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[bookmark: _Toc307568027]Introduction
In 2011, the NREL Transmission and Grid Integration Group (TGIG) embarked on a comprehensive study to understand the ways in which wind power technology can assist the power system by providing control of the active power output being injected onto the grid. The analysis included understanding of the grid interconnection impacts as well as analysis at the wind turbine level. This study also has included looking at other impacts that can occur including economic, electrical, and mechanical impacts. The time frame of the impacts can be from 20 years (i.e., the lifetime of the wind turbine), down to electrical cycles (e.g., 1/60th of a second). Therefore, with the comprehensive analysis and multiple expertises the team plans to capture more of a holistic view of how the impacts can occur.

Many of the capabilities being researched in this project have already been generally proven as technically feasible. However, at least in the United States, wind power is not providing most of these products in existing power systems. The reasons may be due to the differences in perspectives. For example, a manufacturer may know the capabilities are technically possible but do not see a market for it since there is no payment or requirement to provide the service. The system operators may on the other hand desire the capability but are unsure of exactly how it performs. The wind owners, regulators or market operators may have different perspectives still. With the holistic approach to the research, and extensive demonstration and outreach plans set out for this project, the team hopes to fill the perspectives gaps. If a supportive product can be given from wind power that benefits the power system and it is economic for the wind plant to provide it, there should be no reason it cannot.

Figure 1: Different Perspectives on active power control from wind power.
The ways in which a wind plant can provide active power control can vary based on the system needs. One instance that requires the need of active power control from generating units on the system is during a contingency disturbance event; like for example a large conventional generating unit having to be forced out and therefore not being able to provide the power it was providing before the outage. The electrical frequency of an interconnection must be kept very near to its nominal level. For example, in North America, this is 60 Hz. Figure 2 shows the frequency following a large disturbance. At the very instant of the loss of a large power supply, other synchronous generators will extract kinetic energy from their rotating masses to slow down the rate of change of the frequency decline. This response is generally termed inertial response and slows down the rate of frequency deviation. Soon after the disturbance, turbine governors will sense the frequency change and provide additional power in order to supply the lost power and balance the load. During this dynamic event the frequency will at some point hit its nadir (the minimum frequency), and as the generation once again meets demand it will soon stabilize at a new equilibrium point of some off-nominal frequency. This response is termed primary frequency control and is used to stabilize the frequency at a steady-state value. Finally, response is needed to return the frequency back to its nominal setting (e.g., 60 Hz) and reduce the area control error. This usually occurs fully within 5-15 minutes. This response is termed secondary frequency control and is often provided using automatic generation control (AGC). These three responses each have different characteristics, different policies and requirements, and different market rules for the settlement of service. Therefore, the way in which a wind plant can provide for each response may differ substantially. 

 (
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Figure 2: Control following a contingency disturbance.
The control of active power on the grid is also important to system operators during normal conditions (i.e., when a disturbance has not occurred). The system must maintain the frequency and limit the area control error during all times. This normal response can happen during different timescales as seen in Figure 3. Regulation is often provided by generating units that have AGC and they are following signals given directly by the system operator control center. Load following is slower and may or may not be automatically scheduled. Regulation corrects the current balancing error while load following is following the anticipated demand. Similar to those services provided during disturbance events, these services both have some differences in the control needed and the economics of providing the control and therefore different methods of control might be necessary for each service. Table I shows the responses, how they are used, and other common terms used interchangeably in the industry. The categories in italics are those in which the team has found as most feasible due to system needs and economics for wind power to provide, and therefore those that this project will be focusing on.
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Figure 3: Regulation and load following during normal conditions.
Table I: The different controls, their use, and common terms.
	Control
	Use
	Other common terms

	Inertial response
	Used to slow down the initial rate of change in frequency.
	Inertia 

	Primary frequency control
	Used to bring frequency to a steady-state level.
	Governor response, Droop control, primary control reserve, frequency responsive reserve

	Secondary frequency control
	Used to bring frequency back to its nominal level or to bring ACE down to zero.
	Contingency reserve, spinning reserve, secondary control reserve

	Regulation
	Used to control balancing error within dispatch scheduling using automatic generation control.
	Regulating reserve, load frequency control, LFC, AGC reserve, regulation up and regulation down

	Load Following
	Used to follow the anticipated net load between dispatch intervals.
	Following Reserve, Dispatch reserve, tertiary reserve



Different modeling and analysis techniques are needed for the multitude of objectives for this project. Figure 4 is an outline of the tasks that are part of this project. Each task will answer questions related to specific objectives. Although the tasks themselves may use different types of analysis, it is important that results of one task are used as input to another, and vice versa so that the holistic analysis goal is maintained. For example, the steady state task team will need to know what type of dynamic response wind power can provide in order to know if it has met the steady state objective, and the dynamic response task team will need to know the actual parameters of the wind turbine response provided by the controls simulations and field tests in order to properly model the response of wind with the rest of the system. The overall goal is to provide manufacturers, system operators, regulators and market operators, and wind plant owner/operators with the full set of information regarding all of the different impacts and benefits that occur with wind power plants providing active power control to the power system.

Figure 4: Active Power Control from Wind Power Tasks.

[bookmark: _Toc307568028]Phase 1 Overview
The major initiative for the first year of this project was to develop the objectives, introduce the tasks that were most important to the industry, and then determine the scope breakdown of each of those tasks. The NREL team had some very early discussions with the Electric Power Research Institute (EPRI) in late 2010. Both teams had strong interests in the project and a diverse set of expertise. NREL and EPRI signed into a cooperative research and development agreement (CRADA) with this project as one of the tasks that the two organizations would work jointly on. 

EPRI and NREL discussed the potential of an industry-focused workshop to help guide the team on the research tasks that should be pursued. The workshop was held on January 27, 2011 in Boulder, CO. It was very well attended by experts from system operators, manufacturers, and university researchers. 
NREL put together a website that contained all of the workshop proceedings: http://www.nrel.gov/wind/systemsintegration/active_power_control_workshop.html
NREL also put together a set of notes that detailed the important discussion points occurring throughout the workshop:
http://www.nrel.gov/wind/systemsintegration/pdfs/2011/active_power_control_workshop/notes.pdf

The workshop concluded with a long discussion with all participants focusing on what was the most needed work in this topical area. Some of the final points and questions are listed below:
· Is there a need for a new vernacular of the terms used to describe frequency response in the industry?
· Is there a priority to which types of control need more research?
· How can we use different techniques to find the best performance?
· Can we look for potential unforeseen problems that might be encountered?
· What is the market design issues associated with this type of control?
· Do we have the right requirements? Are they too strict or not strict enough? We need to know what these are in order to develop the best control strategy.
· What has been field tested, what has not been field tested, and what audience has and has not seen the results?

With these points and feedback received throughout the rest of the workshop, NREL and EPRI went through the exercise of scoping out the research needs of the project. Five tasks were made to characterize some of the research topics that would be pursued: (1) Steady state modeling (2) Dynamic modeling (3) Turbine controls simulation modeling (4) Turbine controls field tests and (5) Dissemination of results to key stakeholders. The team then spent the next few months developing detailed scoping papers for each of the five tasks. We will describe the scope of each of these tasks and some of the initial research and analysis that has started on that task in the next sections. We will also discuss some of the upcoming research that will be occurring in the next phase of the project for each task.



[bookmark: _Toc307568029]Task 1: Steady-State Modeling Task
This task will look at some of the impacts of using wind power for active power control strategies on the steady-state operation of the power system. This will include steady-state operational impacts and economic impacts. In general the team will look at how each of these services can be modeled in operational planning and market models, whether they have been done before, and then perform two sets of comparisons. The first will compare the results of systems with and without the new constraints and methods implemented in the model to see how those constraints influence the results. The second comparison will look at the same systems with and without wind providing those services. The way in which wind provides these services may differ from other conventional sources and the team will use some of the work done in the other tasks to better understand the role of wind generation. We are interested in the economics as well as the steady state reliability of these comparisons. The steady-state team will take feedback of the dynamic responses from the dynamics team and actual and simulated responses from the wind turbine(s) from the controls team into their models. The results of the steady-state task will also be used to influence more important cases to run dynamic responses and field tests on. The ultimate goal of this task is to (1) understand and potentially make the business case of whether it makes sense for wind power to provide these services and (2) help understand the priority of what types of these services will be more important for the industry to focus on as well as what to concentrate on in the other project tasks. The results of task 1 will help utilities, independent system operators, regional transmission organizations, and regional reliability coordinators in going forward on the policies to ensure a reliable and efficient power system. It may help wind generators and other market participants in understanding what the incentives are to provide the services that assist power system reliability.

We have separated the steady-state modeling task into two sub-tasks. The first focuses on market design on these services. The second focuses on the steady-state operations with these services. Steady-state operation in our definition is the operation of the system which typically does not require the simulation of system dynamics. This includes the scheduling of the system in order to be prepared to provide any of the services, and also includes the actual operation of regulation (AGC), which is often considered quasi-steady-state.

Market Operation
In the United States, many liberalized energy markets have been developed throughout the country. These markets follow the standard market design [1]. The standard market design includes two-settlement systems with co-optimized energy and ancillary services markets, locational marginal pricing for energy, and financial transmission rights markets in place for hedging. The ancillary services as defined by the Federal Energy Regulatory Commission (FERC) order 888, are listed below:
· Scheduling, system control and dispatch
· Reactive supply and voltage control from generation service
· Regulation and frequency response service
· Energy imbalance service
· Operating reserve – synchronized reserve service
· Operating reserve – supplemental reserve service
Of these services, competitive markets exist for operating reserve – synchronized, operating reserve – supplemental, and regulation service (but not frequency response). Energy imbalance service is accommodated by the real-time energy markets.

We focus on the third ancillary service, regulation and frequency response service, since it is most closely aligned with our definition of active power control (the last three services all align with active power control but at a slower time scale then what this project is currently focusing on). In a recent report, we have defined regulation as “Capacity available during normal conditions for assistance in active power balance to correct the current imbalance that occurs, is faster than economic dispatch optimization, is random, and requires automatic centralized response [2].” Regulation is adjusting the generation to reduce the area control error (ACE), which is the generation load balancing error of the individual balancing area in MW.  Frequency response, on the other hand, is the adjustment of output automatically to changes in frequency, which is an interconnection-wide phenomenon. Although markets exist for regulation service, there currently exists no market for frequency response service in the United States. There is currently little incentive to provide primary frequency control. The same is true for inertial response. We believe this may be a reason for a decline in the frequency response in the United States, especially the Eastern Interconnection [3].

The team analyzed the current market designs in the U.S. related to the primary frequency control service. It was found that while none of the regions had markets or incentives to provide frequency response, some may even have disincentives or penalties to provide the service. We give an example:

In one region, there is a penalty for any generating unit that is generating at 3% of capacity above or below its energy schedule. The settlements system does not take frequency into account. Most generating units that have enabled their turbine governors will have a 5% droop characteristic (1 p.u. change in power output for 5% change in frequency). The following equation illustrates what this means.





Therefore, for any frequency deviation that exceeds 90 mHz, any generator with a properly functioning governor providing primary frequency response will be financially penalized. The generator would be providing a very valuable service while being financially penalized because frequency response and energy schedules are not being synchronized in the market design. This is a serious condition and we believe that this problem should be remedied. The team has developed some designs for frequency response service ancillary service market, which may include both inertial response and primary frequency control, and plans on submitting the proposal in FY12. By having a frequency response market, we believe this may show the incentives wind power can receive for providing the service and whether it may make sense for them to provide the service during certain times. Also, as early as 2007 an IEEE Task Force made recommendations indicating the need to compensate generating facilities for primary frequency response and thus essential the need for a primary frequency response market, for otherwise in a liberalized system there is little incentive for any generating facility to provided primary frequency response [4]. 

In order to understand the economic impact of providing active power control, we will be evaluating two results of the system. The first is the total production costs. The production costs will change based on what constraints are in the system. More constraints will increase costs. For example, adding a primary reserve or an inertia requirement is a constraint and will add costs to the system. By allowing wind power to provide one of these services, it is actually eliminating a constraint and therefore should reduce the costs. It is how much these cost differences change which will be of interest. The second result that will be analyzed in this analysis is the prices that occur for the different ancillary services. We use the marginal pricing concept, which is used for both energy and the existing ancillary services markets. In the marginal pricing concept, the marginal cost to provide a service is calculated as the price, and every resource providing the service will receive that same price. Unique and innovative techniques will be used since new constraints are likely needed to model these new active power controls. The dual value, or shadow price, of the constraint is what is used for the price. How these prices change and how the prices may impact the total economics of wind power plants with these new controls will be the major focus of this analysis.


Steady-State Operation
The second sub-task involves the modeling and analysis of the operation of the power system in the steady-state time frame when accounting for active power control of wind power. This part will look at all three services: inertial response, primary frequency control, and regulation. The goal is to understand how the generation energy and reserve schedules change with and without the modeling of the requirements, as well as with and without wind providing the service. Other results that are of interest will also be included. This may include transmission flows, ramp rates, changes in start-up, etc.

The first piece of the analysis will be evaluating how the unit commitment and dispatch modeling are impacted with wind providing regulation reserve. This will analyze the differences of power systems with wind providing regulation compared to not providing it. Hourly models can easily evaluate the differences in costs between a high wind penetration system that allows wind to provide regulation vs. not allowing them to. For example, reference [5] shows some of the potential revenue increases from wind plants providing regulation. At many times at night and more so as the amount of low- and zero-cost energy sources participate in the energy market, regulation prices can be higher than energy prices. This incentivizes resources to reduce energy in order to provide the service. The team will use historical bid costs from various ISOs and other data from representative power systems. Depending priorities, the team will do some sensitivity analyses, like the following:
1. Sensitivity on quantity requirements. The analysis will look at how requirements may be implemented. For example, some ISOs may limit the amount of regulation from a wind farm to a percentage of its forecast output to avoid the possibility that the energy will not be available because of forecast error. Different requirements will be tested and the results of costs and how often the wind was not able to provide the full regulation amount scheduled will be used to assess the validity of the requirements.
2. Sensitivity on market design. Some markets in the United States have combined regulation services meaning that the up- and down-regulation requirement must be the same and that any resource providing one must provide the other in the same amount. Other markets separate this service so that the requirements can be different and a resource providing one service (e.g., down service) is not required to provide the other (e.g., up service). This sensitivity will analyze how this market design can influence the benefits of allowing wind power to participate in the regulation market
3. Sensitivity on subsidies. Because many wind farms today receive a production-based subsidy, they are often willing to produce energy even if they are receiving negative energy payments to do so. This sensitivity will analyze how this affects the solutions and results. The study will also evaluate how subsidies for providing the regulation service will change the results.

Figure 5 shows some initial results. These results show a comparison of the market design (sensitivity #2) of whether the regulation service must be combined or can be separated by direction. When separated by direction, the unit commitment model decides to use a lot of down-regulation from wind, since it appears to be cost effective. It will choose more up-regulation from wind when the services must be combined. This is because the down-regulation appears cheap from wind and it will allow it to provide more up-regulation since it is required to provide the same amount.
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[bookmark: _Ref303161255]Figure 5: The amount of regulation wind provides based on whether the regulation service is combined or separated.

A second analysis will evaluate how the unit commitment and dispatch modeling are impacted with primary and inertial response. This will analyze how introducing constraints on primary frequency control and inertial response can influence the unit commitment and dispatch solutions. In some cases the primary frequency control and inertial response are sufficient without including the constraints. This will be assessed. Comparisons between including the constraints and not including the constraints will include differences in costs, and differences in reliability (i.e., how often the system without including the constraints may have been vulnerable to UFLS due to insufficient primary and inertial response). The project is looking at two comparisons: With and without the constraints, and with and without wind power providing the particular service.

Analysis will review the incorporation of inertial response requirements into the unit commitment and economic dispatch problems. The study will evaluate how including these constraints will change the unit commitment of a system with high wind penetration. This will include comparisons with and without wind having the inertia response. The steady-state team will work with the dynamics and controls team to test different wind providing inertial response schemes. The work will build on some of the analysis that has utilized similar methods [6] with more explicit usage of inertia constraints and by adding wind power plants as inertial response providers.

Another analysis will review the incorporation of primary frequency control requirements into the unit commitment and economic dispatch problems. The study will evaluate how including primary frequency control will change the unit commitment of a system with high wind penetration. This will include comparisons with and without wind having the response. The steady-state team will work with the dynamics and controls team to test different wind providing primary frequency control schemes. The analysis will build on some of the existing research [7]-[10] by adding wind power plants as providers of primary frequency control.

The last analysis will include unit commitment, dispatch, and AGC modeling at a very high time resolution. By using high resolution and AGC modeling, we can study how well the wind will actually perform regulation on AGC. The actual resource data will be used from a high resolution NREL dataset and the FESTIV model will be used to study the performance [11]. The studies will compare reliability (ACE metrics and power flow limit violations) and production costs to evaluate how well the system performs. The steady-state team will work with the dynamics and controls team to test different parameters of the wind response. The response behavior will be part of the modeling with the FESTIV model. Further sensitivities will analyze different AGC operations and performance. For example, Figure 6 shows ACE signals with different levels of smoothing which can impact how often the wind plant has to change output to follow the AGC signal.
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[bookmark: _Ref303787086]Figure 6: ACE signals with different levels of smoothing. (SACE=Smoothed ACE, P=proportional term, I=integral term)
This analysis will be part of a report that will detail the steady-state impacts that occur when wind is providing each of these services. The modeling enhancements needed to achieve these new requirements can be adopted by system operators. The changes that occur from wind power providing these services will be used by system operators and regulators when deciding on new rules or market designs. Overall the analysis will help paint the picture of how a system with wind power providing active power control will change the power system.


[bookmark: _Toc307568030]Task 2: Dynamic Response Modeling Task
Grid frequency excursions are an important indicator of grid operating reliability. The frequency stability depends upon the ability of the power system to maintain load-generation balance during normal and contingency conditions.  The failure to maintain such balance or prolonged system recovery performance after contingency conditions will result in decline of overall system reliability. The data published by the North American Reliability Corporation (NERC) shown in Figure 7 demonstrate significant amount of low frequency events at all Interconnections in recent years. 

        [image: ]
[bookmark: _Ref239558123]Figure 7: NERC low frequency data. (www.nerc.com)
According to NERC, the frequency trigger limits (FTLs) are defined as thresholds and alarms are set off when frequency is below the FTL for over 5 min. The FTL-low is 59.95 for Eastern and 59.856 for Western Interconnections.

Tight frequency control is important for both generators and loads. Typically, turbine generator manufacturers design their machines such that mechanical resonant frequencies are far away from frequency of operation, so from structural point of view tight (i.e. less than 0.5 Hz deviation of frequency) frequency control is not needed. However, due to Volt/Hz limits both generators and transformers need to operate without significant deviations from nominal frequency. Operation at low Volt/Hz ratio will reduce performance and operation at high Volt/Hz ratio will increase heat losses in transformers and generators. The International Electrotechnical Commission (IEC) standard IEC 34-1 sets limits for Volt/Hz ratios for continuous and temporary operations. Also, reduced system frequency can reduce plant efficiency due to reduced efficiency of plant auxiliaries [4]. Poor frequency performance will create power quality issues for loads that are designed to operate at nominal frequency. The industrial loads using variable frequency drives (VFDs) and other types of power converters may be less sensitive to frequency variations. The overview of frequency control concerns in the North American electrical power system is discussed in [12].  Excessive frequency decline is not acceptable, as it can lead to increased fatigue on turbine-generator blades – most turbine-generators will trip for frequency deviations in excess of +/- 5% off-nominal frequency [4]. 

An example of WECC frequency disturbance event measured at NREL at around 12:19pm on August 6, 2011 is shown in Figure 8. At the beginning of the event the frequency was at about 59.985 Hz (Point A), and dropped to about 59.85 Hz (point C) after a large generation trip (135 mHz drop). Point C is the minimum frequency during the event (fmin, also known as frequency nadir) and depends on combination of inertia, governor and load responses in the system.  
[image: ]
[bookmark: _Ref303339506]Figure 8: Frequency disturbance event in WECC (August 6, 2011).

It took about 15 seconds for the frequency to stabilize at some steady-state point B that is determined by overall frequency characteristic of the power system (primary frequency control). The frequency stayed at this intermediate steady state value for about 80 sec (point D), and then the secondary frequency control reserve took over and drove the frequency back to 60 Hz (point E). It took about 600 sec for the frequency to recover (elapsed time between points A and D). The rate of change of frequency (ROCOF) during the same event is shown in Figure 9. The rate of change is maximum (about 64 mHz/sec) during the initial frequency drop (transition from point A to point C). This rate of change, or the slope of initial frequency decline is dominated by the combined inertia of the synchronous generators in the power system.     

[image: ]
[bookmark: _Ref303344158]Figure 9: Rate of change of frequency during disturbance event.


Immediately after a drop of network frequency, the conventional generation units will start releasing kinetic rotational energy stored in the rotational mass of synchronous generators.  This response is called “inertial response”.  During this initial stage of frequency decline, the RPM and frequency controllers remain inactive until frequency deviation is above some threshold values (e.g., governor deadband). Only then controllers will be activated to control turbine prime movers in order to restore power balance in the system. This process is called primary frequency control.  When power balance is restored, the frequency will be at some level off the nominal frequency, and secondary frequency control is deployed to bring frequency back to its nominal value.   

The rate of change of frequency deviations under power unbalance conditions depends largely on system inertia. The rate of change of frequency is higher for systems with lower inertia. The energy stored in a rotating mass is given by:
     
	[Joule] 	 									(1)

Where J is the inertia of the rotating mass of a generating unit in [kg∙m2] and ω is rotational speed [rad/sec].  

The inertia constant is often used in power system engineering to characterize the energy stored in rotating mass referenced to generator nominal apparent power Sn. The inertia constant has units of time and can be calculated as:

  	[Sec]										(2)

Where En is energy calculated by equation (1) at nominal angular speed ω0 

The inertia constant is basically the time that a generator can produce nominal power using only energy stored in its rotating mass. The equivalent inertia constant of multiple generating units can be calculated    

	[Sec]										(3)

Where  and  are nominal apparent power and inertia constant for each generating unit.

The simplified approach for examining the power station contribution in inertia is based on assumption that bus voltage remains constant. According to [13], the equation of motion for power of each generating unit in p.u. form is

 	[p.u.]									(4)

Where  and   are prime mover mechanical and electrical power for each generating unit.    

 As described in [14], the grid frequency variations can be expressed for the whole power system as

 		[p.u.]									(5)
      
Where  is the instantaneous power consumption in the grid.

As it follows from equation (5), the system with a larger equivalent inertia constant  will have a smaller frequency perturbation for the same imbalance between generation and consumption than the system with a smaller equivalent inertia. In other words, the larger results in a slower rate of change in frequency of the power system which results in a  smaller initial dynamic frequency variation. If the overload condition is not alleviated in time, then  and frequency will begin deviating from nominal value.  If the frequency deviation becomes too large then load or generation shedding becomes necessary in order to avoid damaging equipment or instability leading to a blackout. As it follows from equation (5), the rate of change frequency is an instantaneous indicator in power deficiency. 

Immediately after a disturbance, the frequency deviation is dependent upon the system inertia. The primary frequency controllers of conventional power plants will start reacting as soon as the frequency deviation is sensed by the governor controller. The participation of a generation unit in the primary control is determined by its governor droop (ratio between change in power and frequency). The primary control power component of each power plant at frequency change   can be determined as below:

 	[p.u.]                                                                                                                                        (6)

where  is droop factor for each individual power plant. This value is usually anywhere between 3 and 6 percent.  As an example, a 5 percent droop means a slope where a 5% change in frequency would trigger a 100% change in power output (i.e., the capacity of the plant), as seen in Figure 10.
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[bookmark: _Ref304906017]Figure 10: Example droop curve using a 5% droop with power and frequency both in per unit.
   The modern variable speed wind turbines utilize power converters and are thus they are decoupled from system frequency.  This allows for both increased energy capture and smoother power production. In standard operational practices the wind turbines do not have a primary frequency control reserve since they are controlled to operate at maximum power for wind condition.  Therefore, wind turbines do not contribute into primary frequency control in the conventional way. However, the kinetic energy stored in wind turbine inertia allows supporting inertial response for short periods of time if the controls are designed to tap into this stored kinetic energy. The inertia constants of MW scale wind turbines of 2-6 sec [15] are compatible with inertia constants of large power plants, so even high wind penetration does not reduce the amount of kinetic energy in the power system if the inertia from the turbine could be extracted. The variable frequency converters of wind turbines allow instantaneous control over turbine electrical power. This fact in combination with large inertia allows controlling wind turbines in such a manner that additional power from kinetic energy will be released to the grid during frequency drops. This can be achieved by implementing an additional control loop in the turbine power converter.  

The amount of additional power from kinetic energy that the turbine can release onto the grid can be estimated using equation (1). Let us assume that the turbine is running at speed  with kinetic energy  at maximum power.  To release kinetic energy into the grid the turbine controller needs to make the turbine slow down to speed . The kinetic energy at this speed is . For simplicity, assume that transition from   to  is linear, and , and  is the transition time. The change in kinetic energy  can be calculated as the following:       

	[Joule]						(7)

where  is wind rotor inertia in [ ].  Then power released can be found as

	[watt]										(8)

As it follows from equations (7) and (8), the magnitude of  is a function of  ,  ,  and . In order to estimate the magnitude of  we will assume an inertia constant  that is typical for 1.5MW variable speed doubly-fed asynchronous generator wind turbines. Then the inertia calculated from equations (1) and (2) for nominal wind rotor speed of 20 rpm is equal to  .
[image: ]
[bookmark: _Ref303344615]Figure 11: Dependence of  on RPM drop.

The graph in Figure 11 shows the dependence of  on RPM drop calculated for  and several initial rotor RPM. The transition from  to rotor RPM is done using the following equation: 

  											(9)

As it can be observed in Figure 11, the 1.5 MW wind turbine is capable of releasing around 200 kW from inertia during 15 sec when the wind rotor slows down by 5 RPM. The amount of power released will vary with  and . With appropriate control loops this turbine inertia can be “connected” directly to the grid.   

This short term capability of injecting additional power into the grid makes it possible for wind power plants to participate in providing inertial response until the primary frequency control reserve of the power system is activated.  For this purpose, the interactions of wind turbines in wind farms and frequency control coordination between them needs to be studied and modeled. 

It is important to note that the inertial response of the conventional generators is dependant on their physical mass, and the physics of the synchronous machine, and cannot be changed. In case of wind turbines, the inertial response can be tuned to improve power system performance during the initial decline of the frequency after loss of generation.

The primary frequency control by wind turbines can be integrated into the rotor-side active power control loop and demonstrate behavior similar to conventional synchronous generators. The wind turbine must operate in curtailed mode to provide reserve for primary response when frequency drops.  Wind turbine generators can reduce their power outputs very effectively, so non-symmetric droop characteristics similar to one shown in Figure 12 can be implemented in wind turbines. As in the case of inertial response, the primary response parameters (dead bands, droops, reserve margin) can be tuned up for optimum system performance.     


[image: ]
[bookmark: _Ref303347339]Figure 12: Governor droop concept for wind turbines.
An example of curtailed continuous operation of a single wind turbine is shown in Figure 13. In this case, the turbine operates at power set point that is equal to 90% of available power from wind. In this mode there is always room for upward response for both primary frequency control and wind participation in AGC. Other control schemes are possible as well such as constant MW delta operation, ramp rate limitation, etc.    
[image: ]
[bookmark: _Ref303352981]Figure 13: Example of wind turbine operation with reserve.
 (
Figure 
14
: Example inertial model of a power system
.
)[image: ]
The dynamic impact of wind power in the frequency control of a power system requires a detailed modeling study of a whole balancing area or an entire interconnection for different wind penetration and contingency scenarios. In this paper we use a simplified approach to analyze the grid frequency fluctuations for a system with high levels of wind power penetration similar to one shown in Figure 14. Type 3 wind turbines (DFIG wind turbines) are used in this model with both inertial and droop controls. The frequency response of such power system will depend on many factor including types and characteristics of conventional generation, their droop settings, level of wind power penetration, etc. The simple model was developed in Matlab Simulink environment using governor models for conventional generators implemented in PSS/E and PSLF dynamic simulation software. All conventional generation was set to operate with 5% droop and 0.036 Hz dead band. The wind turbines were set to operate with 5% spinning reserve  (active power set point is 5% below available wind power at any given wind speed). A simulated wind speed time series and 1% random load variability was fed in to the model. A simple automatic generation control (AGC) function is implemented in the model to drive the system frequency to nominal value. 
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[bookmark: _Ref303689653]Figure 15: Frequency response to generator loss with wind power different control functions (5% wind penetration) .
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[bookmark: _Ref303689662]Figure 16: Frequency response to generator loss with wind power different control functions (20% wind penetration).
Examples of modeled system frequency deviation caused by loss of a generator are shown in Figure 15 and Figure 16 for cases with 5% and 20% wind penetration, respectively. In addition, the case in Figure 15 is when wind farm operates at rated wind speeds (flat parts of wind turbine power curves), whereas the case in Figure 16 is when wind farm operates at wind speeds below rated. For each case the wind power was modeled under 4 different control scenarios:

1. Both inertial and droop control are disabled (existing condition)
2. Only inertial control is enabled  
3. Only droop control is enabled   
4. Both inertial and droop controls are enabled

 (
Figure 
17
: Impact on ROCOF
.
)[image: ]As can be seen in the examples of Figure 15 and Figure 16, the response of the system in terms of frequency nadir can be different depending on many factors including wind penetration level, pre-disturbance initial conditions of wind power (wind speed, RPM, etc.), and combinations of control methods. It is clear from the above figures that combination of inertial and droop controls produces the best results in both cases in terms of minimum frequency during the post-fault recovery process (improvements in the range of 50-80 mHz). Also, the initial rate of change of frequency (ROCOF) is also improving from control scenario 1 to scenario 4 (Figure 17). In addition, other factors such as droop characteristic itself may introduce some variations. An example in Figure 18 shows sensitivity to different individual wind turbine droop settings (5, 4, 3 and 2 %). In this particular example, the difference in frequency trajectories are not significant and not affecting neither nadir nor recovery times. However, this picture may be different at higher levels of the wind penetration.    

[image: ]
[bookmark: _Ref303690528]Figure 18: Sensitivity to wind turbine droop characteristic.

[bookmark: _GoBack]The modeled test system demonstrated no sensitivity to the dead band setting. The example in Figure 19 shows that changing wind turbine dead band from 0 to 0.036 Hz (same 5% droop for all cases) does not affect the frequency response of the system. It would, however, impact how often wind generators are deployed during smaller frequency excursions. It would, however, impact how often wind generators are deployed during smaller frequency excursions. The dead bands are expected to have more noticeable effect on frequency nadir.  
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[bookmark: _Ref303703430]Figure 19: Sensitivity to droop dead band settings.
The amount of spinning reserve available from wind turbines impacts the amount of power that wind turbine can inject into power system during the fault. The example in Figure 20 shows some improvements in minimum frequency for cases with no spinning reserve, 5% and 10% spinning reserves respectively.    

[image: ]
[bookmark: _Ref303692792]Figure 20: Frequency response for different spinning reserve by wind power.

Future plans
The above examples are showing the impact of wind power into frequency control using a simplified modeling approach. The real power systems with significant levels of wind penetration will present significant frequency control challenges during system disturbances. Many literature sources have begun to document frequency response implications of the no inertia and no primary frequency control provided by currently installed and future levels of wind power in the US, but only one study [16] of these impacts have been performed using validated models of US interconnections. Further work and studies are required to address the reliability impacts in terms of frequency response associated with the integration of high levels of wind generation in the US. We are planning to continue Matlab/Simulink based modeling efforts using above the mentioned simplified approach to better understand the effects of wind turbine topologies and various control methods on both inertial and primary frequency response by wind power. However, simulations on the interconnection levels need to be conducted using commercially available software tools that are currently used by industry such as GE PSLF or Siemens PSS/E. These tools contain detailed representation of the operation of generators and their automatic controls, transmission system and loads.  The EPRI/NREL team is planning to perform such simulations using PSLF software in near future. The main goals of such simulations are:

· Examine dynamic performance of a large power system in response to system events that result in major perturbations in frequency at different levels of wind penetration
· Determine impacts of various methods for both inertial and primary frequency control  by wind power onto system frequency behavior
· Determine metrics for measuring the adequacy of inertial and primary frequency response in power systems with high levels of wind penetration

The dynamic modeling team will work with the controls team to develop and implement models of different schemes for wind providing inertial response and primary frequency control.

An important aspect of such modeling effort is the detailed representation of the operation of wind power when providing frequency response. In particular, we need to better understand the aggregate response of a wind farm in both inertial and governor droop control modes. On individual wind turbine levels, response in each of these control schemes depends greatly on wind speed and initial wind turbine conditions (rotor speed, power levels, pitch angle, etc). We need to develop a valid aggregation technique to be able to represent the “aggregate inertia” and “aggregate droop response” of the whole wind farm using an equivalent wind turbine model.  This effort will include the following tasks:

· Obtain individual wind turbine field measurement data (both wind speeds and powers, and rotor speeds and blade pitch angles if possible) from the existing large wind farms. Such data must be of high resolution (preferable 1 sec) to understand aggregation effect on the time scales suitable for dynamic simulation.
· Analyze field data and develop a aggregation technique suitable for dynamic simulations
· Incorporate inertial and primary frequency control into the aggregate model                                 



[bookmark: _Toc307568031]Task 3: Controls Simulation Modeling Task
This task is focused on the design of control systems for individual turbines implementing active power control.  Modern wind turbines are unlike many conventional power plants in that type 3 and type 4 turbines are often decoupled from the grid frequency and therefore provide no intrinsic inertial or governor response.  Traditionally, wind turbines have not been required to provide active power control services so this hasn’t been an issue [17].
However, as this report has presented, there is increased interest in wind turbines providing active power control services to the grid, including inertial response, primary frequency control and regulation.

The first question to answer is if modern turbines, with their generators decoupled from grid frequency, are capable of providing any or all of these functionalities.  The answer can be learned by considering the standard control and actuation of modern wind turbines.  Figure 21 shows a typical wind turbine control loop.
[image: Y:\Wind\Public\Projects\ActPwrCtrl\Documents\Figures\ControlArchitecture\ControlBaseV2.png]
[bookmark: _Ref305076562]Figure 21: Baseline wind turbine control setup.
  
Figure 21 illustrates a basic wind turbine control loop.  As shown, the controller feedbacks generator speed and uses the actuation of pitch angle and generator torque to regulate the wind turbine.  To further describe the baseline controller:
· The pitch control loop attempts to maintain rotor speed below rated speed.  It uses a proportional-integral (PI) control to do so.  This loop is only active when there is more power in the wind than the turbine is rated for, otherwise the blade positions are held at run position.
· The torque controller attempts to maximize power capture by adjusting the torque to maintain an optimal tip-speed ratio, however it saturates at rated torque when rated power is achieved and is therefore only operating when there is less power in the wind than the turbine is rated for.
· Finally, the drivetrain damper, which is more typical these days, uses the capability of the turbine power electronics to add damping to the often lightly damped 1st drivetrain mode of the turbine (see [18] for further information on turbine controls essentials)

To summarize the objectives of conventional wind turbine controls then:
· Regulate rotor speed in above rated wind speeds (pitch control)
· Maximize power capture below rated wind speeds (torque control)
· Minimize structural loading (both)

Since the mechanical power of the turbine can be computed as the product of shaft torque and speed, it is clear that the turbine could if controlled properly, adjust its power out in ways to provide active power control to the grid.  Further, this could be accomplished through either modifications to the torque or pitch loop or both.

For example, the turbine could provide a sudden increase in power to the grid by raising its demanded generator above the nominal amount proscribed by the rotor speed.  This could be used to emulate inertial response for example, and this type of control has been discussed in the literature in several articles [17], [19].

It is also conceivable that wind turbines could provide primary frequency control and regulation responses.  In the case of a primary type response for example, the wind turbine could adjust the power rating of the turbine dynamically in response to requests from the grid operator, or by direct reading of the grid frequency.

The introduction of these new control objectives however requires consideration of how adding active power functions impacts typical control objectives.  For instance, does adding primary frequency control inhibit the performance of damping control?  What are the structural impacts of implementing active power control on the turbine?  Is there a trade-off between the rate of power adjustment and actuator usage, controller coupling or structural impacts?  These questions will be important to answer in order to facilitate expanded provision of active power control by wind turbines.

In this task, and then further in the field-testing task, we explore very basic controllers for implementing a simplified form of active power control.  The purpose is first to find controllers capable of providing given services (inertial, primary, secondary responses) and then determine the trade-offs involved with their design in terms of structural loading, actuator usage, etc.  This determination is done first in this task through extensive simulation, and in the next task through field-testing.

For simplified control design, we reduce the active power control problem to one in which a single turbine attempts to follow an external power reference signal.  This signal could come from the grid operator in the case of automatic generation control (AGC), or from the wind plant controller, or could be simply derived from local measurements of grid frequency.  This layout is illustrated in Figure 22. The power reference is assumed to be provided externally.  The yellow circle indicates the scope of work for the simulation and field-test tasks.

[image: ]
[bookmark: _Ref305068205]Figure 22: Architecture of active power control for this work.  
A number of controllers were designed which augmented the baseline turbine controller given in Figure 21.   Several these have proven to be fundamentally challenging due largely to coupling with existing control loops.  A set of two controllers has been currently selected as the most promising.

The first controller acts on the external reference signal by scaling the demanded torque in response to the provided power reference.  This controller is shown in Figure 23.

[image: Y:\Wind\Public\Projects\ActPwrCtrl\Documents\Figures\ControlArchitecture\ControlTrqV2.png]
[bookmark: _Ref305068222]Figure 23: Torque-based APC which acts on the power reference by scaling the demanded torque.

The other control loop under consideration modifies the turbine output power in response to the reference by adjusting the speed setpoint of the turbine, thereby affecting the change through the pitch control system.  The speed reference is determined through a look-up table which is effectively an inverted power curve for the turbine.  This controller is shown in Figure 24.
[image: Y:\Wind\Public\Projects\ActPwrCtrl\Documents\Figures\ControlArchitecture\ControlPitchV2.png]
[bookmark: _Ref305068244]Figure 24: Active power control through pitch control via modification of the speed setpoint

Other controller topologies considered, such as feedback control of the power or nested PI loops have proven difficult to tune and are currently not under consideration.

Following initial design of the above controllers, each was simulated using the design tool FAST.  FAST is a turbine simulator tool maintained by the NWTC which can provide a numerous degree-of-freedom non-linear simulation of a wind turbine [20].  Using FAST it’s possible to simulate the control in a realistic environment including structural turbine modes, turbulent wind inflow, aeroelastic effects.  The turbine simulated is the CART3, which is a turbine located at the NWTC which will be used in the field-testing of these controllers.  A fuller discussion of the CART3 will be provided therefore in the next section.

Simulation of the controllers has yielded positive results as both controllers show promise in their ability to have the turbine track the power reference provided by an external reference.  The one exception is that torque-based tracking does not perform adequately in below-rated winds because the rotor speed in this region is not controlled, and so changes in torque may lead initially to changes in power, but these will in turn lead to changes in rotor-speed off the optimal speed for a given wind.  However, this is not a problem in above-rated winds when speed is maintained by pitch control.  

The following two figures show these controllers in simulation:

[image: ]
[bookmark: _Ref305068467]Figure 25: Torque based control in above-rated wind with changing power reference. 

[image: ]
Figure 26: Pitch-based APC in above rated winds. 
The above simulations demonstrate the capability of both controllers to track a changing reference power signal. 	Statistical analysis was then performed on these simulations to determine both the controller performance in terms of accurately tracking the reference, as well as loading on several key structural components.  Some of these results are provided in Table II:

Table II: Comparison of controller performances, superior performance bold.
	
	Baseline
	Torque-based
	Pitch-based

	Drivetrain torsion DELs (Nm)
	1795.1
	2105.4
	1795.5

	Flapwise blade beding DELs (Nm)
	412.9409
	372.1359
	409.6348

	RMS power error (kW)
	N/A
	36.5361
	52.7832

	RMS power error (%rated)
	N/A
	6.64%
	9.60%



Observing the above table, one comment is that the torque-based control delivers the lower RMS error due to its faster response time.  This implies that it is probably the preferable technique when possible (such as in above rated wind speeds when rotor speed is currently regulated by pitch control). The DELs in the above table stand for “Damage Equivalent Loads” and indicate the amount of fatigue loading on a given structure.  This data is too preliminary and based on initial controls designs to draw strong conclusions, but it is not surprising that the torque control loop incurs higher DEL on the drivetrain, where as the pitch method has larger blade and tower DEL.

These positive initial simulation results indicate strong potential for APC provision via wind turbines.  The next stage of the work will be to further optimize these two control approaches as well as consider a combined approach using both pitch and torque, the idea being that this control would reap the benefits of the torque actuation, while using pitch control to enable APC in below-rated winds.

The above data is based on limited simulation results. A full simulation sweep across wind conditions and with various power reference signal conditions (speed with which power reference can change, absolute range of reference allowed etc) needs to be done too truly understand the potential 

[bookmark: _Toc307568032]Task 4: Controls Field-Testing Task
In addition to evaluating APC controllers in simulation, an additional task is to actually test these controllers through field-testing.  This field-testing will provide valuable information about the performance and effects of a given controller from data collected of a real turbine.

The CART3 is a 600kW field turbine located at the NWTC.  It has been modified from its original 2-bladed constant speed operation to a variable-speed 3-bladed configuration.  The CART3 features a custom control which allows for ease of inclusion of controls systems for testing.  The CART3 is shown in Figure 27.

[image: C:\Documents and Settings\pfleming\Desktop\ACC2011\CART3B.jpg]
[bookmark: _Ref305076708]     Figure 27: The CART3 wind turbine at the NWTC.

The CART3 will has recently been commissioned for use and will supplement the ongoing research performed on the 2-bladed CART2 (see for example [21]) .  Some of the key specifications of the CART3 are provided in Table III.


Table III: Essential CART3 data
	Hub Height
	36.842m

	Rotor Diameter
	40m

	Rated Rotor Speed
	41.7 Rpm (Derated to 37 currently) 

	Rated Power
	600 kW (Derated to 550 kW currently) 

	Rated Torque
	3524.36 Nm (HSS)

	Generator/Power Electronics
	Type 4 (Fully Decoupled from Grid)



The CART3 includes a suite of sensors not typically found on commercial turbines which it samples at its frame rate of 400 Hz.  This provides a rich data set with which to examine effects of controllers on the turbine, for example controller excitation of structural resonances.

The CART3 control system has been modified to utilize an internally generated synthetic power reference, similar to what was done in the simulation study.  Additionally, the pitch-based APC controller was implemented on the CART3 control system.  This allowed an initial run of the controller get a first look at the real performance of the controller.  Data collected from this run is shown in Figure 28.
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[bookmark: _Ref305076766]Figure 28: Data collected from field-testing pitch-based APC

In looking at Figure 28, one can see that the turbine power is indeed following the reference.   However this tracking is not perfect because the controller is not acting fast enough to follow the reference and adapt to changing wind conditions. In addition, the tower bending signal, measured via strain gauge at the base of the tower, shows two large pulses at times when the power reference changes by a large amount and the turbine pitches quickly to follow.  The pulse is derived from the fact that the pitching is affecting the thrust applied to the turbine too quickly, creating an impulse which excites the tower fore-aft mode of the turbine.  Information like this informs the upper-bounds of performance for a pitch-based controller in terms of allowable changes in reference, or how quickly those changes can allowably be tracked.

Future field-testing will be performed alongside thorough simulation studies to provide detailed information about the potential and limitations of APC.  Simulation and field-testing results will in turn be fed back into other tasks in order to provide realistic information about what is possible in terms of single-turbine APC, and in addition to what is possible, what are the trade-offs incurred as demands for power reference tracking are increased and the alacrity of response required increases.  Studies such as these are vital to understanding the trade-offs. 


[bookmark: _Toc307568033]Task 5: Dissemination and Outreach Task 
An important part of the project was to ensure that the right audiences were being apprised of the work being done by the team as well as work done by others in active power control by wind power. The team planned out various forums to reach stakeholders describing the project and the concept with the right level of detail appropriate for the associated audience. It is important to ensure both that uninformed stakeholders are aware of the work being done as well as engaging with well-informed industry partners to incorporate input that is based on industry needs.

In January, the team put together the “Active Power Control from Wind Power Workshop” in Boulder, Colorado. This workshop contained some of the best international experts in the field. The team spent considerable time making sure the right experts were there while keeping the total audience small in order to keep the discussions flowing and on target. The workshop started with NREL and EPRI discussing the goals of the project and introducing the desire for the audience to solicit their input. Three panels followed: (1) system operators with representatives from NERC, ISOs, and utilities discussing the need for these services; (2) manufacturers with representatives from some of the major firms discussing some of the research and capabilities already present in their designs; and (3) representatives from some of the major universities who do research in the area. Lastly, discussion was held at the end to discuss next steps and direction that the research team should head. The group was held informally as a technical review group to provide voluntary feedback on major milestones.

Throughout the first phase of the project the team was engaged in numerous other forums, either presenting, chairing, or part of a discussion group. These are listed below with a small description of the event and how the team member(s) participated. Presentations and/or website links are provided if applicable and public.
	
Wind power plant control and flexible load management, Risø DTU, Roskilde, Denmark, November 2010:
A presentation was given on the initial ideas of the project. The objective was to solicit international feedback since researchers and industry in Denmark are a bit further ahead of the U.S in this area. Website: http://www.risoe.dtu.dk/en/Conferences/VES_Workshop/workshop_four.aspx
Presentation: http://www.nrel.gov/wind/systemsintegration/pdfs/2011/ela_risoe_active_power_control_project.pdf

Utility Wind Integration Group Spring Technical Meeting, UWIG, Kansas City, MO, April 2011:
A presentation was given outlining the project with some initial results. The objective was to reach out to utility members to make them aware of the project and that the capabilities exist.
Website: www.uwig.org

American Wind Energy Association Windpower 2011, AWEA, Anaheim, CA, May 2011:
A presentation was given outlining the project with some initial results. The objective was to reach out to the general wind community. Most of which were not aware of the technical capabilities outlined in the project.
Presentation: http://www.nrel.gov/wind/systemsintegration/pdfs/2011/ela_testing_active_power_control.pdf

American Control Conference 2011, San Francisco, CA, June 2011:
A presentation was given outlining the project with some initial results. The objective was to reach out to the controls research community and link them with this new power systems problem. Most of which were not aware of the control objectives outlined in the project.

Department of Energy Office of Electricity workshop on frequency response, Washington, DC, June 2011:
Many representatives of the team were present to discuss issues with frequency response and topics related to wind. 

IEEE Power and Energy Society General Meeting, Detroit, MI, July 2011:
One of the team members chaired a panel on how frequency response can be provided by wind power. Numerous experts gave presentations on the subject.

WECC Governor Droop Setting Drafting Team, various:
One of the team members has been regularly participating in this committee and providing expertise on wind power’s capabilities.


The team plans on continuing its engagement with various stakeholders in the second phase of the project. Other stakeholder groups will be important to inform as new results are discovered. For example the team plans on working with ISO market operations staff while performing work on the markets analysis in the steady-state task. Engaging with other stakeholders from the regulatory field will also be important to make them aware of these capabilities. The team will continue to stay engaged with the research community and plans on meeting with the original January workshop participants again in order to discuss some concrete plans.

One important step the team will be pursuing during the next phase will be performing some of the field tests on more commercial turbines. NREL’s National Wind Technology Center has three, soon to be four, commercial MW-sized wind turbines at its facilities. The team plans on working with different manufacturers on testing the different active power control products. Finally, the team will pursue options of working with a utility/system operator and wind plant operator in order to test responses on a full sized wind plant. These new tests will be valuable to industry giving them realistic results and anticipation of system operations with these capabilities adopted.
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