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MEMORANDUM
	DATE:
	13 June 2017

	TO:
	NEM Operational Committee

	FROM:
	christian schaefer (PSMRG)

	SUBJECT:
	psmrg update to NEMOC 28 June 2017 



The Power Systems Modelling Reference Group has met twice since the previous NEMOC meeting on 27 March 2017.
In the past three months focus of the PSMRG has been on:

1. Membership, engagement and governance of the PSMRG:
The convener has observed that (a) numbers in attendance at PSMRG meetings and (b) time available from members to contribute to agreed actions has been decreasing steadily over time.
This is mainly due to the heavy workload that each member is saddled with. However, it has also been noticeable in participation during meetings and input to the meeting agenda.  
So to ensure that the PSMRG remains active and relevant we have reviewed the governance and direction of the group, in particular reviewing:
· Member participation – lack of contribution to agenda and group direction setting, lack of participation and engagement in group discussions.
· Group governance – excessive number of group objectives to manage effectively, lack of steering and guidance from NEMOC
· Group membership – review current membership to ensure SME’s with sufficient time to contribute are included, open up access to other industry SMEs
To address the above concerns, the group sought agreement on the restructure of the PSMRG in terms of membership, frequency and format of meetings, topics the RG has to focus on and overall governance.
In summary, to make sure that the PSMRG remains active and relevant to the objectives of the ToR the following changes to the governance and direction of the group were discussed and agreed to by the group:
1. Governance 
· The group proposes to adapt a CIGRE style committee model, whereby the core reference group (RG) members will continue to oversee the directives of the PSMRG and engage with NEMOC, while separate working groups (WG) will be established to complete specific work packages.
· The frequency of meetings will be reduced to quarterly meetings: three half-day face to face meetings at Sydney or Melbourne airport, and the two day annual meeting during July. A tentative standing agenda should be agree at the next PSMRG meeting.   
· Changes to ToR and objectives to implement the above will be finalised at the July meeting and submitted to the NEMOC for consideration at the September meeting.
1. Membership 
· Due to the confidential and sensitive nature of information discussed within the group, the RG membership will continue to be selected from TNSP and AEMO SMEs.
· The WG membership will be open to appropriate industry participants, engineering consultancies and similar power systems SMEs.
· The group endorsed a request for participation in the RG from TransPower
· Proposed membership of RG:
· ElectraNet: Wai-Kin 
· Western Power: Reza Bank Tavakoli 
· Trans Grid:  Jahan Peiris, Don Geddey.
· TasNetworks: Andrew Halley.
· Powerlink: two (2) SMEs TBA
· TransPower: Victor Lo
· AEMO: Christian Schaefer (convener), Luke Robinson (Secretary), Babak Badrzadeh, Andrew Groom, Michael Redpath
1. Participation
· Active participation at less frequent meetings will be encouraged through setting a standing agenda, circulating minutes and discussion papers at least 4 weeks in advance of meetings, inviting WG conveners and external stakeholders to attend the quarterly PSMRG meetings. 
· WGs once nominated and agreed are to meet as required & to invite external participants to discuss. 

2. Progress of the Mudpack R&D agreement with Adelaide University
Mudpack is the standard software used across the NEM for analysis oscillatory stability. The software is licenced from Adelaide University as part of a three year R&D agreement that expires in 2018.
Concerns have been raised by the PSMRG about the lack of progress and slippage of the R&D agreement schedule; a number of deadlines have been missed and the completion of works for end of year 2 in August does not seem achievable.
To bring the project back on schedule Adelaide University has focused on select items:
a) Mudpack development and the software update. Specifically this involves the conversion of Mudpack to the new Windows based graphics library. It is my aim to be able to introduce the new version of Mudpack’s model construction and Eigen analysis tools at the forthcoming Mudpack training and workshop in June 2017.
b) Generator damping from online measurements. We have found this last week a clear explanation why direct on-line measurement of generator damping coefficients from ambient measurements may not be feasible. This finding will now allow us to wrap up the working draft report that we sent to you earlier.
c) Solar PV farm modelling. We are wrapping up Report 3 (sensitivity of solar PV plant parameters to operating point variation) whilst analytical work on Report 4 (simplified modelling for robust control system design) is proceeding.
 
3. Active power control modelling guidelines development
A survey of critical modelling requirements for active power control was conducted amongst the PSMRG member organisations. The results of the survey was converted into a scope of works to expand the existing Turbine Governor Modelling & Testing Guidelines available on the AEMO website.
AEMO has engaged Dr Martin Ringrose to carry out the work, peer review will be provided by Marina Delac of Digsilent Pacific.
Key tasks of the guideline development include:
1. Review of TNSP input on frequency related modelling provided via the Power System Modelling Reference Group’s (PSMRG) frequency response, governor and prime mover survey.
1. Undertake literature research including international best practice on key areas highlighted in the PSMRG active power control requirements survey.


1. Review NER modelling requirements, testing and validation guidelines and other key documents.
1. Consolidate outcomes of the above reviews and relevant literature research to prepare an active power modelling guideline document as follows:
3. Provide draft version for AEMO and PSMRG review 
3. Present findings to the PSMRG via teleconference 
3. Work with AEMO to integrate feedback 
3. Prepare final version of guideline document.

4. Coordination of PSMRG 2017 annual meeting 
The PSMRG is meeting in Adelaide for their annual meeting. Focus of the meeting will be workshops and presentations relating:
· EMT simulation of special protection schemes, black starting, weak networks
· Modelling of system events and disturbances 
· Development of static and dynamic load models
· Group governance and structure, proposal of relevant and appropriate WGs for the 2017/18 period.

Regards,

Christian Schaefer
Manager Network Development


	
[image: ]
PSMRG Action Item - Governor Modelling 29Nov16.docx
FREQUENCY RESPONSE, GOVERNOR AND PRIME MOVER SURVEY 

FREQUENCY RELATED MODELLING - GENERAL

1. What frequency performance phenomenon do you consider important to be studied now and in the future?

The primary and secondary responses 

Ability to predictably arrest a frequency decline, either before load shedding occurs, for smaller events, or before frequency reaches 47 Hz (and system collapse) for major events.

Understand factors affecting degrading regulation of NEM frequency under normal operating conditions.

Investigating changes within the power system that impact on FCAS requirements (following credible contingency events).  The ability to accurately simulate the ‘true’ governing response over time as opposed to assuming a perfect linear response as described by the Market Ancillary Service Specification (MASS) becomes particularly important as system inertia reduces.

A related issue is the investigation of rate of change of frequency (ROCOF).  While the initial ROCOF experienced by the power system is dominated by inertia, load response and the fault ride characteristics of power electronic interfaced energy sources will impact the ROCOF seen over different time frames.  Understanding the response of governing system during these system dynamics is particularly important when considering the use of df/dt elements in control and/or protection systems.  Such elements may be used in an attempt to discriminate between event types (credible and non-credible for instance).

Design of under frequency load shedding (UFLS), over frequency generation shedding (OFGS), and other types of System Protection Schemes (SPS) to manage non-credible contingency events under low inertia operating conditions.  Potential changes to the size of ‘credible non-credible’ contingency events is an interesting consideration following the recent experiences in South Australia.  The interaction between such schemes and the ‘residual power system’, i.e. whatever is left after such an event, is important to ensure that frequency can be adequately stabilised to enable the commencement of recovery efforts.

Design and implementation of switching controller schemes.  While not common at present, the potential need to source ‘non-analogue controller’ based fast FCAS may become more critical in the future power system depending on what requirements are imposed on wind and solar going forward.

System rate of change of frequency (ROCOF).

UFLS grading.

System maximum frequency following contingency events (and associated FCAS requirements).

Impact of higher penetration of non-synchronous generation on load following and FCAS.

Frequency performance (and standards) for micro-grids (order of 5 to 100 MW).

Power station response/performance against performance standards for commissioning/compliance tests & for system events.

Power station ROCOF and UF/OF protection.

Future frequency control / inertia requirements. 



2. In general, state the time range (several seconds, tens of seconds, minutes) that NEM power system frequency studies should be able to model reasonably accurately. 

Up to 30 sec that the models should be able to be within model accuracy requirements and perhaps be reasonably accurate for longer term in the order of minutes where external factors such as luck of AGC modelling prevents models from been within model accuracy requirements

1st 30 seconds is key period. Particularly the period prior to minimum frequency being reached.

In Tasmania, we simulate out to the point where all ‘frequency controllers’ have settled onto their ‘droop characteristic’.  Typical time frame would be around 30 seconds depending on the amount of dynamics that are invoked by the initial contingency event.  We would normally run frequency stability studies out to 60 seconds, recognising that other secondary controls will come into effect that are not modelled (and don’t need to be modelled in a formal way, e.g. the response of centralised AGC can be approximated if needed, but this is typically not required).

In general, studies should be conducted over a time range that ensures that all primary frequency control responses have been delivered and it can be categorically stated that frequency has stabilised and can be recovered back to 50 Hz via secondary control systems.

Suggest reviewing events and the timeframes over which they occur. Expect at least 30 seconds, and up to 5 minutes would be required. (Note that in the WEM generators are required to return to their initial dispatch target after their initial response, depending on the unit, around 16 - 30 seconds. We do not model the redispatch processes following events).



3. Do you agree or disagree that inertia, governors etc. should be modelled accurately through R2 testing and analysis as opposed to using generic models? If you have examples that would prove your point please include them in your response.

R2 testing has its benefits but in addition it would be valuable to further assess the models performance against actual system events. The WECC for example (doc attached) have used an approach in the past where generic models have been tuned to match system events and improved generic model accuracy. 





Quantification of unit inertia will be important, as likely to have market value in future. More accurate methods than manufacturer guarantees, or eyeballing of a load rejection test response may be required.

Information on governor dynamics is important. But, becoming clear that there is not always a single model that will predict response to disturbance (say unlike AVR/PSS). Important to understand how governors are used by plant operators in real time. i.e. what modes of operation are available. Some plants are adjusting internal limits of governors in real-time, others are widening dead-bands to avoid wear and tear on plant, or to minimise exposure to FCAS cost allocation factors.

In Tasmania, all generator, governor and excitation system models are validated through an ‘R2’ process as part of the commissioning program for new equipment.  This includes the equivalent models which are provided for wind farms. 

Inertia continues to be validated via load rejection tests.  Governor models are in most part validated via signal injection testing with the generating unit operating both on and offline (depending on the characteristic or control mode being tested).

Given the importance of frequency control in Tasmania, ‘R2’ testing is not considered optional.

Whether a generic model is adequate to represent the plant in question is a separate question.  Our experience has been that the generic governor models provided within PSS/E do not adequately capture many of the non-linear and complex characteristics of hydro machines (which is probably acceptable if system frequency only changes by small amounts and relatively slowly, as would be the case in a large system).  Almost all our governor models are now ‘user models’ which have been built to accurately represent the controller block diagram structure and the physical system to which it is interfaced.

Inertia is important not just for frequency studies, but for synchronous stability and system damping performance. This becomes increasingly important with less synchronous generation online, and more varied power system operating conditions. 

In WA we validate models as part of R2 testing. See further below for typical tests used to validate performance/model accuracy.



4. What is your view on the modelling processes that contribute to the primary and secondary frequency response as per Figure 2 (e.g. waterways, boilers, auxiliary load etc.) instead of the governor and turbine dynamics only?

As per item 1, primary and secondary response is vital. 

Important to understand all factors affecting ability of generator to assist in stabilising and recovering frequency after an event.

Our experience is limited to waterway modelling and the modelling of temperature controllers on gas turbines.

The ‘proper’ representation of waterway dynamics has proven to be important, especially the interaction between multiple machines connected to a common water delivery system, e.g. common power tunnel/penstock connected to a multi-machine manifold.  This is especially true when the system dynamics can result in frequency overshooting (or undershooting) 50 Hz in response to various control/protection systems being invoked.  The inertia of the water column and the dynamics in the hydraulic system have a notably impact on the rate at which a governing response can be delivered and the degree to which a hydro machine initially ‘contributes’ to the frequency excursion before beginning to correct it.  During fast frequency excursions (high ROCOF) the time delays involved are very relevant and greatly impact the level of coordination required when multiple frequency control schemes are involved.

While TasNetworks has been involved with the development of CCGT and OCGT governor models for our small fleet of thermal units, the focus of that work was on the primary governing system (speed control loops).  Slower acting dynamics associated with exhaust temperature controls have been included in the models, however our experience is limited in terms of the impact that such controls can have on system frequency management.

Agree. 

For coal units, the number of mills online may also be important in determining the active power capability/response.



For combined cycle plant, heat recovery dynamics are also important.



5. Is there merit in implementing temperature sensitive network models to accurately capture the capability of gas turbines?

Yes, for GTs its inherent to capture the temp/output relationship.

May be one factor to consider.

As noted above, we have included such controls in governor models built over the last 10 years but have not dedicated a great deal of time into investigating the potential impacts on frequency control for the Tasmanian system.

One aspect that should be included in some way for all thermal machine models, even if simplified from reality, is the impact of high ambient temperatures on steady state machine capability.  If a thermal unit is only going to governor up to say 90% of rated capacity due to high ambient temperatures, then there is little point in assuming that the remaining 10% is available to provide an FCAS raise response.  This will obviously result in an optimistic simulation outcome and not reflect the actual level of governing capability in the system.  

This issue is slightly different from that alluded to above where a machine may be capable of delivering full output for a short period of time, before being governed back onto a dynamic limit determined by an exhaust temperature control loop.  Understanding when the limit will be applied and the resulting impact of frequency control (across different time frames) is important for deciding what to model and what level of simplification may be appropriate.



This is a consideration for development of planning cases and generation dispatch assumptions in studies. The issue may also relate to capacity planning and compliance with FCAS bids.



6. What frequency dependant load modelling do you currently implement in your time domain system analysis, and how were these models derived?

Non

1.5% load relief on mainland, 1% load relief in TAS. ‘Legacy’ values. Static values, i.e. no time dependence, or inertia considered in load response to frequency.

We are still using static load models which include frequency sensitivity.

The original parameters for the models were derived from a combination of literature and limited field measurements.  The overall impact on our ability to predict system frequency excursions was determined by undertaking multiple contingency event analysis and overlaying measured and predicted system responses. 

In more recent times, TasNetworks has deployed Phasor Measurement Units (PMU) to continuously monitor selected loads in real time with a 50 Hz time resolution.  This has provided a great deal of data on both the voltage and frequency sensitivity of different load types for a variety of different system disturbances.  A significant finding to date is that application of a single load relief factor may be inappropriate.  Measurements suggest that load relief is a function of ROCOF.

Our load modelling work is ongoing, albeit secondary to other issues (unfortunately).



Not applied in transient stability studies. For long term frequency stability studies an in-house program WPUFLS is used which models the load inertia and load relief factors, derived from system events (during high and low system inertia conditions).



7. What accuracy requirements should be applied to frequency response modelling with respect to including such requirements in the Power System Model Guidelines (previously Generating System Model Guidelines)? 

Separate accuracy requirements can perhaps be defined for the primary and secondary responses as per item 2 

No comment.

Always a difficult question.  

For frequency response modelling (governor modelling), an alternate approach to what we have traditionally done could be to couch the required accuracy in terms of ‘energy error’, perhaps across different time frames.  Ultimately, a frequency deviation is a function of the overall energy imbalance experienced in the system.  If a governor model simulates the correct injection of active power over a specific time period (say first 6-seconds, next 10 seconds, 10 seconds after that…) assessed in terms of energy (MW x time), then the ability to simulate the frequency disturbance will not be greatly compromised.  This assumes that the ‘general shape’ of the response is about right, i.e. you can’t simulate a step to replace a physical ramp response even though the energy contribution might be exactly the same.  

Hope this makes sense.  Happy to elaborate further if necessary.



Suggest applying the same requirements as the Guidelines, where Users may seek a Variation from the requirements. A Variation is considered on the merits of the case, impact on performance, impact on system, cost to resolve, timeframe to resolve, etc. We have adopted a similar framework in the Generator and Load Model Guidelines.





8. Do you believe that NER 5.2.4 presently allows AEMO and the TNSPs to request the level of information that is required to accurately model frequency response in the NEM?

Yes, but given that governor models and deriving the modelling information is a complex situation it might be worthwhile to supplement this information through ongoing disturbance monitoring and tuning of models.

Broadly, yes. However, additional information provided in real-time may also be required. Could be requested under S5.2.6.1 (b) (6).

I think the Rules are sufficiently vague that they can be interpreted to apply equally to governors as they do excitation systems or generators.  The most significant issue that I have with S5.2.4 is the inability for a TNSP to enforce ‘R2’ testing if the generator does not believe that the initial models submitted as part of a connection application are incorrect or inaccurate.  Subclause (d1) is problematic in my opinion.

Western Power has been reasonably successful in obtaining updated computer model information following upgrades, and following system events where non-compliant performance has been identified. 



Whilst the rules may provide the ability to request information, the business needs to be willing to and support seeking this information from customers. 



FCAS IN USER MODELS

9. Should FCAS responses be included in user models, and how do you expect this to contribute to the simulation accuracy?

Yes, FCAS control logic should be included in the models, however it is well understood that the actual generators responses are market based which would be impossible for the model to predict.  

FCAS response is governor response. No basic difference. Problem is that FCAS market can make governor response unpredictable.

Governor models should reflect the performance of the plant that is connected and operating in parallel with the power system.  For generators that have the ability to ‘switch off’ or disable their governing response through electronic control systems, there should be a requirement for this status to be made available to AEMO via SCADA.



No comments.



10. Over what time frame is accurate modelling of FCAS required – 6 seconds, 60 seconds and 5 minutes? 

Up to 5 minuted but As per item 7, perhaps accuracy can vary within the time frames.

See Q2 above. 

Refer answer to question 2.  I don’t believe that simulation of AGC is necessary (in a PSS/E environment away).



Per question 2.





11. Should FCAS model validation be compulsory at R2 stage?

Yes. Once the generator chooses to be FCAS registered then it is required to validate it full operating regime.

See Q8. FCAS model is governor model, plus information on how governor is actually used by plant operator.

It is not clear to me why FCAS and governor response are being discussed almost separately.  If we consider both as a frequency control response, then the rules for one are no different to the other.



Not sure, however suspect this is up to AEMO in terms of how they manage the risk that a new entrant/upgraded plant bidding into the FCAS market may not meet the performance requirements according to their FCAS bid.



FCAS INFORMATION AVAILABILITY

12. Is there merit in developing a process whereby all new digital governors would supply in real time modelling-relevant information to SCADA, e.g. variable gain settings, mode of operation etc.?

Yes, there are more and more generators with switchable modes of operation which would beneficial to have visibility of.

Yes. Proposing exactly this for new ESCOSA generation license requirements in SA.

Yes.  However, it would be better if generators were only sending status information (on/off) rather than trying to send analogues.  Governor models should be written in such a way that if a particular ‘boost mode’ is enabled, then the corresponding higher gain is selected within the model.  In this way, the model interface and resulting SCADA requirements dumb-down to status points which are much faster to implement, commission and interpret going forward.

This is what we have done in Tasmania.



Mode of operation should be provided, and is in the WEM (for new stations). Provision of settings info probably applies to all control systems, which may be a larger piece of work. 

Generators must operate in a specified mode and with approved settings. If there is a plant issue and they need to, for example, disable droop mode, they must notify Western Power and AEMO, and provide details of the timeframe to resolve the issue.



13. Do you believe that the relevant FCAS plant data, available for download as part of OPDMS snapshot package and applied to the simulation, would materially increase simulation accuracy?

Yes, this has been confirmed in the past via benchmarking simulations

Yes.

If you are genuinely interested in simulating a frequency disturbance in a meaningful way, I can’t see how you could not include FCAS plant.

Not sure, but suspect that typically snapshots are used for transient stability, and so the FCAS data may not impact simulation accuracy/outcomes. We would like to know more about AEMO (NEM) simulation tools and methodology for determining FCAS requirements.



GENERATORS ROCOF

14. Do you have specific performance data regarding the RoCoF capability of existing synchronous units to understand how they respond to higher rates of change of frequency? 

No

Little data exists for most existing generation installed pre 2007. Several work packages underway to better understand this. Novel question, at the leading edge of power system performance assessment worldwide.

No.

For existing hydro generating units, there is no information to suggest that they and their control systems would not be capable of operating up to the automatic access standard of NER S5.2.5.3.

For the gas turbines installed at Tamar Valley Power Station (OCGT and CCGT), their performance standards stipulate compliance with the automatic access standard.

For Woolnorth Wind Farm, the GPS limits ROCOF to 3 Hz/s, whereas Musselroe Wind Farm was connected at the automatic access standard (4 Hz/s).

Tasmania currently applies the following ROCOF limits as part of its connection standards:

Continuous uninterrupted operation is required for rate of change of frequency (ROCOF) maintained within the following ranges:

· Above  3 Hz/s, sustained for not longer than 100 milliseconds.

· Any ROCOF profile up to  3 Hz/s for any time period that does not result in frequency breaching 47.0 Hz or 55.0 Hz.  

The Tasmanian ROCOF constraint equation is designed around this technical envelope.



A recent simulation assessment showed a particular GT would pole slip for RoCoF’s exceeding about 3 Hz/s.

System events have shown RoCoF’s below 0.7 Hz/s. 

During some islanding events (e.g. North Country, Eastern Goldfields) we have high RoCoF’s (order of 20 – 30 Hz/s) which result in O/F or U/F protection operation.



FREQUENCY CONTROL SCHEMES

15. What other frequency control mechanisms do you currently model in your analysis e.g. AUFLS, generator run back, demand side management, AGC, wind turbine frequency controls? 

Governor only 

SPS only. No AGC, most non-frequency modelling completely excludes governors. OPDMS only provides a small subset of generators with governor models.

Tasmania has models for the following frequency control schemes:

· Governor models for all synchronous machines.  Note that the following ‘specials’ are embedded within the governor model for that particular unit:

· Tail Water Depression Operating Mode for Reece #2 machine (status point available via SCADA to indicate whether this is enabled or not).

· FCAS boosting mode for Reece #2 machine (status point available via SCADA to indicate whether this is enabled or not).

· Frequency control capability for Musselroe Wind Farm (status point available via SCADA to indicate whether this is enabled or not).

· Switching controller for Arthurs Lake Pump (raise FCAS provider) (status point available via SCADA to indicate whether this is enabled or not).

· Switching controllers for hydro generating units participating in the Over Frequency Generator Shedding (OFGS) Scheme (lower FCAS providers).  Assumed permanently enabled as the trip settings are configured in the local machine protection.  Hydro Tasmania informs TasNetworks when units are removed/included due to operational reasons.

· Tasmanian Under Frequency Load Shedding (UFLS) Scheme

We simulate the following via manual processes when needed:

· Frequency Control System Protection Scheme (FCSPS) operation

· Network Control System Protection Scheme (NCSPS) operation

· Runback controller installed at Smithton for Woolnorth Wind Farm.  Facilitates non-firm operation of Smithton-Port Latta-Burnie 110 kV corridor.

· Runback controller installed at Derby for Musselroe Wind Farm.  Facilitates non-firm operation of Scottsdale-Norwood 110 kV corridor.

While the last three schemes are obviously for management of transmission line thermal overloading, there are potential impacts on system frequency control depending on the network state at the time (including Basslink headroom).

Inverter frequency controls are modelled (active power reduction for over-frequency). Frequency protection settings are assessed at the time of connection/changes to plant. 

We account for runbacks/special protection schemes (although may not be explicitly modelled for dynamic studies).

We have undertaken specialist studies for System Management (now AEMO) to assess response of secondary controllers (AGC).



16. To what extent do you assess the coordination of, and performance impact of, frequency protection settings and pole slip protection settings? 

Currently don’t 

AEMO currently do not. One aspect of current work packages assessing system RoCoF withstand capability.

There has been limited investigation of this particular relationship given our hydro dominated system.

Per above, frequency protection at turbine/inverter level, collector bus and connection point are assessed at the time of connection/change. Relays and/or settings sheets should be viewed on site for both primary and backup relays (e.g. for synchronous generators we’ve seen different V/f settings in the duplicated gen protections, and we’ve seen changes in wind farm settings following software upgrades – important to check actual settings). We do not typically model pole slip protection relays, but will monitor the need to do so in future. 



17. Do you have existing special protection schemes to manage frequency of RoCoF issues e.g. TasNetworks SPS? If so can you describe these. 

Non in VIC

Not yet. Likely to be developed in SA in near future.

Yes.

· Frequency Control System Protection Scheme (FCSPS) for loss of Basslink.

· Under Frequency Load Shedding (UFLS) Scheme – emergency control for non-credible contingency events including partial or complete failure of FCSPS.

· Over Frequency Coordination (OFC) Scheme – emergency control for non-credible contingency events including partial or complete failure of FCSPS.  The OFGS Scheme forms the first part of the overall OFC Scheme.

· ROCOF constraint equation implemented in NEMDE.  Active for all operating conditions.



We have under-frequency load shedding schemes for a couple of large block loads. There may be an opportunity to consider a generator tripping scheme to manage load rejection events (e.g. on the 220 kV interconnection from Muja to the Eastern Goldfields).



GOVERNOR/TURBINE TESTING AND BENCHMARKING

18. Do you propose any frequency response performance tests (GPS) as part of new synchronous plant commissioning, and if so which ones? 

Yes 

Hard to test, other than by secondary injection. Can’t actually move frequency on generator or prime mover while online. Load rejection can provide some information.

Yes.  Details can be provided separately.  The tests are essentially a series of ramp and step test signals injected into the governor controller to exercise various parts of the logic, as well as help confirm the physical characteristics of the mechanical system.  Some tests are done with the machine shut down, while others are done online.  Hydro machines are probably a little easier to interface with than large thermal units.  Hydro Tasmania manages this on their own as they have a clear understanding of what is required.  TasNetworks would get more heavily involved for a non-Hydro Tasmania project involving a synchronous generator.



Typically we undertake partial and full load rejection tests, active power steps, frequency steps, over/under speed, ramp rate tests.





19. Do you propose any frequency response performance tests (GPS) as part of new asynchronous plant commissioning, and if so which ones? 

Not currently 

No comment.



Yes.  Details can be provided separately.  We have only done one set of physical tests on a wind farm Park Power Controller (PPC) which was for Musselroe.  As for the synchronous machine, the actual tests involved injecting a series of frequency test signals into the PPC to simulate frequency disturbances.  We varied the rate of change and absolute frequency deviation of the test signal to identify ramp rate limits, turbine pitch control limits, turbine response time delays etc.  For MRWF, the resulting impacts on the Voltage Control Scheme (VCS) were also useful to understand, i.e. could the VCS keep up with active power changes brought about by the PPC operating in frequency control mode.

TasNetworks requires that all new wind farms must have frequency control capability (both raise and lower FCAS).



Where possible, apply frequency bias to non-synchronous generators (e.g. some DFIG’s have the ability to apply frequency bias). We will monitor the need to test synthetic inertia capabilities in future.



20. Do you take advantage of compliance monitoring test data collected by Generators under NER 4.14 to improve governor/turbine models? 

Proposed to start doing so as part of OPDMS model maintenance

Yes, but severely limited by resource / time constraints on how much incident investigation we can do.

Not as such.  The data we are using on an ongoing basis to help validate the governor models (and system model in general) are as follows:

· FCAS meters.  Data is made available from Hydro Tasmania when we request, usually following large disturbances.

· Phasor Measurement Units (PMU).  At this stage we only have visibility of MRWF via our synchrophasor monitoring system.  More PMU units will be coming online in the near future which will have visibility of radial connections to hydro generators (west coast 220 kV machines will be first).  We have about eleven other PMU’s installed which are monitoring various 220 kV circuits and load take-off points.  We are using this information for load modelling purposes and validation of overall system dynamics.

· IDM Digital Fault Recorders – all West Coast and Mersey Forth hydro machines (as well as Woolnorth Wind Farm) are observable using our existing Hathaway IDM units.  They are likely to be replaced with PMU’s as they reach the end of serviceable life. 

4.14 relates to establishment of performance standards. Is this the correct clause reference?

We have requested data and analysis from a particular windfarm to assess the ramp rate performance.

For system events we use our recorder data. Sometimes this is supplemented by data from the generator. 

Generators have an obligation to routinely assess performance and self-report any non-compliances/model updates.





21. Would you consider conducting steady state measurement and analysis using TransGrid’s (D.Geddey) method in order to derive and/or confirm inertia of generators?

Yes, the TransGrid method provided valuable insight and results which supported update to generator parameters which would have otherwise remained outdated.

Suggest this work should be widely used, as it is cheap, non-invasive, invisible to participant, and inertia may become a valuable commodity in future.

Yes where the data is available to do so.  

In Tasmania, the standard test for determining inertia constants has been to apply load rejection tests, including up to full load.  The rate of speed rise in the period before the governor has had a chance to respond is considered to be a reliable way to determine the overall inertia of the rotating mass in hydro machines.  

For thermal plant, the usefulness of load rejection test may be reduced if the response time of the main control valves and intercept valves is very fast following opening of the circuit breaker.  

It can be noted that we were able to successfully apply load rejection tests and validate inertia constants against manufacturer’s data when the Tamar Valley CCGT and unit 104 OCGT were commissioned in 2008.

To be discussed/considered. We have identified a power station where this approach could potentially be applied.



We tend to undertake load rejection tests to identify inertia values. 



 

INCIDENTS

22. To what extent do you assess frequency performance following power system incidents? 

Not currently 

See 19

We generally review all major disturbances to assess whether ‘everything has worked’ as anticipated.  The level of rigour applied depends on the nature of the event.  



As System Management (now AEMO) is responsible for procuring ancillary services, we largely rely on them to undertake post-incident investigations. In the past WP has been engaged to undertake this assessment on their behalf. 

Where post-incident analysis shows that a generator may not meet its performance requirements, AEMO may request information from Western Power, or request that we work with the generator to assess the performance/model validity through testing.



23. Do you carry out frequency response benchmarking after system incidents? Not currently but may commence to as part of OPDMS model maintenance

See 19

For large disturbances that are not ‘routine’ in nature, or where something unexpected or unexplainable is observed, we would carry out simulations as a way of investigating and isolating what has actually occurred.  It would be unusual not to investigate in detail an event that results in under frequency load shedding (UFLS).



This is undertaken by System Management (AEMO) (or WP on AEMO’s behalf).



URGENCY

24. What are your thoughts on the urgency of the governor/prime mover modelling improvements?

Better understanding of how existing plant operators are using and setting their governors. 

Understanding of causes of degrading NEM frequency regulation since 2013. Good theory is generators using MASS as governor tuning guideline (+/- 0.15 Hz dead band), in absence of any prescriptive settings in the NER.

As Tasmania has always had to deal with frequency control as a significant issue, the question is not considered relevant for us as we already have processes and good quality models in place.

With significant changes to the generation mix already starting to happen on the mainland, it is suggested that efforts to better model at least those generating units that are regular contributors to fast and slow FCAS (raise and/or lower) reserves be considered.



This is probably secondary to determining the actual performance.






GOVERNOR/TURBINE MODELLING IN YOUR STATE

25. What is the current status of governor and prime mover model quality in your state? 

Only a handful as per below of governor models are available within OPDMS for VIC. With AEMO’s transition to PSSE 34, we are looking at reviewing this and adding more governor models which were previously unavailable due to model numbers limit 

Outside of TAS OPDMS has only very limited governor models available.

Very good. 



Reasonable. However for many of the governors confidence that they represent the actual performance is not high, and they may not be suitable for long term studies. We have used our WPUFLS calibrated model for this purpose in the past.





26. Please list the information as per the example table below, indicating where generic models are used.

TABLE 1. GOVERNOR AND PRIME MOVER MODEL STATUS - EXAMPLE

		PLANT

		INERTIA 

STATUS

		GOVERNOR 

MODEL STATUS

		OTHER PROCESSES MODELLED (WATERWAYS, BOILER DYNAMICS)?

		FCAS MODELLED?

		COMMENT



		LOY YANG A

		R1

SOURCE UNKNOWN

		R2

     USER MODEL 

		YES

		YES 

		



		WEST KIEWA

		R1

SOURCE UNKNOWN

		R2

USER MODEL 

		YES

		NO

		



		BOGONG

		R1

SOURCE UNKNOWN

		R1

     GENERIC MODEL  

		NO

		NO

		



		HAZELWOOD

		R2

		R2

USER MODEL 

		YES 

		NO 

		









Please find spreadsheet attached.



The response is applicable generally to all plant. Further detail may be provided if required.

WAY AHEAD

27. How would you prioritise governor/turbine modelling improvements?

Focus on generating units that are regular contributors to fast and slow FCAS reserves.  These units will already have FCAS meters installed so (at the very least) some measurements will be available to begin assessing the accuracy of any existing models.  If the models are shown to be inaccurate by some amount, then it is possible to decide whether improvements are justified or not. 

See Q23

Suggest the following process: 

1. Clarify roles and methodologies for the NSP and AEMO in undertaking system frequency studies/ determining FCAS requirements etc. (noting this may be different for AEMO WA and AEMO NEM).

1. Identify the power system issues that require more detailed/accurate investigation (i.e. from the results of this survey).

1. Identify the gaps in power system model and performance results (and the format the information is required in, e.g. PowerFactory/PSS/E or other software). 

1. Subject to the above: 

3. Clarify the required mode of operation

3. Clarify the required performance (review connection agreements. If not established, seek to establish performance and update connection agreements based on routine compliance test info and system events).

3. Confirm approved settings have been applied with the proponent 

3. Validate model through tests.

Refine load models and modelling approach to account for load frequency dependence, including PV drop-off.



28. Any other suggestions?

Suggest we discuss at the next PMRG face to face meeting.

Frequency stability is going to be more challenging in future, due to less inertia, less free provision of service, and incentives of current FCAS market to provide necessary services.

Not a modelling issue as such, but a review / overhaul of NEM frequency control arrangements, including considering appropriate mix of technical mandates and markets, would be a good idea. 

Thanks for the opportunity to contribute.
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A New Thermal Governor Modeling
Approach in the WECC

Les PereiraSenior Member, IEEEJohn Undril] Fellow, IEEE Dmitry Kosterev, Donald Davies, and
Shawn PattersgriMember, IEEE

Abstract—Recordings of large generation trips in the Western  The new proposed policy, NERC Policy 1C, specifies the min-
Electricity Coordinating Council (WECC) ! indicate that only jmum MW component of FRR that should be achievable in
about 40% of the simulated governor response actually occurs. gq g Accurate simulations of governor responses to system fre-

This paper presents the development of a new turbine-governor deviati duri tor tri tral to imol
modeling approach that correctly represents thermat units that quency deviations during generator trips are central to imple-

have demonstrated unresponsive characteristics as “base loaded” Menting the new requirements; thus accurate turbine-governor
units, or as units with load-controllers. The developmental work modeling, always high on the WECC modeling list [1], has be-
included the creation of a WECC-wide system database based come a critical issue.

on disturbance monitoring and SCADA recordings of staged further th deling i L
tests. The new modeling approach has been extensively validated 1© further the governor modeling investigation, two genera-

against recordings from three WECC system tests and several tion trip tests were performed on May 18, 2001 to determine
large disturbances and has been recommended for use in all the response of governors throughout the system with all au-

operation and planning studies in the WECC. Current effortisto  tomatic generation controls (AGCs) switched off. In separate
obtain validated data for the new models from generator owners tests, 750 MW and 1250 MW were tripped in the Southwest

that will replace the developmental database. The new modeling . . -
results in improved dynamic simulations of thermal and hydro and in the Northwest, respectively. The two tests indicated that

plant responses, of power flows in key interties, and of system only 40% of the expected governor response in the system ac-
oscillations following large generation trips. tually occurred in the “settling™ time of 60 s or thereafter as a

Index Terms—Governors, interconnected power systems, power result of the initiating generation trip. However, existing mod-
system dynamic modeling, power system dynamic performance, eling practice assumes that 100% of governors respond in ac-
power system simulation. cordance with the 5% speed droop governor characteristic. This
results in a significant difference between simulations and ac-
tual recorded system responses. The principal reason for this
large discrepancy is that base loaded and load limited genera-
N UMEROUS trips of large generating units and plantgys and units operating with load controllers, are not properly

rated up to 2000 MW in the Western Electricity Comggeled. These are primarily thermal and gas turbine units. In-
ordinating Council (WECC) over the years have indicated \gstigations indicated that other affects such as nonlinear gate
wide discrepancy between simulations of frequency and corigpyement, dead band etc have an impact on simulation results,
sponding recordings from disturbance monitoring equipmemyt 4 relatively minor one in comparison. In the modeling of

The differences in frequency have been noted in both the initighyernors, the base-load and load controller operation of units
transient dips and in the “settling” frequencies. Assessmegtciearly the dominant effect.

of the first transient dip is important for load shedding while

the settling frequency is a measure of the responsiveness '}'his paper describes the developmental work leading to the
; g frequency P s8lection and validation of the new thermal governor modeling
turbine-governors in the system.

In early 2001, the WECC proposed new criteria to meet “E proach in WECC. The work commenced with the WECC gen-

- . gation trip tests on May 18, 2001, followed by the applica-
new NERC policies for Frequency Responsive Reserves (FR |éh of a new thermal governor-load controller model (the GE

“ggov1” model), and the creation of a WECC-wide system data-

I. INTRODUCTION

["agusqript_feceti\éeﬁl De,\(fer;bef 1(;, I?f002_- o N Roseville. C Abase based on disturbance monitoring and SCADA recordings
. Pereira 1S wi e Northern California Power Agency, Rosevilie, .
95678 USA (e-mail: les@ncpa.com). of the tests and other disturbances.

J. Undrillis with General Electric International, Inc., Schenectady, NY 12345, The turbine-governor modeling effort followed a three-step

USA (e-mail: jundrill@ix.netcom.com). s e w i
D. Kosterev is with the Bonneville Power Administration, VVancouver, WAProcess of Deve|0pment’ Validation and Verification. DeVEIOp

97208 USA (e-mail: dnkosterev@bpa.gov). ment” of the modeling was based on the recorded responses of
D. Davies is with the Western Electricity Coordinating Council, Salt Lak¢he system and individual generating units during the 1250-MW
City, UT 84108 USA (e-mail: donald@wscc.com). : AT s
S. Patterson is with the U.S. Bureau of Reclamation, Denver, CO 80225 UﬂprthweSt Trip Test Qf May. 18, 2000. Va“da_tlon of the model
(e-mail: spatterson@do.usbr.gov). was performed by simulations and comparison to recorded re-
Digital Object Identifier 10.1109/TPWRS.2003.811007 sponses of the May 18, 2001 Hoover 750-MW trip test and the

IWECC were formerly the Western Systems Coordinating Council (WSCC}.une 7, 2000, Grand Coulee 750-MW system trip test. Allthree

2Thermal plants embrace conventional fired steam, nuclear system, simg@_ged tests were performed with AGCs SW'tChed O_ﬁ' “V?”f"
cycle gas turbine, and combined cycle gas turbine plants. cation” of the model was performed by comparing simulations

0885-8950/03$17.00 © 2003 IEEE







820 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 18, NO. 2, MAY 2003

May 18 2001 Test SW and NW Trips - Malin 500 kV Bus Frequency Limited Variable from Turbine

Load Limit Reference Limiting
Base case simulations (existing models) Governor Reference 2
i o
60 SW Trip NW Trip - Turbine Speed Froportiondl, 5 Turbine
—————————————————— Kimw | Integral, g Power
o 7 4 Derivative
N - gﬁmt Lousd Governor & Turbine
:;__59.95 r vagswxmwnarzgﬂ%qmg Reference Controller 5
(%) £
§ Generatar power ar turbine valve position
g £9.9 Measured Generator Power
(19
May18 NW 1250 MW Trip recording I_:|g_. _2. Overall configuration of thermal turbine-governor, load controller, and
59.5 | | limiting controller.
Note: AGC was switched off in both generation trip tests If all governors were responsive, and had a 5% droop
598 — 5 10 16 25 25 3 r = Droop (regulation) = 0.05 p.u.
Time in secs D = Damping = 0
_ ' _ settling frequency deviatiorHz = 0.105
Fig. 1. Frequency recor_dlngs_ of the SW a_nd NW trips on May 18, 2001. Also A, — Frequency Deviationpu = 0.105/60 —
shown are simulations with existing modeling (base case). ’
0.00175 p.u.
AP = Generation_Pickup,91000 MW base =
with recordings of several recent generation trips in the WECC 3185 MW
ranging from 950 to 2800 MW. calculated_from
Validation of the new modeling approach based on simulation
of base loaded units and load controller units led to the recom- Aw __ < 1 )
mendation and approval of the new thermal governor modeling AP % +D
for the WECC. The ongoing effort is to obtain validated data for ) ) ) )
the new models from generator owners. The theoretical pickup is 3185 MW, but the actual pickup was

only 1250 MW. Hence, the percentage of responsive governors

Il. WECC FREQUENCY RESPONSETESTS OF with a 5% droop= (1250/3185)= 39%.

TURBINE-GOVERNORS ONMAY 18, 2001
) ) IIl. DEVELOPMENT, VALIDATION AND VERIFICATION OF THE
Two generation trip tests were performed on May 18, 2001 NEW THERMAL GOVERNOR M ODELING

in the WECC to determine the frequency response operation .
of governors. In these tests, 750 MW was tripped at Hoovér Modeling Approach
hydro power plant in the Southwest; and in a second test, 20The new turbine governor modeling approach was adopted to
min later after frequency had stabilized, a total of 1250 MW wamnable the effective representation of units that have been seen
tripped in three hydroplants in the Northwest at Grand Coulde,be unresponsive to frequency changes. This modeling recog-
Chief Joseph, and GM Shrum. AGC was switched off during thrézes the diverse reasons for such behavior and handles units
tests so that the pickup of generation in the system after the twhose output is managed by load controllers, units running at
was due entirely to governor action. Disturbance monitoring afiged valve opening, and units running at load limits such as
SCADA recordings were taken throughout the system. The telie temperature limits of gas turbines. The principal elements of
were performed under light load (spring) conditions. Previoustypical thermal plant governor and controls are shown in Fig. 2
performed system studies ensured that there should be no egskl further details of its implementation are shown in the Ap-
to the system in these operating conditions from these tests.pendix. The parameters of importance in this work are detailed
Fig. 1 shows the frequency recordings of the SW and NW Table I. Many other modeling parameters were assigned typ-
trips on May 18, 2001. Also shown are simulations with existinigal values as appropriate to represent the internal behavior of
modeling that clearly indicates the wide disparity between theteam and gas turbine plants.
simulations and the recording of the disturbance. The governor is a proportional-integral-derivative (PID)
The simple calculation below indicates that only about 40%gpe with a permanent droop feedback r, typically 5%. The
of the effective response of governors occurs in the real systdoad (power) controller is a simple reset controller. The reset
Note that this is a simplistic first approach to a complex responfeature of the controller regulates the speed/load reference of
of units in the system. Load damping and the effect of reditie governor. The key parameter is the g#imw; typical

tributed losses are neglected. values for steam units are 0.01 for “fast” control and 0.001 to
Generation tripped in the May 18 N¥kst = 1250 MW. 0.005 for “slow” control. “Base” load operation is simulated by
WECC generation capacity on-line durindest = setting the limiters to limit the turbine power to a preset value.

91000 MW. It is essential that the load controller refererened load limit

3Simulations using existing modeling are also termed “base case” modeling'This is designated “power output reference” in Fig. 2 and “Pmwset” in
in the other figures in this paper. Fig. 21..
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reference reflect the actual dispatched power of each generator TABLE |
as obtained from the initial condition load flow. Accordingly’PRlNCIPAL PARAMETERS OF THENEW THERMAL TURBINE-GOVERNORMODEL

.. L ; GGOV1 FOR THE VARIOUS DESIGNATED CODES
these references, and valve position limits where appropriate,

must be set in the initialization of each individual dynamic P I D
simulation run. _ _ Code I | Tb | Tc [Kpgov|Kigov|Kdgov] Kimw
The turbine is represented by a simple linear lead-lag transft Fast load | .05
function model. The principal parameters of the model used il _T1 |[controller 10121 10 2 0 ]0.01t00.02
the studies described in this paper are given in Table I. Slow load | .05 0.001 to
T2 [controller 10 2 10 2 0 0.005
INo load .05
B. Three-Step Process for Modeling T3 |controller 10121 10 2 0 0
o ] ) 'With load | .05
Application of the new thermal turbine-governor modeling G1 |controller 05[0 | 10 2 0 ]0.01to00.02
to about 1100 thermal units in the WECC system followed . No load | .05
three-step process of development, validation, and verificatior _G2 _[controller 05] 0] 10 2 0 0

The principal parameters of the model are:
Permanent Speed Droop, pu
Turbine lag time constant, secs

 “Development” of the WECC database model parameter
for the new thermal governor model was based upon th Th
recorded responses of individual generating units and the

system from the 1250-MW Northwest Trip Test of May
18. 2001 May 18 2001 Test NW Trip 1250 MW - Typical SCADA Recordings
! ) Generator Electrical Pa&ler in MW

» “Validation” of the model was based on the recorded re " Code T3
sponses of the Hoover 750-MW trip test on May 18, 2001 40 1
Further validation was based on recorded responses to 1 120 f 38 w
Grand Coulee 750-MW trip test on June 7, 2000. s ‘ 3 .
» “Verification” of the model was performed by comparing% 0 & 100 150 200 0 s0 100 150 200
simulations with recordings of several other system distuis  3°[coqe 72 108 ode Tt
bances including the Colstrip 2000-MW trip on August 1. € 106
2001, Diablo 950-MW trip on June 3, 2002, PDCI bipoles % 104 w./\,_,_ 4
trip and 2800-MW RAS in the Northwest on June 6, 2002‘§
and other disturbances. § %050 100 150 200 20 50 100 150 200
“Validation” involved staged generation trip tests (with AGC 2 Base loaded 1280 Base loaged
off) for which data and recordings were collected from the ., 1270 VH/‘_JR
control areas and basecases were created to specifically ma - JL@,
system conditions during the tests. For “verification,” basecas:  ,g, 1260

50 100 150 200 0 50 100 1580 200
Time in seconds

o

representing typical system conditions were used in the sim
lations. For all major events, system recordings of frequency,
voltages, and flows at critical 500-kV buses and interties Weggy 3.  SCADA recordings of the May 18 test for typical thermal units coded
obtained from disturbance monitoring equipment permanently to T3, and base loaded units. AGC was switched off during the test.
installed in various critical locations of the WECC system.

As discussed in Section V, the data in this developmental data-
C. Selection of Thermal Turbine-Governor Data in the base will be replaced by validated turbine-governor data ob-
Development Stage tained from generator owners and will form the new database

in WECC for all dynamic studies.
For the selection of the thermal governor data in the develop-The principal parameters of the model are

mental phase of the model, disturbance monitor recordings and permanent speed droop, per unit;
over 200 SCADA response recordings of generator electricgb turbine lag time constant, seconds;
power were evaluated from the May 18, 2001 system test. In this turbine lead time constant, seconds;

evaluation, characteristically similar responses were noted fokagov ~ governor proportional gain, per unit;

large number of units. These were categorized under five “r&-igov governors integral gain, per unit;

sponse” categories depicting responsiveness in varying degréégdgov  governor derivative gain, per unit;

and were coded T1 to T3 for steam thermal units, and G1 to GZmw load (power) controller gain, per unit.

for gas turbine units. Each of the 1100 ggov1 governor modelsFig. 3 shows typical SCADA recordings from the May 18,
was given a code. Where SCADA data was not available for2@01 Test of a typical “fast controller” unit (code T1), a “slow
specific unit, information obtained from a survey of owners/corcontroller” or partially responsive unit (Code T2), “responsive”
trol areas regarding the base loading or responsiveness of tluiits (code T3), and base loaded units. Fig. 4 shows the SCADA
units was utilized in the selection of the turbine-governor codeesponses from a random system disturbance of two units with
Data for the turbine-governor model with the designated cod#ast” controllers, code T1. The SCADA recordings are of gen-
are presented in Table I. erator electrical power, and therefore, include the effects of the
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SCADA Recordings in Per Unit of Operating Point: CRAIG 2 : May 18th 2001 Test NW 1250 MW Trip
Diablo Trips on June 3, 2002 430 . . . . .
1.035 T T T T T T
1 pu = Operating (dispatch) setting SCADA recording - May 18 2001 test
108 PMAX =300 MW 7 428 «—Base case (existing modeling) 7
1.025 - E
426 - New thermal governor ggov1
3 June 3 Diablo 950 MW Trip = simulation g 99
2 " .
£ 102} _ ;= Kimw=0.005, 420 MW setting
g lpu=(132MW) (180 MW) 5 44 for load controller
& 1.015 . g
s O 422
[
g 1.01 E
(0] 420
1.005 B
418
1 .
0.995 L ' L L ' L 416 L L L L L
0 10 20 30 40 50 60 70 -20 0 20 4 60 %0 100
Time in secs Time in secs
Slow Load Controller Unit: May 18th 2001 System Test - Tripped 1250 MW in NW
485 T T T T

Fig. 4. lllustrating fast controller action (code T1) on two large thermal unit:

system network voItaggs_arjd_ _generator (_axcitation system ss0l May 18th 2001 SCADA recording
sponses. The characteristic initial peak typically seen at the s of NW 1250 MW Trip
of the response is inertial.

D. Megawatt Capacity of Thermal Units With the New Model € 475}

In the developmental database for the May 18 test, 423 “e
isting” thermal governor models for units totaling a maximur
capacity of 82300 MW were converted to the new governi

Generator MW

New thermal governor
agovl simulation —

model.5 It was clear as the validation study progressed, th 4

accurate simulation of the events required the introduction

governor and exciter models for the numerous units that h Note: kimw=0.0015 for the unit load controller

hitherto been represented without such models. Typical ggc 465 ; 2 m %0 50 700
governor models and static excitation models with assumed d Time in sécs

were included for all such units greater than 5 MW. These to-

taled 36 000 MW for 425 unmodeled governors and 8670 MVAig. 5.  (a) Simulations with the new turbine-governor model of a thermal unit
; ith a load controller of code T2 with a faster speed compared with its May 18
for 265 unmodeled exciters and governors. The total themﬁé@t SCADA recordings. (b) Simulations with the new turbine-governor model

generation on-line during the May 18th test was about 67 08{} thermal unit with a load controller of code T2 with a slower speed compared

MWe out of a total generation of 91 000 MW. with its May 18 test SCADA recordings.
E. Simulations With the New Thermal Turbine-Governor Fig. 6 shows the simulation of a typical base-loaded unit. Sim-
Model ulations of Code T3 units (no load controllers) are not shown

The results of the simulations for validation and verificatiohecause they are similar to existing model simulations.
of the new model compared with the real time event recordingsFig. 7 shows simulations of the May 18, 2001 NW trip of 1250
are shown in Figs. 5-12. Simulations performed with existindW with the new thermal turbine-governor modeling compared
models are also shown for comparison. The existing modelitmtest recordings from disturbance monitoring equipment. The
assumes that 100% of governors respond in accordance witmisv modeling accurately captures the first transient dip and set-
5% speed droop governor characteristic. tles at a frequency close to that obtained in the May 18 test dis-

Fig. 5 shows simulations of two typical thermal units withurbance monitoring recordings. Simulations with the existing
load controllers of different speeds compared to the SCADA raxodels (base case) are also shown for comparison.
sponse (generator electrical power) of the units during the May“Validation” of the new modeling was performed based on
18, 2001 NW trip test. The resolution of SCADA at 4-s intervalthe recorded responses of the May 18, 2001 Hoover 750-MW
does not pick up the detailed electrical power swings as seenrip test and the June 7, 2000 Grand Coulee 750-MW system
the simulations, but it does show the overall general responstip test, shown in Figs. 8 and 9, respectively.

Figs. 10-12 show simulations in the “Verification” of the new

5Note that not all units were in operation during the May 18, 2001 test whiJII{'OdeI comparing Wl_th disturbance momto_”ng recordlng_s of
was performed in light load conditions. three large system disturbances: the Colstrip 2000-MW trip on

60f these, about 60% was base loaded in the developmental base case. Aug.1, 2001 (Fig. 10), the PDCI bipole trip and 2800 MW SPS
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PaloVerde Gen: May 18th 2001 System Test - Tripped 1250 MW in NW May 18 2001 Test Hoover Trip 750 MW - Malin Frequency
90 T 60.02 T T T T T

1288 New thermal governor ggov1 modeling )

)]
o

1280

o
o
0
@

‘/Base case (existing models) |

New thermal governor
modeling - ggov1

Generator MW
Y
~y
e

1270

Frequency at Malin 500 kV Bus, Hz
[+] [<]
© ©
[C] [}
s (2]

1265 SCADA recording 5992

May 18th 2001 SW 750 MW Trip

1 260 1 1 1 59 .9 Il 1 1

1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time in secs Time in secs

Fig. 6. lllustrating the simulation of a typical “base loaded” unit compareBig. 8. Governor model validation—Hoover May 18 test simulation, 750-MW
with its May 18 test SCADA recording. generation trip, AGC switched off.

May 18 2001 Test NW Trip 1250 MW - Malin 500 kV Bus Frequency June 7, 2001 Test-750 MW Coulee Trip :Malin Frequency
T T T T T 50‘02 b

T T T T T

60

E
g Base case (existing models) Basge cage {existing modeling}) |
: Y 5988 | ”
= 5995)
8 E. ggovt simulaﬁ\on
=
"g £ 6996 ’
® L New thermal Y , )
> 599 m‘;‘ze“ﬁ;"f;g%‘:,‘;e'"“' g June Tth 2000 Test recording
o
E 5884 T
iy
59.85 May 18th 2001 NW 1250 MW Trip 7
5892 h
1 1 1 1 1
B8 5 10 15 20 25 30 559 b é 1'0 7 2"0 2% 30

Time in secs
Time in secs

Fig. 7. Simulations with the new ggov1 governor model compared with Maly_ o . )
18 system test recordings for the NW 1250-MW trip, AGC switched off. ig. 9. Governor model validation—June 7, 2000 test simulation, 750-MW
grand Coulee generation trip, AGC off.

operation in the Northwest on June 6, 2002 (Fig. 11), and the Di
ablo 950-MW trip on June 3, 2002 (Fig. 12). Simulations with’
the existing models (base case) are also shown for comparisorA number of sensitivity studies were performed to determine
The principal differences between the simulations of thbe effect of varying parameters in the dynamic database.
“validation” tests of May 18, 2001 and June 7, 2000, and thglearly, the greatest effect was the selection of the base loaded,
random system disturbance recordings used in “verificatiom nonresponsive generators, and the choice of “fast” or “slow”
were that in the staged tests (a) the AGC was switched &dBd controllers. The method of governor code selection was
to yield pure governor responses of units; (b) simultaneodsscribed earlier in this paper. Fig. 13 shows the effect of
SCADA data were obtained from all control areas; and (#arying the selection of the base loaded and load-controlled
generator dispatch and power system data were gathered figgnerators.
control areas to create the databases and simulate the stag&ensitivity studies showing the effect of fast and slow load
events more accurately. For the random system events simantrollers on the system are demonstrated by a “macro” study
lated, the closest available basecase was used for simulati@arying the speed of all load controllers in the system, see
System recordings of frequency, voltages and flows at criticlig. 14. Kimw is the gain of the load controller—see Fig. 2 and
500-kV buses and interties were obtained from disturbangable | for details.
monitoring equipment installed in various critical locations of The effect of varying Kimw on the response of a specific unit
the WECC system for all events. is illustrated in Fig. 15, varying from a quick-acting controller

" Sensitivity of Parameters
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August 1, 2001 - Colstrip 2000 MW Generation Trip :Frequency
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Jun 6, 2002 PDCI bipole outage& NW 2820 RAS MW :Frequency
60.1 . T .

PDCI bipole recording
June 6, 20

New thermal governor
 gagov1 simuylation

0

10 20
Time in secs

30 40

Fig. 11. Governor model verification—pacific dc bipole trip and 2800-MW
Fig. 10. Governor model verification, 2000-MW Colstrip trip on August 1NW generation trip on June 6, 2002.

2001.

(Kimw = 0.01) to a very slow controllefKimw = 0.001).
The final selection for the developmental database was eva
ated from SCADA responses. 60

Other sensitivities studied included varying the proportion:
and integral gains of the PID governors (the derivative gain wi
maintained at zero) and varying the Tb, Tc parameters of the tiz
bine model. These studies resulted in varying levels of impac g
but generally less than the effect of base loading, or varying t\
load controller gain, Kimw, of the thermal units.

59.98
59.96
59.94
59.92

59.9
G. Effects of AGC

For studies extending to long periods, such as for system «
cillations and dynamic voltage stability, it is desirable to mode
AGC. Comparison of the system recordings of the May 18 te
when all AGCs were switched off, and the system recording |
the Colstrip 2000-MW trip on August 1, 2000, clearly indicates

59.88

59.86

59.84
0

June 3, 2002 - Diablo 950 MW Generation Trip : Malin 500 kV bus - frequency

T T T T

Base case (existing modeling)

Diablo June 3 2002 Recording

New thermal governor
ggov1 simulation

Time in secs

that AGC does make a difference in the frequency responseF@f 12. Governor model verification—950-MW Diablo generation trip on
June 3, 2002.

the system. This is illustrated in Fig. 16.

Inthe simulations illustrated in Figs. 10—12 of random syste
disturbances, certain units that would otherwise have been d
ignated as unresponsive were modeled as responsive unit
order to achieve an AGC-like effect. Proper AGC modeling i
an ongoing task. With the new governor modeling approatI 59.96
that represents unresponsive units more accurately, the effem 59.94
of AGC, particularly in the area of the disturbance, should t>

60

appropriately represented for more accurate simulations. S 5992
£

. . 2 599
H. Study of Dead Band and Nonlinearities ®
>

2 59.88

To assess the relative importance of governor deadbar
and nonlinearities, sensitivity studies were run varying the: g S 59.86
parameters. These runs did not show a significant impe*
on the overall generation pickup of units until the deadbar
was increased significantly higher than ASME standard limit

59.84

69.82

59.98 -

Sensitivity Studies May 18 2001 Test - NW and SW Generation Trips

T T T T

N SWH
Base case simulations (existing models)  nw

e

May 18 2001 SW 750 MW Trip recordjng

/="" Sensitivity range - 4
new thermal governor
simulations

May18 2001 NW 1250 MW Trip recording

Nonlinear valve movement of thermal uriitgas also analyzed. 0

10 15 20
Time in seconds

30

7A study of nonlinear effects of hydro turbines indicated noticeable impadig. 13.  Effect on system response of varying base loaded and load controlled

on megawatt pickup.

unit selections.
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Diablo 950 MW Trip - Malin Frequency- kimw sensitivity Comparing August 1, 2001 - Colstrip 2000 MW Trip
j and May 18 2001 NW 1250 MW Trip Test

T T T T

)
(=]

May 18 2001 NW 1250 MW Trip Test without AGC]

-1
=

kimw = 0.001
59.95 -

Colstrip 2000 MW trip
Aug.1 2000 disturbance recording

o o
o © 2 ©
© @ ©
© e o o

(%]

o

%

T
[41]
©
~
(4]
T

kimw = 0.01

Frequency at Malin 500 kV Bus, Hz

Fequency at Malin 500 kV Bus, Hz

59.7 | 1

59.85 1 1 1 I Il 59650 5'0 10'0 150
0 5 10 15 20 25 30 Time in secs

Time in secs
Fig. 16. Disturbance monitoring recordings comparing two real time

Fig. 14. Eff f i he | Il [i1] . - )
ig ect on system response of varying the load controller igaiw recordings—with and without AGC,

on a “macro” basis.

May 18 2001 Test KW Trip 1260 Mé' - Hoover Gen Power

Sensitivity Study - Effect of varying kimw parameter on a typical unit 1085

T
base case simulat

419 + 108
ggov1 simulation
a8} *\kimw = 0.001
WA
M7 - ggov1 simulation b 1
kimw =0.01 107t

B

ey

[+2]
T

w5} “Bass cane (exiting mossling} |

1 1
Gamrator Power, MW

Generator MW
h
(4.}

&

pey

'S
T

108
413

412 J
MW cap = 420 MW
Load limit = 420 MW J
F 108
an MVA Base = 496 MVA
1 1 1
4100 5 10 15 20 25 30
Time in secs Fig. 17. Improving the accuracy of thermal plant modeling increases the
generator pickup of hydro plants.

055+

1 1 1 L
v & 14 18 20 % 30
Time in seconds

Fig. 15. Effect on generator response of varying the load controlleigain

on asingle unit. pickup of a typical hydro generator during the May 18 test.

Thermal plants in the WECC are predominantly in the South,
'B9d most of the hydro generation is in the North. Hence the re-
distribution of plant response has a significant effect in the sim-
ulation of power flows across the system, particularly in intertie
flows between the North and the South, and on system oscil-
lations [2]. Hydro governors thus clearly play a very important
In the course of the validation studies, several significant inpart in the overall response of the system for large disturbances.
pacts on the results were observed to arise from the more acga-a result of the improved thermal governor modeling, the ac-
rate simulations made with the new thermal governor modeliegrate modeling of hydro governors in simulations assumes a
compared to simulations made with the existing modeling. greaterimportance. Two areas of improvementindicated by pre-
liminary studies of hydro units are in modeling Kaplan turbine
A. Effect on Hydro Plant Responses units [5] and in modeling nonlinear turbine effects.
The improved modeling of thermal plant response results in i
reduced overall contribution of thermal plants to the correctidhr Effect on Intertie Flows
of frequency and a corresponding increase in the contributionThe effects on intertie flows (and oscillations) resulting from
from hydro plants. Because the system frequency deviationglire new thermal governor modeling are shown in Figs. 18 and
the simulations are greater, the output of frequency responsi# Fig. 18 shows the simulated flows in the 500-kV Malin-
hydro units correspondingly increases. Fig. 17 shows the gred®aund Mountain line in comparison with the May 18, 2001 test

The predominant effect was, however, clearly the base load
or load-controller operation of the thermal units.

IV. SYSTEM IMPACTS. THERMAL VERSUSHYDRO RESPONSES
INTERTIE FLOWS, ETC.
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May 18 2001 Test NW Trip 1250 MWV - Malin-RdMt#1 MW May 18 2001 test base case :If 2- Palo Verde Units had Tripped
400 ‘ ' ' ' ' 60.05 . : : : : .
350} {4 T eof 1
g" 1- Palo Verde Unit Trip 1270 MW
85995+ with new ggov1 modelin 4
z 300 New thermal governor - =
5 modeling - ggov1 ;
& o 599} —
2 el . ase case (existing modeling)
S 260F £ -2 Palo Verde 2515 MW trip
3 S5985f
s e
E 200 - ©
T - g so8
2 150} Base caso (existingmodels) | 3 s | -Palo Verde 2515 MW trip|
May 18th 2001 NW 1250 MW Trip g ' with new ggov1 modeling
[T
100 E 897 .
) . . 59.65 1 1 1 1 1 1
500 5 10 15 20 25 30 5 0 5 10 15 20 25 30

. Time in secs
Time in secs

Fig. 20. Prediction of system frequency for a two-Palo Verde generation trip

Fig. 18. Simulations of intertie flows and interarea oscillations with the ne 700 MW) in the WECC—comparing existing and the new thermal governor
governor modeling and existing modeling for the May 18, 2001 NW system te, odeling.

June 7,2000 Test - 760 MW Generation Trip :Malin-Rd Mtn Flows C. Interarea Oscillations
160 T T T T T

Figs. 18 and 19 also show that the damping of interarea os-
cillations in the system is more accurately simulated with the
new governor modeling, compared with the previous modeling.
In both the new and old model simulations in Fig. 18, the ini-
June 7th test recording 1 tial swings are less damped than the real system oscillations.
However, for time periods greater than 15 seconds or so, the old

-
B
o
d
i

=
N
o
T
1

-

(=]

o
T

New thermal governor ggov1 simulation |

Power flows in Malin-Rd Mtn #1 500 kV line, MW

8or model shows significantly greater damping compared with the
60 L new modeling and with system recordings. The effects of the
new governor modeling upon oscillatory dynamics in simula-
40+ < tion of the June 7, 2000 test shown in Fig. 19 are discussed in
ol Base case (existingmodeling) | [2] The simulation in Fig. 19 is clearly more accurate in the
frequency and damping of oscillations with the new governor
o 4 modeling. Oscillations in the WECC are a major concern and
several studies have been performed [3]-[5]. Further work is
2 5 10 15 20 25 30 ongoing using the new thermal governor modeling.
Time in secs

D. Predicting the Effects of Large Generation Trips
Fig. 19. Showing the difference in intertie flows and oscillations between the 9 9 P

new governor modeling and existing (base case) modeling in simulations of theWith the new governor model, system frequency responses

June 7, 2000 system test. and intertie flows can be predicted more accurately for large
generation trips. Fig. 20 indicates the expected response for the

recordings for the 1250-MW trip in the Northwest and simuirip of two generators at the Palo Verde nuclear plant, the largest

lations with existing modeling. Fig. 19 shows the simulationd — 2 contingency used in WECC studies. Simulations made

for the June 7, 2000 system test when 750 MW was tripp#&dth the existing model predict only half the frequency dip ob-

at Grand Coulee in the NW(Both these tests were performedained when using the new modeling (almost the same as an

with AGC switched off.) This line is one of the three 500-kVN — 1 trip). Also flows through the COI intertie between the

lines of the California-Oregon Intertie (COI) between the NortHNW and California could be in error by a considerable margin

west and the South and is a critical path in the WECC. Hend#ring peak load operation with the existing modeling.

the megawatt difference for the three-line COI path is approxi-

mately three times the megawatt difference of the one line. Note V. ONGOING WORK FOR MODEL ENHANCEMENT AND

that this critical path was loaded at only 25% of its full rating OBTAINING OWNER'S VALIDATED DATA

during the May 18 test. While the developmental work was performed exclusively
using the ggovl thermal turbine-governor model, it was clear

, , , that the new modeling approach is also applicable to existing
8There was a 10-MW difference in the line flows between the actual eve,

t . .
recording and the power flow case. This was offset in the plot to facilitate corﬁlermal_ governor models, such as the |eeggl model [6], with
parison. the addition of load controller and base loading features. A new
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Fig. 21. Block diagram showing the basic relationships of the turbine-governor plant model ggov1 [8].

load controller model has now been developed that can be use@he following are some of the important impacts of the new

with any turbine-governor model. Preliminary studies indicatdermal governor modeling on major system operation and plan-

that the results are close to those obtained with the ggovl moditlg studies:

described in this paper. .
: . - « system frequency responses can be predicted more accu-

Ongoing work includes obtaining generator owners data for ratelv for larae generation trips:
their new governor models that have been “validated” against & 3; f ge gene | brot pt ' ¢ SPS i
recorded responses from actual events or tests. This validated E'ECts O 1arge Special protection system ( ) operation

governor data will form the new database in WECC for all dy- on the system are more accurately simulated; )
namic stability studies. e improved modeling of hydro versus thermal generation

responses is achieved;
« a more accurate prediction of intertie flows and dynamic
limits is obtained.

~ Anewthermal turbine governor modeling approach, based onrpg fol10wing studies are expected to benefit from the use of
improved simulation of base-loaded units and load-controlleds new thermal governor model

units, has been developed for the WECC. Thermal plants em- _ .

brace conventional fired steam, nuclear steam, and simple cycle® Study of frequency responsive reserves (FRR) and spin-

and combined cycle gas turbine plants. The development, vali- NiNg reserves, 3 .

dation and verification of this model went through an extensive * dynamic voltage stability stud|e§; o _

study process that included validation to WECC system tests * underfrequency and load shedding studies involving large

conducted on May 18, 2001 and June 7, 2000 as well as verifi- generation trips and/or system islanding;

cation with respect to numerous large system disturbances. Thee methodology described in this paper provides the basis

new modeling approach has been recommended and approved for establishing a more accurate post-transient powerflow

for use in all planning and operation studies in the WECC. methodology for studies involving large generation trips.
While our interest as described in this paper was specifically . Lo .

. : -7 Further work on turbine-governor modeling is ongoing and

to governing relating to the WECC, the Western Interconnection . .

. ) L planned in the following areas

in North America, the general principles of the new thermal gov-

ernor modeling approach clearly apply to all interconnections ¢ to obtain validated data from generator owners for the new

[7], large or small. thermal governor model;

VI. CoNcLUSIONS DiscussioN FURTHER WORK







828 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 18, NO. 2, MAY 2003

« to obtain data from owners of units without governor and ACKNOWLEDGMENT

exciter models for which typical models were included in Acknowledgment is made to the WECC and the Modeling &

the validation studies performed; o :
* to achieve more accurate modeling of hydro plants to tr\]@hdatlon Work Group (M&VWG) of WECC for their support.

correction of frequency including the development of new
models for Kaplan turbines and nonlinear hydro turbine
characteristics;

* to include modeling of AGC for studies extending to long

periods, such as system oscillations and dynamic voltage1] (1997) Test Guidelines for Synchronous Unit Dynamic Testing and
stability. Validation. WECC Modeling & Validation Work Group (L. Pereira,
Chairman) and Control Work Group (B. McManus, Chairman).
[Online]. Available: www.wecc.biz
APPENDIX [2] J.Hauer and L. Pereira. (2002) Effects of Governor Modeling Upon Os-
THERMAL TURBINE-GOVERNOR MODEL cillatory Dynamics in Simulation of the 750 MW Grand Coulee Gener-
ation Trip on June 7, 2000. [Online] WECC M&VWG Rep.
As has been the case in the modeling of thermal turbine-gen43] D. N. Kosterev, C. W. Taylor, and W. A. Mittelstadt, “Model validation

erators for 50 years, the ggovl model represents both a turbine for the August 10, 1996 WSCC system outagisEE Trans. Power
y ’ 99 P Syst, vol. 14, pp. 967-979, Aug. 1999.

(or engine) and iFS governor. As i.n esser.‘tia”y all OT the older [4) p. Kosterevet al. (2000) Model Validation and Analysis of WSCC
models (such as ieeegl), the turbine/engine model in ggovl [8] System Oscillations following Alberta Separation on August 4,
is not a detailed thermodynamic treatment but is a very simple 2000. [Online]. Available: http://www.transmission.bpa.gov/orgs/
i fer f . . h del opi/Wide_Area/index.shtm
Inear transter unCt!On represent.atlon.. T_e ggovl .mo € ?X'[S] D. Kosterev, M. Pierce, and M. Spence. (2002) Hydro-Turbine and Gov-
tends the older practice by controlling this simple turbine/engine  ernor Tests at The Dalles Generator #22. [Online]. Available: http:/
model with the governor and in addition with a basic represen- www.transmission.bpa.gov/orgs/opi/Wide_Area/DallesGovernor2.doc
tati i .. trol d a basi . trol ] “Dynamic models for steam and hydro turbines in power system
ation O. aguperwsmg control, and a basic managing control a: studies,” IEEE Trans. Power Apparat. Systvol. PAS-92, pp.
shown in Fig. 21. 1904-1915, Nov./Dec. 1973.

The governor in ggovl is a proportionaj-integraj_derivative [7] R. P. Schulz, “Modeling of governing response in the eastern intercon-

. . nection,” inProc. Symp. Frequency Control Requirements, Trends, and

(PID) elemgnt typical of. modern practl.c.e. It allows 'Fhe droop Challenges in the New Utility Environmentyew York.
feedback signal to be either valve position or electrical power(g] pSLF Simulation Program Reference Manual. General Electric Com-
and hence can be used to represent either modern equipment or pany. [Online]. Available: http:/iwww.gepower.com/energyconsulting/
older mechanical-hydraulic governors. en_us/pdf/psif_manual. pdf

The supervising element of ggov1 normally represents a load
limit. The origin of the load limit that this element would repre-
sent varies widely from plant to plant. In a steam turbine plant
it is most likely a limit whose value is decided on and set by
the operator based on his or her intentions regarding opeles Pereira (SM'96) received the B.S.E.E. degree from the University of
; P rala, India, and the M.Sc. degree in electrical engineering from Imperial
tion of the plant (for e)_(ample' th,e opgrgtor may, “m!t Fhe plarﬁillege of Science & Technology, London, U.K., in 1970.
output for a few hours if he is having difficulty maintaining con- currently, he is a Registered Professional Engineer in California. His interests
denser vacuum because of trouble with a cooling water cirdoclude stability simulations, generating unit modeling, and design and testing
lati The limit | li di f turbi of hydro generating power plants.
ating pump). e limit level Is stated In terms of turbine power Mr. Pereira is also active in the WECC, he is a member of the Planning Co-
by the parameter. It is essential to note that in most cases thination Committee, M&VWG, and the California Region Operating Studies
parameter is not a direct statement of a limit value, but rath&f°uP- He represents WECC in the NERC IDWG.
it states the turbine power that corresponds to the limit. In gas
turbines, it is the exhaust temperature limit.

The load management element of ggovl is intended to rep-
resent the power controller that is the control room operator’s
primary interface with the turbine in many power plants. Thahn Undrill (F'78) received the Ph.D. degree from the University of Canter-

; ; y, UK., in 1965.
load controller representation of ggovl is a reset element t urrently, he is a Principal Consultant with General Electric, Schenectady,

when active, works to regulate the turbine power to the valyg. He was also with Power Technologies, Inc., Schenectady, NY, and Electric
of its setpoint, Pmwset. In ggov1 this power setpoint is initiaRower Consultants, Inc., Schenectady, NY.

ized to match the initial condition turbine power. If Pmwset is

not adjusted during a simulation, the load controller will coun-

termand the action of the governor to return the turbine to its

initial condition output. The model recognizes that the power

setpoint of the plant may be adjusted during the period of a giighitry Kosterev received the Ph.D. degree in electrical engineering from
simulation. Adjustment of the setpoint may be a manual actié¥egon State University, Corvallis, in 1996. _ ,

of an operator or may be implemented by the receipt of sign% Currently, he is a Network Planning Engineer with the Bonneville Power Ad-

i §1istration, Vancouver, WA. He has been involved in various network planning
from a grld AGC system. studies, operating capability studies, model validation, and testing
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