their droop control characteristics. Given that some DERs may 
have power production limitation, studies have also proposed adaptive droop techniques in 
which the power-sharing proportion among DERs are varied with respect to current DER status 
and forecasts (Bidram and Davoudi 2012). The previous droop control technique is in the 
frequency domain and is slower than a time domain control that a typical IBR could do as a 
result of its very fast time constants. Therefore, Johnson et al. (2016) developed another 
technique for IBR coordination in the time domain for instantaneous control and coordination, 
which also ensures better synchronization among all IBRs, convergence, and stability. This is 
based on the principle of oscillators (Van der Pol oscillator) that can generate and self-sustain an 
oscillation signal of particular magnitude and frequency using the feedback from the plant 
(typically error signals). They call this virtual oscillator control (Johnson et al. 2016), as the 
oscillator in this case was coded in a microprocessor, as shown in Figure 8. Instead of depending 
on an external signal for the outer loop, a self-sustaining signal comes from the virtual oscillator 
control microprocessor and the inverter is controlled to maintain the commanded voltage and 
current. Load sharing is implemented across multiple such virtual-oscillator-control-enabled 
voltage source converter inverters (Lu et al. 2019). The stability characteristics of such control 
algorithms are still being investigated. 

 
Figure 8. Virtual oscillator control for multiple IBRs (Lu et al. 2019) 

3.6 Voltage Support 
Previously, DER interconnections were seen as passive grid-following resources that typically 
tripped at slight grid disturbances for safety reasons. Now, DER interconnections have evolved 
to providing active grid-supporting functionalities that include fault-ride-through capabilities as 
well as active voltage and frequency support through real and reactive power controls. Much of 
this evolution has been facilitated by research studies in collaboration with industries that 
informed the evolving IEEE 1547 standards on DER interconnection (Palmintier 2019), as 
shown in Figure 9. 
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Figure 9. IEEE 1547 evolution informed by DER interconnection and smart inverter studies 
(Palmintier 2019) 

3.6.1 Solar PV Inverter Control – Power Factor, Volt/Var and Volt/Watt control 
Several studies in the domain of advanced smart inverter controls for solar PV were done by 
NREL in collaboration with Hawaiian Electric Company (HECO) to address several of their 
pressing issues related to efficient interconnection of distributed solar PV and the smart controls 
of inverters. At some point, HECO had a moratorium on interconnection of PV systems because 
of undesirable voltage impacts on their feeders. Now, with advanced control of smart inverters, 
Hawaii is on the path to realize their goal of 100% renewable energy by 2045, a major portion of 
which is supported by the interconnection of thousands of distributed solar PV on their 
distribution feeders.  

Originally, HECO had set all of their inverters at unity power factor to maximize the real power 
output from the distributed PV, which resulted in some feeders experiencing very high voltages 
during daytime when solar power output was high (belly of the duck curve). Then, inverter 
controls were utilized to set the inverters at a 95% power factor, which let the inverters absorb 
reactive power from the grid, thereby reducing the voltage impacts during the peak solar output 
periods. This functionality came with the cost of losing the real power yield at all times 
(curtailed real power), as the inverters were set constantly at 0.95 power factor and some of the 
inverter’s capacity was used for reactive power production.  

After a series of projects with HECO, NREL then developed simulation studies to quantify the 
benefit of volt-VAR and volt-watt functionalities of smart inverters to ascertain their benefits for 
voltage regulation as well as reduction in real power curtailment. Figure 10 shows HECO’s Rule 
14H, which defines the volt-VAR (top plot) and volt-watt (bottom plot) functionalities. The volt-
VAR plot indicates the production or absorption of reactive power by inverters (through dual-
loop vector control) for point of common coupling voltages below 0.97 per unit or above 1.03 
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per unit, respectively, in a linear fashion up until the ANSI limits of 0.94 per unit (1.06 per unit). 
Then, for very severe voltage raise (beyond 1.06 per unit), which is not able to be brought down 
within the ANSI limit of <1.05 per unit through volt-VAR control, volt-watt control functionality 
is activated, which curtails the real power production by the PV panels.  

 

Figure 10. HECO Rule 14H volt-var (top) and volt-watt (bottom) functionalities of smart inverters  

NREL modeled a few selected HECO feeders with distributed PV resources and simulated their 
quasi-steady-state responses using OpenDSS software (using python or MATLAB’s Component 
Object Model [COM] interface) (Giraldez et al. 2017). One of the feeders (named Mikilua 34) 
with three PV systems was simulated under two scenarios: (1) legacy PV systems and (2) PV 
systems with smart inverters (volt-VAR control). Figure 11 shows the impact of volt-VAR 
control (x-axis shows feeder distance in miles, and y-axis shows voltage per unit), where we 
observe that the secondary-line voltages have been brought within the ANSI limit of 1.05 per 
unit by the volt-VAR control, compared to a legacy PV that was at unity power factor. The study 
also verified that the real power curtailment resulting from the use of volt-VAR control 
functionality was minimal in the feeders (<2%); however, the voltage regulation gain was 
appreciable. 
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After the simulation study, NREL also performed pilot field testing at HECO feeders and 
collected real-time data from their grid sensors (GRID20/20 distribution transformer meters and 
AMI data) (Giraldez et al. 2018). The plots in Figure 12 summarize the results and confirms the 
observation from the aforementioned simulation studies. In the month of June 2019, volt-VAR 
inverter control helped regulate steady-state voltages within ANSI limits. 

 

Figure 11. Mikilua feeder results summary: volt-VAR control functionality improved voltage profile 
(Giraldez et al. 2017 ) 
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Figure 12. Mikilua voltages: (top) unity power factor; (bottom) volt-VAR 

3.6.2 Wind Voltage Control 
The controls mentioned in Figure 9 (constant power factor, volt-VAR and volt-watt) are possible 
to be performed in Type 4 wind turbines interfaced with full converters (much like solar PV). 
Additionally, the Type 3 (DFIG)-based wind turbine can have reactive power capability, subject 
to its power electronic rating. Figure 13 (Gevorgian et al. 2019) shows the reactive capability 
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from different devices, including conventional synchronous generators (whose capability is 
subject to minimum power level, thermal rating, and stability limits), PV inverter, Type 4 wind 
turbine, Type 3 wind turbine generators, and BESS (which can provide reactive support during 
both charging and discharging operations).  

A recent NREL study (Gevorgian et al. 2019) demonstrates the reactive power control capability 
of a GE 1.5 wind turbine. At the NREL Flatirons Campus, researchers routinely use the GE 1.5 
wind turbine to bring the voltage across the site to levels needed by other equipment for 
experiments. The study also performed PHIL testing using the controllable grid interface and 
RTDS interface (communicating signals at 40-kHz frequency) to demonstrate various types of 
active and reactive power control by wind generation, including inertial response, primary 
frequency response, wind participation in AGC, reactive power and voltage control, and fault-
ride-through performance.  

Additionally, there have been many other studies demonstrating wind turbines’ voltage support 
capabilities, including recent demonstration studies by the California Independent System 
Operator (California ISO 2020b) and Avangrid (California ISO 2020b). The results show that a 
commercial wind plant with an inverter-based smart controller can provide services such as 
balancing or up- and down-regulation of power, voltage, and frequency. 

 

Figure 13. Reactive power provision for voltage control from different sources  
(Gevorgian et al. 2019) 

3.7 Power System Restoration Using Variable Renewable Resources 
Power system restoration is a process of energizing the grid after a complete blackout resulting 
in a major customer outage. There are well-established procedures (Adibi et al. 1987), 
summarized in Figure 14. This section covers past research and future needs where variable 
renewables, particularly distributed wind controls, can play a role in the restoration process by 
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(1) providing black start and (2) minimizing the restoration time while maximizing load pickup. 
In all of these applications, improvement in load and variable renewable forecasts is a much-
needed component (as shown in the first box of Figure 14), especially at high spatial and 
temporal resolutions at near-real-time resolutions. The state of the art for real-time forecasts at 
5–15-min intervals are based on persistence or statically enhanced smart persistence, and future 
improvements look to integrate high-resolution data from geostationary (GOES-R) satellites 
(economical for larger spatial resolution) and sky imagers (high temporal resolution for a local 
region).  

Further discussion in this section will focus on the control capabilities and research needs for 
enabling distributed wind to aid the system restoration process. 

 
Figure 14. Restoration process overview, with black start (Adibi et al. 1987) 

3.7.1 Black Start 
Black start is the first step in the restoration process, aside from situation awareness and an 
understanding that the system is safe to begin restarting. When a grid is down without any 
energized lines to carry power, a generation system needs to self-start and help the rest of the 
grid come back to power and supply all loads. There are certain facilities that operate as black 
start units, capable of self-starting alone or with the help of a local diesel generation set or 
battery bank to power their auxiliary loads, so that they can function autonomously. Performing a 
black start using inverter-connected sources has been a major topic of interest for utilities and 
system operators that are seeing increasing levels of inverter-based sources, including variable 
renewables. California demonstrated using battery energy storage to perform a black start 
(Colthorpe 2017) by helping to start some auxiliary loads in a major power station. A potential 
area of future research is variable renewables supporting black start, likely when coupled with 
battery storage. 
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Studies have also shown that voltage-source, converter-based, high-voltage DC lines can be 
excellent black start resources (Jiang-Hafner et al. 2008). Given the size of the typical voltage-
source-converter-based high-voltage DC (typically 300 MW or so), whose topology is shown in 
Figure 15, the converter provides a large range of real and reactive power control to ensure 
frequency and voltage stability during the process of sequential load pickup, equipment 
energization, and restoration. Jiang-Hafner et al. (2008) demonstrated its capability to energize a 
large transformer, induction motor load, and AC line that connects to loads and help synchronize 
a large synchronous generator that can further help in load pickup and restoration.  

 
Figure 15. Voltage-source converter high-voltage DC topology, an excellent black start resource 

Although inverters provide black start in the high-voltage DC example shown in Figure 15, they 
are larger than a typical inverter that interconnects a PV or wind resource. Unlike internal 
combustion engines, inverters are current-limited and are only capable of picking up a slightly 
higher current than their normal current rating. In a recent study, NREL simulated the capability 
of an IBR inverter providing black start capability to inductive loads (Jain et al. 2020). This 
paper focuses on the modeling and simulations required to black start inductive loads because (1) 
these loads are encountered during a black start of critical loads, such as natural gas compressors 
and auxiliary equipment of the next-start power plant and (2) they can result in large transient 
inrush currents (typically six to eight times the rated current), which the typical inverters used in 
similarly rated IBRs are unlikely to be able to provide.  

To evaluate the technical feasibility of IBR inverters providing black start, a behavioral model of 
inverters that mimics current-limited inverter operation was developed using variable resistors in 
the MATLAB Simulink/Simscape environment. The inverter model, with a current limit of 1.2 
times the current rating, is connected to an induction motor through transformers and a 
transmission line to simulate its startup. Simulation results show that even with the limited 
current supply capability of inverters because of their physical constraints, IBRs can black start a 
motor under certain conditions. Results also show that by using soft-start techniques, such as 
ramped supply voltage, and connecting transformers in series with the loads, inrush currents can 
be reduced, thereby expanding the conditions under which IBRs can provide black start support.  
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Similar issues exist when energizing a transformer, which requires inrush current. Research has 
shown alternative configurations, with smaller interim start-up transformers to alleviate the issue 
(Kahrobaee, Algrain, and Asgarpoor 2013).  

3.7.2 Black Start from Wind Plant 
The capability of wind black start is heavily dependent on the amount of power available through 
the wind resource. Most methodologies for valuing wind as a black start resource would be 
heavily risk-based, with the knowledge that the wind may not be available when the black start 
service is required. With improved forecasting, the risk associated with variability of wind 
resource would be reduced. 

For a wind turbine to be able to self‐start, some form of auxiliary power supply would be 
required during startup (National Grid ESO 2019). New and existing wind farms will not 
automatically have a sufficiently sized auxiliary power supply for black start purposes, but 
retrofitting such equipment is technically possible. A diesel generator or an electrical energy 
storage system has the potential to provide the power to start a wind turbine. It has been observed 
that some large international offshore wind farms tend to use diesel generators on the platform 
(or in the turbines) to provide the initial energy requirements of the wind farm. 

After self-start, to further energize other components in the grid such as induction motors, 
transformers, and AC lines, the turbine must provide the needed voltage support (inrush current 
during the start). It was shown previously that Type 3 DFIG-based wind plants have the ability to 
support large short-circuit currents, and thereby also large inrush current (Muljadi et al. 2010). 
For Type 4 full-power converter-based wind power plants, where the maximum current 
capability is limited to the inverter size, challenges exist in terms of their current capability. 
Therefore, in such plants, the inverters may need to be oversized. In any case, it is technically 
feasible for a wind plant to provide black start, and the question is about the economics and 
improved forecasting, or a co-located battery resource in place in a hybrid setting to ensure the 
availability of service (Gevorgian, Shah, and Koralewicz 2019 ). Research is needed to quantify 
these value streams and cost-benefits for stand-alone distributed wind systems and wind-storage 
hybrids. These efforts will be evaluated under the MIRACL project and other future distributed 
wind research efforts. 

3.7.3 Energization Sequence: System Restoration 
Restoration requires a sequence of energization of loads and equipment to gradually power up 
the entire grid, including reconnecting multiple smaller islands and synchronizing. The objective 
is to minimize restoration time and maximize load pickup. During such operations, reactive 
power support is needed to absorb or consume the reactive power (e.g., an unloaded AC line will 
be a reactive power producer, and hence we need the already online units to absorb it, whereas a 
transformer or motor load will be a reactive power absorber, and hence we need the online units 
to produce reactive power). For both real power and reactive power control to support the grid 
frequency and voltage during various stages of restoration, wind power plants or inverter 
interconnected plants can play a role to support the system. This ensures faster system recovery 
and higher load pickup capability. During these times, the variable renewable resources 
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themselves may cause frequency and voltage fluctuations because of their variability and 
uncertainty, but the control research developed in MIRACL and other projects can help ensure 
variable renewables are indeed helping the grid during restoration. Figure 16 shows one example 
of such real power control, where a variable renewable generator is dispatched below the 
available power (forecasts) by some “constant delta,” and this delta is used to provide ramp 
up/down service to support the grid frequency (Braun et al. 2018). 

 

Figure 16. Variable renewable “delta” mode for active power control for frequency support during 
restoration 
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4 Wind-Battery Integration Research 
Batteries can help integrate VRE into power systems. In a microgrid, a dispatchable system like 
a battery, which can function both as a sink as well as a source, has an even bigger role to play to 
enhance the value of VRE, system stability, and resilience. MIRACL battery integration research 
focuses mainly on engineering and economic aspects of the technology. Lithium-ion chemistry is 
the most widely used technology given its superior energy density and cost per unit throughput. 
Our focus will be on performance characterization of lithium-ion batteries and added economic 
value associated with the integration of batteries with existing power electronics of distributed 
wind.  

As part of the MIRACL effort, battery integration research has focused on lithium-ion battery 
modeling and analysis, as follows: 

• Integrate a generic battery model with a wind turbine model for dynamics simulation in 
MATLAB/Simulink environment and similarly for a lithium-ion battery.   

• Size a battery for integration at the DC link of wind turbine’s power converter (Type 3 and 
Type 4) to improve fast frequency response in a microgrid use case. This research will also 
develop a guideline for sizing battery at various distributed wind contribution levels.  

• Integrate battery storage in DC and AC systems through DC/AC coupling behind the point 
of common coupling and validate with field data. 

In summary, utilizing a validated dynamic model of a battery, we plan to study the following 
aspects, outlined in Sections 4.1 and 4.2, associated with the MIRACL use cases.  

4.1 Wind-Battery Hybrid Grid Services 
Along with an advanced and predictive control of wind turbine systems, the MIRACL project 
plans to study a wind turbine with battery storage integrated in the DC link that can support the 
dispatchability of the system. Our focus is to quantify additional capabilities enabled by 
advanced control functions under the various MIRACL use cases outlined in Section 1.1. The 
wind turbine, with integrated energy storage, can provide inertial support to improve stability of 
the grid. NREL will simulate the distributed wind and battery in a dynamic environment and 
plans to validate simulation through a field-testing capability to be built as part of this MIRACL 
project. 

In 2019, a team at NREL evaluated how grid-scale energy storage can support power system 
flexibility and high-level contributions of renewables to the U.S. electric grid (Bowen, 
Chernyakhovskiy, and Denholm 2019). This study outlines the following grid services possible 
from using BESS, which can be reproduced for wind-storage hybrids to show specific benefits 
across the four MIRACL use cases: 

• Arbitrage: load leveling  
• Firm capacity or peaking capacity 
• Operating reserves and ancillary services 
• Transmission and distribution upgrade deferrals 
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• Black start. 
Additionally, studies have shown BESS to support frequency response and gain from “pay for 
performance” from co-optimized energy and ancillary service markets (Krishnan, Das, and 
McCalley 2014). The challenge will be to efficiently forecast the variable renewable, including 
distributed wind, and appropriately dispatch the BESS to ensure improved system economics and 
stability (Das, Krishnan, and McCalley 2015). These will also be investigated for wind systems 
with integrated battery storage, as the challenges and benefits will vary for these specific 
systems. 

As shown in Figure 17, BESS can be connected in different ways using inverters (Denholm 
2017):  

a) AC-coupled connection where both BESS and renewable source are connected via their 
own DC-AC inverters (typically more suited for a large-scale battery interconnection with 
direct connection to the grid)  

b) DC-coupled connection where the BESS is connected via a bidirectional DC-DC rectifier 
for better output control, and then interconnected to the renewable source at the DC link. 
This figure shows a PV plant; however, for a wind plant, the connection can happen at the 
DC link of the Type IV turbine.  

c) Configuration where the BESS (without a separate DC-DC rectifier) is directly connected 
at the DC link of the renewable source connection, and both are considered as a hybrid 
source, connected to the main grid via a DC-AC inverter.  

Each of these hybrid connections have their pros and cons in terms of the services they are able 
to provide and the cost of the design. 

  

      (a) AC coupled   (b) DC coupled  (c) DC-coupled hybrid system 

Figure 17. An illustration of various hybrid connections of battery and renewables (Denholm 2017) 

4.2 Reactive Power and Voltage Support 
A battery stores energy with reference to a DC supply, whereas reactive power is a concept 
related to AC supply. However, a battery can supply reactive power to the grid through an 
inverter connected to the grid. The current of the inverter can be controlled to be in or out of 
phase of the voltage of the grid, leading to reactive power support to the grid as needed. A BESS 
can provide voltage support at the point of common coupling utilizing a slightly different set of 
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inverter controls architecture during both charging and discharging operations (as shown in 
Figure 13). Two common types of inverter control are (1) current-controlled voltage source 
inverters and (2) voltage-controlled current source inverters. In an idealized case of an AC 
microgrid, a BESS inverter can be made to control the voltage at the point of common coupling. 
This can achieved by setting up the BESS inverter as a voltage-controlled current source 
inverter, while DER inverters are typically current-controlled voltage source inverters (Semënov 
et al. 2017). The BESS inverter acts instantly to provide only the transient difference between the 
load current and the total current supplied by the equivalent DER inverters. 
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5 Conclusion and Expected Outcomes 
This document outlines a literature review of distributed generation integration to establish a 
roadmap for research and demonstration activities for distributed wind integration research. The 
research activities will be conducted by national laboratory partners under the DOE Wind 
Energy Technologies Office-funded MIRACL project. Based on a simple literature review, not a 
comprehensive review, this report summarizes some of the prominent R&D activities performed 
for controlling DERs, such as solar PV, wind, and storage, for providing essential reliability 
services. Then, the relevant findings have been used as inspiration to inform an R&D roadmap 
for distributed wind control research. 

The MIRACL project envisions distributed wind to provide value to the grid in four different use 
cases: isolated grid, microgrid, front-of-the-meter, and behind-the-meter distribution system 
connected projects. For distributed wind turbine systems to more commonly provide essential 
reliability services in all these use cases, development and demonstration of advanced control 
methods and communication interfaces within the four proposed MIRACL use cases will be 
essential. This report ends with a comprehensive research plan that will be developed, simulated, 
and field-validated in this project using NREL’s Flatirons Campus and Sandia’s SWiFT-DETL 
site.  

As wind-focused control capabilities are researched under MIRACL, the ability for and benefits 
from coupling with other synergistic distributed technologies, such as solar PV and energy 
storage, will be investigated for all use cases. More specifically, wind-storage and wind-solar PV 
hybrid research will also be investigated, thereby demonstrating many of the aforementioned 
capabilities for both AC- and DC-coupled systems, demonstrating the capabilities of the 
mechanical and electrical benefits that a distributed wind turbine system can provide, and 
evaluating the cost-benefits under different configurations. 

A summary of outcomes of this work includes: 

1. A demonstrated capability and technical value of MIRACL of distributed wind turbine 
generators providing a wide range of grid services based on active and reactive power 
control. Essential reliability services such as fault ride through, inertia, primary and 
secondary frequency response, and black start for resilience will be investigated. This 
assessment will be conducted for the most common forms of distributed wind technologies: 
stall-regulated to active pitch control, and Type 3 and Type 4 turbines. 

2. The controls and demonstration for grid-support capabilities will be applied across the 
different applications of distributed wind use cases, from grid-connected, microgrids, and 
isolated, including transitions between these states as appropriate. 

3. An initial assessment of the ability to implement integrated wind turbine battery storage, 
most specifically with DC coupling to take advantage of existing advanced power 
converter technology that is already integrated into the wind turbine generator. 

4. Implementation of expanded testing infrastructure at the NREL Flatirons Campus 
(previously known as National Wind Technology Center) and Sandia’s SWiFT/Texas Tech 
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University field and PHIL test sites, allowing for expanded testing of potential grid-support 
services from distributed wind. Scenarios of assessment will also include distribution 
systems with high renewable energy contributions as well as weak rural grids. 

Finally, as DERs are beginning to proliferate, various national and international standards 
governing the DER interconnections are requiring stringent grid-support functions (such as 
California’s Rule 21) to ensure reliability and resilience of the base grid the DERs serve. 
Therefore, the findings from the MIRACL project research will help distributed wind 
technologies meet or exceed such grid codes, as we will be working with the close participation 
of manufacturers; supply chain, isolated, microgrid, and bulk system operators; and other cross-
industry partners. 
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