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Disclaimer

The Electric Reliability Council of Texas (ERCOT) Dynamics Working Group prepared this document. Conclusions reached in this report are a “snapshot in time” that can change with the addition (or elimination) of plans for new generation, transmission facilities, equipment, or loads.

ERCOT AND ITS CONTRIBUTING MEMBER COMPANIES DISCLAIM ANY WARRANTY, EXPRESS OR IMPLIED, INCLUDING ANY WARRANTY OF MERCHANTABILITY OR FITNESS FOR ANY PARTICULAR PURPOSE WHATSOEVER WITH RESPECT TO THE INFORMATION BEING PROVIDED IN THIS REPORT.

The use of this information in any manner constitutes an agreement to hold harmless and indemnify ERCOT, its Member Companies, employees and/or representatives from all claims of any damages. In no event shall ERCOT, its Member Companies, employees and/or representatives be liable for actual, indirect, special or consequential damages in connection with the use of this data. Users are advised to verify the accuracy of this information with the original source of the data. 

ERCOT is the corporation that administers the state's power grid. ERCOT serves approximately 85 percent of the state's electric load and oversees the operation of approximately 70,000 megawatts of generation and over 37,000 miles of transmission lines.  Its members include retail consumers, investor and municipally owned electric utilities, rural electric co-ops, river authorities, independent generators, power marketers, and retail electric providers.

ERCOT is one of ten regional reliability councils in North America operating under the reliability and safety standards set by the North American Electric Reliability Council (NERC). As a NERC member, ERCOT's primary responsibility is to facilitate reliable power grid operations in the ERCOT region by working with the area's electric utility industry organizations. The Public Utility Council of Texas (PUCT) has primary jurisdictional authority over ERCOT to ensure the adequacy and reliability of electricity across the state's main interconnected power grid. An independent Board of Directors comprised of electric utility Market Participants governs ERCOT.
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1. Executive Summary

1.1 Purpose

In response to NERC Recommendation 14, the Dynamics Working Group (DWG) has simulated an actual disturbance event for the purpose of assessing the fidelity of the ERCOT dynamics models and data with actual system performance during the event.

1.2 Scope


In an ideal world, simulations using power system transient and dynamic models would perfectly track the power system response to actual events.  In the real world, reproducing power system transient and dynamic behavior is limited to the available measured data.  Resolution of the data set could be good or poor, complete or incomplete, and the fidelity of the corresponding dynamics models (tuned governor model for frequency deviation, tuned excitation system model for transient voltages, etc.) to reproduce the true behavior of the component simulated can vary considerably.
With concurrence from the Reliability and Operations Subcommittee (ROS), the DWG selected an event based on significance and data availability.  The event resulted in the loss of a power plant and it was detected as a drop in system frequency.  The loss of the units at the plant also implied that reactive power was lost, resulting in voltage transients with other units’ excitation system trying to respond to the loss in system VARs.  Unfortunately, there is no official captured data set that would characterize the voltage component of the event.

ERCOT Operations provided an analysis of the event with time series data and frequency indices as required by the Protocols.  There is no such protocol requirement for transient data capture concerning voltage variations.

During a frequency deviation event, a participating generator’s governor control will try to balance the frequency deviation by changing its power generated to reduce the frequency error.  For this particular event, the DWG governor models and data were used to simulate the event.  The simulation results were compared to actual system and machine governor performance.
1.3 Summary of Results

The governor models and data in the DWG database may lead to study results which significantly understates the frequency decline and overstates the recovery after loss of generation.  More specifically, studies using the DWG database will likely not show frequency declines through the load acting as a resource (LaaR) or under-frequency load shedding (UFLS) frequency set points for disturbances where these set points are actually reached.  The DWG investigated the possible factors as to why the simulation did not match the actual response of the ERCOT system.  The following factors were seen to contribute to the disparity between simulated response and actual response:

· A large number of units, irrespective of fuel type, did not have positive governor response during the actual event while their simulated response showed positive governor response.  This contributed significantly to the disparity between the actual system response and the simulated system response. 

· DWG dynamics data assumes that all units are meeting the Protocol and Operating Guide requirements to set droop to 5%.  Actual system response as calculated from this event was 21.4% droop.

· DWG dynamics data does not model MW control, or “runback”, which has a significant effect on system response.  Existing governor models do not have the capability of modeling this control mode.  New models in PSS/E version 30 may have this capability.  
· Current combined cycle plant governing models do not adequately model actual response of these plants to frequency deviations.  The current practice for modeling combined cycle plants in ERCOT tends to overstate the response to system frequency changes and can contribute to a false sense of security. 
· A substantial number of units in ERCOT were operating near their maximum capacity, and did not provide much response.  However, DWG modeling of units near maximum capacity did not differ substantially from the actual response.

The following factors did not appear to contribute to the disparity between simulated response and actual response for this event:

· Load model.  The frequency dependent characteristic of the load was updated for this study, but did not make a major difference in the results obtained.  The voltage dependent characteristic of the load did not appear to be an issue in the results because it is assumed that the voltage did not deviate far from nominal, although actual voltage data was not available.   

· DWG is comfortable concluding the relay model used for LaaR is generally adequate.  Assuming accurate data for each LaaR is available, the models and data should provide reasonably accurate results during simulations. 

· The overall inertia of the system modeled in the various generator models corresponds well with the actual system inertia constant seen during the event. 
2. Data Collection and Preparation

2.1 Load Flow Case

ERCOT Operations provided two EMS-modeled cases, one pre-event and one post-event.  The cases were retrieved from the EMS archive, which are saved every five minutes when the State Estimator produces a valid, converged case.  The EMS cases were saved in PSS/E version 26 format and converted to version 29 for use in the simulation.  The cases are indexed by bus name, in contrast with planning cases which are indexed by bus number.  DWG members did have to modify the bus number and device ID of their dynamics elements in the dynamic database to match with those used in the base case.  The pre-event ERCOT state estimator case was saved with a time stamp of 11:04:21; however, the event occurred at 11:08:08, on August 19, 2004. There is approximately 4 minutes difference between the saved case time stamp and the event occurrence time. This may explain the differences between the initial values of the recorded generation and the simulation initial values given in the pre-event saved case.
2.2 Data Collection and Preparation – Dynamics Data


In preparation for dynamic simulations, the pre-event case was subjected to a flat-start process to assure that the run would start from a steady-state condition. A flat-start results in a flat line response of dynamics variables during a simulation with no disturbance.  A flat-start process tutorial is fully documented in the DWG Procedural Manual.

During the flat-start process, several units with insufficient dynamics data (consideration was given to size of the unit and distance to the event location) were replaced with static negative impedances (GNET activity in PSS/E).  Other units were turned off due to their extraordinarily small output which was indicative of bad data.  Changes were made to some models in the dynamics database (dyr file) that were deemed to have initial condition violations by adjusting their limits or other data.  A flat response was obtained as a result of these operations.

2.2.1 Actual Machine Response

Several DWG members obtained actual machine response data to the event from their company’s internal records.  This information was compared to the simulated response.  Additional post-event time series data per generator were obtained from ERCOT’s PI database to correlate individual unit power output response to the event’s simulation.  Because the PI system, which records SCADA data points every 4 seconds, does not assure that the presented data are measured data, interpolation between valid measured values was necessary where data was missing and where default values were logged.

2.3 Load Response to Frequency Changes

2.3.1 ERCOT Static Load Model

Active and reactive power flows in a transmission system are approximately independent of each other and are controlled by different control mechanisms.  Frequency control is related to active power control, whereas voltage control is related to reactive power control.  In the 1980’s and previous decades, research was conducted in the area of load voltage and frequency characteristics for inclusion in power system stability studies and published in a number of publications [1,2,3,4,5].  A study was conducted by the University of Texas at Arlington (UTA) in 1980’s to represent the ERCOT load-voltage characteristics.  This model was presented based on the “ZIP” model that is composed of constant impedance (Z), constant current (I), and constant power (P) components. Table 1 shows the ERCOT load ZIP model composition produced from the UTA study.  A general expression for the real and reactive components of voltage dependent load can be written in the polynomial form of:
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and if the frequency dependency of the load is also considered, then:



[image: image3.wmf](

)

(

)

[

]

(

)

f

D

p

V

V

p

V

V

p

P

P

p

D

+

+

+

=

1

*

/

/

3

0

2

2

0

1

0






(3)



[image: image4.wmf](

)

[

]

(

)

f

D

q

V

V

q

V

V

q

Q

Q

q

D

+

+

+

=

1

*

/

)

/

(

3

0

2

2

1

0






(4)

where P and Q are active and reactive components of the load when the bus voltage magnitude is V. The subscript 0 denotes the variables at initial operating condition. The coefficients p1 and q1 are the proportion of constant impedance, p2 and q2 are the proportions of constant current and p3 and q3 are the proportions of constant power. Dp, and Dq are the frequency sensitivity parameters, where Dp ranges from 0 to 3 and Dq ranges from –2 to 0 depending upon the load components, and Δf is the frequency deviation.

	Company
	Real Power Components (% of P in steady state model)
	Reactive Power Components (% of Q in steady state model)

	
	Constant

Current
	Constant Impedance
	Constant

Power
	Constant Impedance

	TXU
	44
	56
	50
	50

	CenterPoint (HLP)
	50
	50
	50
	50

	CPS 
	20
	80
	50
	50

	AEP (WTU)
	59
	41
	50
	50

	LCRA
	50
	50
	50
	50

	AE
	50
	50
	50
	50

	AEP (CPL)
	50
	50
	50
	50

	TMPP
	21
	79
	50
	50

	TNMP*
	50
	50
	50
	50

	STECMEC
	21
	79
	50
	50


Table 1. ERCOT Zip Load Model Composition
* TNMP loads were not part of the UTA research project. Typical characteristics for the TNMP loads were used in the study.
2.3.2 Frequency Sensitive Loads and Load-Damping Constants

In the absence of detailed load information, the most commonly accepted load model for representing active power is constant current, and for representing reactive power is constant impedance [3,6].  The frequency dependency of the load may be modeled in the following form:  
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Where, D is the load-damping constant, and is similar to Dp described earlier, Pn  is the load change that is not frequency sensitive.  Considering the frequency sensitive portion of the load, we can write:


[image: image6.wmf]w

D

=

-

D

P

P

f

f

,

0

    




 


(6)


[image: image7.wmf]0

,

0

w

w

-

-

=

f

f

P

P

D

.







(7)

This value is commonly given in MW/0.1 Hz, or in percent change in the connected load for percent change in frequency.  For a power system, this value typically is in the range of 1 to 2.  An average value used in dynamic simulations is D=1.5 (note, this is in per unit power / per unit frequency)[7].  A value of D=1.5 means that for 1% change in the frequency (i.e., frequency reduces from a 1.0 per unit to a 0.99 per unit), there will be a 1.5% change in the connected total load (i.e., total load reduces from a 1.0 per unit to 0.985 per unit).

2.3.3 Modeling Load-frequency Dependence in PSS/E

The PTI model LDFRAL represents the frequency sensitive load as follows [8,9]:
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Considering the frequency sensitive component of real power, we can write:
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The total real power damping for 0.1 Hz change in the frequency is assumed to be 0.0015 times the total real power based on information obtained from the Performance Disturbance Compliance Working Group (DCWG).  Therefore, for 0.1 Hz change in frequency we can write the equation (10) as:
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Since load-damping ranges between 1 and 2, for small changes in the frequency we can write:
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and, assume 
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From the equations (10) and (11) we can calculate Pp and PI for 0.1 Hz change in the frequency.  To model the load in PSS/E, for variable frequency, we can plug these into equations (8) and (9) to obtain the values for r and m. Solving for r and m we arrive at: 

r 
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 1.99244 
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2.0, and, 

m =0.  

Note, when using the original ERCOT static load model, PP,0 is equal to zero, and the assumption of
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 will not change the results of the derivation of r and m. However, if PP,0 is not zero, then a sensitivity study (varying 
[image: image19.wmf]a

) should be conducted to ensure that this assumption will not alter the final results of the simulation. Also note, the effects of real power on frequency are mainly system-wide, hence, the assumptions of equation (4) should not make significant difference in the final results for simulations of frequency events, since equation (3) ensures that the model represents the total load-damping effect.

With r=2 , and m=0 the LDFRAL model record is as follows:

0,’LDFRAL’, ‘*’, 0,0,2.0,0 

3. Event Sequence


It is common when reconstructing an event from various data sources that some of the information will be inconsistent.  That was the case when reconstructing the sequence of events for this event.  The primary sources of information used to determine the sequence of events were the system frequency data from ERCOT; conversations with TXU Electric Delivery field and operations personnel; conversations and information received from the FPL Forney plant personnel; recorded MW and DFR data from TXU Electric Delivery; the ERCOT disturbance report for this event; and recorded MW data from ERCOT.  From this information the following conclusions were reached:

· The event did not include an electrical system fault

· The event actually started at the 11:08:08 time point on the slow frequency data supplied by ERCOT. Time stamps were inconsistent among sources. The event started several seconds later than some sources suggested.

· The ERCOT system was experiencing a slow frequency decline just prior to the event.  This slow frequency decline was within normal frequency deviation, and not caused by the event.

· The event was initiated by a mechanical problem with a circuit breaker at the Forney plant, and that resulted in a transfer tripping of breakers in the TXU Electric Delivery switching station.  This resulted in the disconnection of 3 units at Forney with a total net output of 550 MW.  

· Because of the configuration at Forney, the loss of the first three units resulted in loss of auxiliaries or low lube oil indication for the remaining units.  This resulted in the near simultaneous loss of the remaining four units 34 seconds after the first three units were lost.  The loss of these four units resulted in the loss of 683 MW of net generation.

3.1 Actual Event Frequency Data


Because this event resulted in a ‘measurable event’ as defined by ERCOT Protocols 5.8.2, ERCOT Operations and the PDCWG were required to perform an analysis of the event.  The DWG received a copy of this analysis, which contained frequency data from 10:54am to 11:54am for August 19, 2004.  This frequency data was recorded at two-second intervals and while it generally gives a good picture of the overall movement of frequency over a long period of time, the DWG was concerned that some important dynamics of the system may not be seen with this data.  After the study began, the DWG also received a spreadsheet from ERCOT that contained high resolution frequency data for this same event.  Frequency was recorded for each cycle or 60 points per second.  This recorded data had some problems that had to be addressed, for example, the time stamp of the data appeared to be about 10 seconds off of the data produced by ERCOT Operations and the PDCWG, and the points were also extremely oscillatory possibly indicating a metering accuracy problem.  The DWG took this raw data and calculated a moving average of fifteen points that produced a plot that was much smoother and corresponded nicely with the two second data plot.  However, the high resolution frequency plot did reveal some important information, such as the point at which the LaaR tripped.  See Figure 1 for a plot of the calculated high resolution frequency data for the Forney plant trip.
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Figure 1.
As mentioned before, frequency control is related to active power control. Changes in active power anywhere in the system have an almost instantaneous global effect on the network frequency.  In general, the effect is almost the same everywhere in the system.  When generation outages occur, the frequency begins to decline. The slope of the frequency decline is largely a function of initial frequency, the amount of load and generation unbalance, and the system generators’ inertias.  Where the frequency will recover and settle, in a short time frame, is largely a function of generators governors’ responses.       


In order to be able to monitor the case results versus the actual frequency data, it was necessary to select a reference bus in the case to which frequency deviations could be compared.  A simulation of the initial data was done using several important 345 kV buses in various parts of the system.  A comparison was made of the frequency deviations of these 345 kV system buses.  The JEWET bus #1160 was chosen as the reference bus, since there was less oscillation present at JEWET, and it represents average frequency conditions throughout ERCOT.  Figure 2 shows the relative frequency oscillations at several of the candidate buses.
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Figure 2.
3.2 Location and Amount of LaaR Shed


In the current ERCOT market, “load acting as a resource” or LaaR can bid for availability to drop during frequency events.  According to ERCOT Operating Guides, Section 2.5.2.3, “The initiation setting of the relay shall not be any lower than 59.7 Hz.”  The Forney plant trip event resulted in frequency declining below 59.8 Hz.  According to data collected by ERCOT System Planning, one LaaR has a frequency trip setpoint at 59.8 Hz while the remaining LaaRs have frequency trip setpoints of 59.7 Hz.  This data leads to the conclusion that only one LaaR should have tripped for the event.  The actual LaaRs data compiled by ERCOT Operations and the PDCWG confirms that this is in fact exactly what occurred during the event.  The ERCOT Disturbance Analysis report indicates that one LaaR totaling 171 MW tripped.  


Since only one load tripped, only one dynamics data record was created to trip this load during the simulation.  The parameters used for the dynamics model were determined by ERCOT Planning based on data received from the Demand Side Working Group.  The parameters used in this study are as follows: 
Relay Pickup Frequency: 59.8 Hz

Relay Pickup Time: 14 cycles
Breaker Operating Time: 5 cycles
Load to trip: 99.7% of 172.1 MW

4. Study

4.1 Initial Simulation Results


The first step to assess the fidelity of the event simulation results to the actual system performance was to simulate the event using the DWG dynamics database data and models.  Figure 3 is a plot of the recorded system frequency during the event and the system frequency as simulated using the DWG dynamics models and data.
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Figure 3
The bottom plot is the frequency of the recorded event.  The top plot is the frequency from the simulation.  The event started at the 8 second point in Figure 3. As can be seen, the ERCOT frequency was in a slow decline just prior to the event.  The simulation does not include this slow frequency decline.  The PSS/E program and models do not simulate normal system frequency deviations or AGC adjustments, although AGC action was in progress.  The PSS/E program and models do simulate primary governor response to frequency deviations from 60 Hz. 

As discussed elsewhere in this document, one LaaR was tripped during this event.  The frequency set point for this LaaR is 59.8 Hz, and that frequency is highlighted in red in Figure 3. The slight frequency rise in the recorded plot between 45 and 46 seconds is the result of the LaaR tripping. 

The most obvious conclusion from viewing Figure 3 is that the DWG dynamics data and models significantly understate the frequency decline and overstate the frequency recovery.  The simulation completely misses the LaaR actuation, and mistakenly suggests there is 0.1 Hz margin to the 59.8 Hz LaaR set point.  

Note that the initial steep frequency decline of the simulation matches the actual frequency decline very well.  This suggests that the overall system inertia is modeled correctly.  The quality of data available was not adequate to make a judgment about the inertia data for individual machines.  

4.2 Investigating the Discrepancy between Simulated Response and Actual Response
4.2.1 Introduction


From Figure 3 it is clear the event simulation does not have good fidelity with the actual event system performance.  The DWG investigated several factors that could cause this disparity.  The following sections document the results of this investigation.

4.2.2 Primary Governing as Discussed in the Protocols and Operating Guides


The DWG believed it was important to understand the requirements for primary governing as stated in the protocols and Operating Guides.  Then, the dynamics models and data could be reviewed in light of these requirements. Finally, the performance of individual units and QSE’s could be evaluated in light of these requirements.


The term primary governor response refers to the initial and automatic response of generators to changes in system frequency.  The term is not explicitly defined in the ERCOT Protocols and Operating Guides, but requirements and expectations for primary governor response are provided and summarized as follows:

· In Service.  ERCOT requires that whenever a generation resource is on line, its turbine governor shall remain in service and be allowed to respond to all changes in system frequency.  ERCOT defines generation resources as facilities that produce energy and that are owned or operated by a generation entity.  Further, generation entities shall not reduce governor response on individual resources during abnormal conditions without ERCOT’s consent, unless equipment damage is imminent.
· Droop.  The Operating Guides state that every effort should be made to maintain governors with a five percent (5%) droop characteristic.  ERCOT defines droop as the percent change in nominal frequency that will cause generator output to change from no load to full load.  It is the change in steady state rotor speed, expressed in percent of rated speed, when power output is gradually reduced from rated to zero power.

· Governor Dead Band.  The Operating Guides state that the maximum intentional dead band is +/- 0.036 Hz.  ERCOT defines governor dead band as the range of deviations of system frequency (+/-) that produces no turbine governor response, and therefore, no frequency (speed) regulation.  It is expressed in percent of rated speed, Hz, or RPM.

· Reporting.  Any short-term inability of a generation resource to supply governor response shall be immediately reported to ERCOT.
· Governor Testing.  Governor performance tests should be conducted at least every two years.  Sample test procedures for mechanical-hydraulic and electro-hydraulic governors are in the Operating Guides.

· Overall Response.  The combined response of all generation resources interconnected in ERCOT to a measurable event (the sudden change in interconnection frequency to a frequency of between 59.700 Hz and 59.900 Hz or between 60.100 Hz and 60.300 Hz, and a frequency change greater than or equal to +/- 0.100 Hz) shall be at least 420 MW / 0.1 Hz.  There is no mechanism for ERCOT to know whether this minimum response is available.  The actual performance is calculated as a post event check of response.
· Poor Governor Response.  The Operating Guides list the following elements that can contribute to poor governor response: 

· Governor dead band

· Valve position limits

· Blocked governor operation

· Control mode

· Adjustable rates or limits

· Boiler/turbine coordinated control or set point control action 

· Automated “reset” or similar control action of the turbine’s MW set point

The Operating Guides also state that every attempt should be made to minimize the effects of these elements on the governor operation for the duration of all frequency deviations.  It should be noted that other elements (that are not listed) may also contribute to poor governor response.

Thus, there is an expectation that any generator that is on line will respond to sudden frequency changes with primary governor action.  It is also recognized that certain conditions may limit governor response.  However, the effects of elements that lead to poor governor response should be minimized and each QSE should monitor its units to verify that such elements do not contribute to a governor droop characteristic greater than five percent (5%).

An examination of the ERCOT dynamics governor models and data revealed the following:

· In Service. Governor models and data for most machines are available and were used in the event simulation. A few owners have not provided governor models and data, combined cycle plants cannot be adequately modeled with existing models, and governor models for a very few machines known to not respond to system frequency changes are not in the database. Thus, with some exceptions, the governors are modeled as in service. 

· Droop. While there is some variation, the overall droop value used in the models is about 5 %.

· Governor Dead Band. The governor models currently used in ERCOT do not account for dead band. The event simulated resulted in a frequency deviation considerably greater than +/- 0.036 Hz. Thus, the inability of the models to account for dead band should not have had a substantial influence on the simulation results. 

· Reporting.  The DWG did not attempt to determine if any machines had reported their governors impaired or out of service during the event.  From a study perspective, this item becomes a moving target that can constantly change.  One could construe missing governor models and data as, in effect, accounting for some governors being impaired.  

· Governor Testing.  The DWG annually incorporates into the dynamics database all new or revised model data received by DWG members.  While machines in ERCOT are required to be tested every two years, some DWG members report that they have not seen this test data. There appears be a problem distributing the results of unit testing to all parties who may need the information. 

· Overall Response. The simulated response during the first dip of the event was 404 MW/0.1 Hz, fairly close to the 420 MW/0.1 Hz required response. 

· Poor Governor Response.  The governor models used in ERCOT do not include features to model the elements listed as leading to poor governor behavior.  Thus, one would expect the governor models to provide very good response in simulations. 

From the above it seems reasonable to conclude that the governor models and data used in ERCOT are consistent with policy for primary governing as stated on the Protocols and Operating Guides.  It also seems reasonable to conclude that the response of some machines during the event may not have been consistent with policy for primary governing since the actual system performance is clearly not as good as the simulation. 

References

ERCOT Protocols (October 2005) Section 5.8

ERCOT Operating Guides (September 2005) Section 2.2.5 and Section 6.2.1.4

4.2.3 ERCOT Unit Response
Because the simulated response was so much better than the actual system performance, DWG was interested in gaining some insights into factors that might have contributed to the system performance.  The insight gained might suggest changes to the models or data that would result in simulations with better fidelity to the actual system response. 

The bar chart in Figure 4 presents an analysis on the actual response of units in ERCOT to the Forney unit trip.  The responses fall into four groups: 
1) Negative Response 
2) No Response
3) Minimal Response 
4) Good Response  
Figure 4 shows the number of units and MW's in each of the categories.

Of the 599 units in the ERCOT data, 299 units were off-line.  Of the 300 on-line units, 101 units, representing 18,809 MW displayed negative response, that is, the units were producing fewer MW's at the end of the time period than they were at the beginning of the time period.  Seventy-three units, representing 2529 MW, displayed no response at all, with the MW's the same at the beginning and the end.  Thirty-three units, representing 9048 MW, showed a positive response, but only increased generation 1% or less.  Ninety-three units, representing 13,696 MW increased generation 1% or more.
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Figure 4.
Figures 5, 6, 7, and 8 depict the typical responses of each category of unit responses:
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Figure 5.

[image: image25.emf]Unit with No Response to Disturbance
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Figure 6.

[image: image26.emf]Unit with Minimal Response to Disturbance
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Figure 7.

[image: image27.emf]Unit with Good Response to Disturbance
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Figure 8.


Note that some simulation plots show considerable oscillation relative to the MW output recorded during the event.  Because the recorded data was collected at intervals ranging from 2 to 5 seconds, oscillations would tend to be smoothed.  It is also possible that the simulation data results in excessively under damped output.  In those instances where the model data is suspect, the data will be reviewed for possible tuning.  The oscillatory MW output of some generators is not considered to have a significant effect on the overall simulated frequency response.   


From the above it can be seen that about 48% of capacity and 58% by number of units had no response, or negative response.  It seems reasonable to conclude that the large number of units that did not have positive governor response during the event contributed to the disparity between the actual system response and the simulation system response.  Figures 5 and 6 illustrate on a machine basis the difference between actual response and expected response.  At first glance, Figure 8 might suggest that some machines performed better than one would expect from the simulation.  However, the simulation assumed virtually all on-line machines responded to the event.  Since only about one-half of the units actually responded, Figure 8 actually illustrates that those units that did respond had to have a much larger response to the event than they would have if all machines responded as expected.  
4.2.4 Actual MW Output from On Line Generators

The DWG also examined the response of units by fuel type.  Examples of various types of generators and their response to the Forney plant trip disturbance can be seen in Figures 9-14.  Nuclear and wind units are assumed to not respond to system frequency changes, and combined cycle plants are treated in a following section.  As we can see some units return fairly quickly, and some slowly to their initial MW generation.  Such behavior is not a feature of the governor models currently used in ERCOT.  The latest version of PSS/E, however, has new models (GGOV1 and ULCFB1), that appear to allow modeling of such characteristics.
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Figure 9.
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Figure 10.
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Figure 11.
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Figure 12.
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Figure 13.
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Figure 14.
In Figure 9, unit Gas A shows an initial response, and then runback while unit Gas B in Figure 10 responds as expected.  In Figures 11 and 13, units Coal C and Coal E are somewhat slow in their response, but otherwise respond as expected to the loss of the first set of units at Forney.  However, both units experience runback. Unit Coal D in Figure 12 shows less than expected output response and then fast runback to the pre-event output.  From the above, it seems reasonable to conclude that fuel type does not indicate whether a unit will respond as predicted by simulation.  It also seems reasonable to conclude that several units provide an initial response, but runback to their initial output shortly thereafter.  Referring again to Figure 3, the simulation shows an initial frequency decline after each train at Forney trips, the frequency decline is arrested by primary governor action, and then system frequency recovers to a value somewhat below the initial frequency value.  This is a classical depiction of primary governing.  In the actual event, the scenario is similar to the simulation except the frequency does not stabilize, but begins another, slower frequency decline unrelated to any unit tripping.  This slow frequency decline is evidence of machine runback.  The governor models used in ERCOT do not include runback as a model feature. 


Figure 14 indicates that the simulation for Hydro Unit F significantly underestimates the unit’s response.  This suggests that the governor model and data should be reviewed and possibly tuned to obtain better fidelity with actual performance.  Many hydro units in ERCOT are known to have very fast governor response to frequency changes, as the actual response in Figure 14 indicates.  Referring to Figure 3, note that the actual frequency recovery after the first minimum is faster than the simulation.   Understated hydro response, similar to that in Figure 14, is likely the reason.  The actual and simulated frequency recovery rate, after the second frequency minimum, is much closer.  This suggests most of the available hydro generation was at its maximum output when the second train at Forney tripped and thus not available to help restore the frequency from the second minimum. 

4.2.5 Units at PMax

A substantial number of ERCOT units run near their maximum output, typically called PMax, during simulations and in actual operation.  Typically, these are nuclear, coal, lignite, and other base-load plants with inexpensive fuel.  Some base-load natural gas plants also fall into this category.  In hours where these plants are loaded near their PMax, the units do not have much headroom to move in response to frequency deviations.  Even if the units have a setting of 5% for their droop, after a small response, the units will not have any more capacity to contribute to stabilizing frequency.  At the time of the Forney Plant trip, 51 ERCOT units, comprising nearly 20,000 MW of capacity, were operating at 95% capacity or higher.  In most cases, the DWG modeling and data for these machines does not differ substantially from the actual response.  Both actual and simulated responses are small, relative to unit size.  However, the fact that large amounts of capacity do not effectively respond to frequency affects the overall ERCOT R, and can partly explain why the actual observed R of the system differs so greatly from the requirements in the Protocols and Operating Guides.  Figure 15 shows the simulated vs. actual response of a large 657 MW coal plant that is operating at 97% of its PMax.  Figure 16 shows the simulated vs. actual response of a 1274 MW nuclear plant that is operating at 99% of its PMax.
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Figure 15.
The chart of actual response below shows similar response, however, the response is small in relation to the size of the unit.

 [image: image35.emf]Nuclear Plant Near PMax
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Figure 16.

4.2.6 Combined Cycle Plants and Modeling Issues

For the past few years the need for an adequate Combined Cycle Plant governing model has been an issue of concern for the ERCOT DWG.  In PSS/E version 29 there is a combined cycle plant user model, URCSCT, based on the GAST2A and IEEEG1 governor models with similar deficiencies as the GAST2A and IEEEG1, with some small additions to account for combined cycle plant modeling.  Additional deficiencies of model URCSCT are listed in the section “PSS/E version 30 Governor Models”.  In PSS/E version 30 there is a new GGOV1 model that can be used to represent a variety of thermal prime movers controlled by Proportional Integral Derivative (PID) governors, including to some extent, single-shaft combined cycle turbines.  There is some question as to whether GGOV1 is really appropriate to model single-shaft combined cycle plants.  See the discussion in the section “PSS/E version 30 Governor Models”.  It is clear that neither URCSCT nor GGOV1 can be used to properly model multiple shaft combined cycle plants.  The majority of ERCOT combined cycle plants are multi-shaft plants.
Figure 17 shows the recorded output of the gas turbine (GT) unit of a combined cycle with the results of simulation using a GAST2A governor model
.  This combined cycle plant is a multi-shaft plant comprised of one gas and one steam turbine and two generators.  We can see that the unit responded initially with several seconds delay to the first generation outage event, however, it quickly returned to a value slightly less than the pre-event output.  Similarly, it responded to the second generation outage for several seconds and returned to an output value approximately equal to its pre-event. As we can see the unit’s response is quite different from what is modeled.

Figure 18 shows the recorded output of the steam turbine (ST) unit of the combined cycle with the results of simulation using an IEESGO governor model1. We can see that the steam unit after several seconds of initial delay first reduces in output. This is a characteristic of the steam turbine portion of this combined cycle plant which is not properly modeled. After the initial decline the output increases for a few seconds and then returns to a value approximately equal to its pre-event output. Similarly, it responds to the second generation outage for several seconds and returned to a value close to its pre-event output. Again the response is quite different from the simulation results.

Overall this combined cycle plant is not responsive. It appears that supervisory load controller resets the generation outputs to initial conditions fairly quickly. Such mechanisms are not available within the GAST2A or the IEEEG1 models. However, in version 30, GGOV1 model includes a load controller module for modeling this controller within a single-shaft combined cycle turbine. However, other critical features such as multiple shaft plants (as mentioned before, the majority of combined cycle plants within ERCOT are multi-shaft plants), steam unit output dependence on gas turbine output, and gas turbine acceleration control cannot be modeled.  In particular, the output of gas and steam turbines of the combined cycle plants are related, and GGOV1 or any other model in PSS/E version 30 cannot address this properly. Appendix A shows a number of combined cycle plants recorded and simulated responses. The differences between the two demonstrate the need for combined cycle plant governing system model development.
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Figure 17. The response of the GT portion of the combined cycle plant.
[image: image37.emf]Combined Cycle Unit CC01-ST1
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Figure 18. The response of the Steam turbine portion of the combined cycle plant.
Figures 17 and 18 illustrate another significant deficiency of using models GAST2A and IEEEG1 (or IEESGO) for modeling combined cycle plants.  There is a well known time lag of several seconds to perhaps a minute from when a combustion turbine increases its output and the time the associated steam turbine increases its output.  This time delay is present for both single-shaft and multi-shaft combined cycle plants.  As modeled, Figures 17 and 18 shows that there is no time lag for the steam turbine.  The steam turbine is responding to system frequency changes, not to a change in thermal input as a result of increased combustion turbine firing.  This just further illustrates the need for an adequate combined cycle model.  Unfortunately, the way combined cycle plants are currently modeled in ERCOT tends to overstate the response to system frequency changes, and can contribute to a false sense of security. 
4.2.7 PSS/E version 30 Governor Models

The simulations presented in this report use PSS/E version 29. Since DWG began this work before ERCOT’s switch to version 30, it decided not to change software version while this work was in progress.

PSS/E version 30 contains several new governor models.  As has been mentioned, the present models used by the DWG lack appropriate detail for combined cycle power plants.  

The new GGOV1 is a GE general purpose turbine/governor model and can be used to model a variety of governors.  It can be used for gas turbines and the manual suggests it can be used for single-shaft combined cycle turbines.  However, the block diagram does not contain heat recovery steam generator or steam turbine elements which are necessary to model any combined cycle plant. At this point, it is questionable whether this is really an adequate model for combined cycle plants.  It models speed governor dead-band, and seems to be able to model engine power varying with speed.  However, it is not suitable for modeling multi-shaft combined cycle plant governing systems  

There are several governor models used by WECC that are new in PSS/E version 30 that may be useful:
· URGS3T is a WECC gas turbine mode, which includes dead-band.

· WSIEG1 is like the IEEE type 1 model IEEEG1, except that it can model some valve nonlinearities, and also models dead-band.  However, WECC investigation shows that valve nonlinearities and dead-band may not be critical in the simulation results.
· WSHYDD and WSHYGP are special WECC hydro models, both of which include dead-band.

In version 30 there is also a new model ULCFB1, “Turbine Load Controller” that seems to be able to model the relatively slow reset controller that manages the action of the turbine governor.  This could, perhaps, be used to model the “runback” (MW control) which has been observed in the actual ERCOT data.  This model can be used with most of the standard PSS/E turbine governor models.

The URCSCT model is a combined cycle single-shaft user model. PTI indicates the model was developed for a special purpose and does not recommend it for general use.  That means the model may have been developed for economic studies, and may not be appropriate for the types of technical studies performed by DWG.  In addition, the model has the following problems:

· The model only applies to single-shaft combined cycle power plants (CCPP).  Many CCPP in ERCOT are multi-shaft.

· The model does not account for the time lag between changes in combustion turbine loading and steam turbine loading.

· The model does not account for the fact that the combustion turbine’s output is dependent upon the system frequency.

· The model does not account for governor frequency dead band. 

· The model does not account for combustion turbine acceleration control.

· The model does not account for governor MW control. 

DWG will continue to investigate these newer models and begin the process of using them when appropriate.  Converting from one model to another can be a time consuming task, and can require the collection of additional, sometimes difficult to obtain information. 
Some of these are PSS/E user models which require compiling and linking with the PSS/E dynamic skeleton. ERCOT DWG is of the opinion that the frequently used and finalized models should be incorporated into the PSS/E skeleton to avoid additional work and possible errors in regular dynamic simulations. 

4.2.8 QSE Providing RRS


From the very beginning when it was determined that 2300 MW was sufficient responsive reserve, it has been assumed that units awarded responsive reserve service (RRS) would respond to low frequency events with primary governing.  Historically, DWG has assumed RRS units would respond with primary governing in the studies they have performed.  Since this fundamental assumption can significantly affect study results, it seemed reasonable to investigate whether this assumption was true for this event. Responsive reserve service is not awarded on a unit basis but to QSE’s in ERCOT. Thus, the following discussion is on a QSE basis, not a generating unit basis.



Primary governor response for each QSE was calculated by subtracting the total QSE generation recorded just prior to the event (11:08:08 AM) from the total QSE generation at 8 seconds, 16 seconds and 32 seconds after each Forney combined cycle train trip.  QSE’s that were awarded RRS accounted for 68% to 84% of the total primary governor response at these selected times as indicated in Table 2.  
	Time After Initial Generation Trip
	Total ERCOT Response (MW)
	Response Provided by QSE’s That Were Awarded RRS

	8 Seconds
	34
	23 MW (68 %)

	16 Seconds
	178
	120 MW (68 %)

	32 Seconds
	411
	344 MW (84 %)

	42 Seconds
	477
	384 MW (81 %)

	50 Seconds
	618
	492 MW (80 %)

	66 Seconds
	1031
	862 MW (84 %)


Table 2. Primary Governor Response Summary
These same QSE’s represented approximately 79% of the total generation output in ERCOT at the time of the event.  Thus, the amount of primary governor response from QSE’s that were awarded RRS was roughly proportional to the generation output from these QSE’s just prior to the event.  A significant portion of primary governor response came from generators that were not providing RRS.  This is consistent with the requirements for primary governing as described in the ERCOT Protocols and Operating Guides.  A report of governor response by QSE is provided in Table 3.

The primary governor response of QSE’s that were awarded RRS was comparable to the response of QSE’s that were not awarded RRS for this event.  This is consistent with the requirements for primary governing as described in the ERCOT Protocols and Operating Guides.  Overall, there does not appear to be a correlation between primary governing performance and RRS.

	
	
	Response (MW)

	Frequency (Hz):
	59.8490
	59.8900
	59.8760
	59.7540
	59.7530
	59.7600

	QSE
	RRS AWARD (MW)
	11:08:16 AM
	11:08:24 AM
	11:08:40 AM
	11:08:50 AM
	11:08:58 AM
	11:09:14 AM

	AEN
	118
	4
	5
	12
	26
	27
	56

	AEP
	0
	0
	5
	19
	21
	20
	38

	ANP
	0
	0
	8
	-1
	0
	11
	-2

	APX
	0
	0
	0
	0
	0
	0
	0

	BTU
	23
	2
	2
	2
	2
	2
	2

	CAL
	119
	4
	20
	15
	18
	40
	63

	CONA
	19
	3
	11
	10
	6
	8
	6

	CONB
	0
	0
	0
	0
	0
	0
	0

	COR
	0
	6
	14
	15
	27
	27
	35

	DYN
	0
	3
	7
	4
	4
	10
	7

	FPLB
	0
	0
	0
	0
	0
	0
	0

	FPLW
	0
	0
	0
	0
	0
	0
	0

	FPL
	112
	0
	0
	0
	0
	0
	0

	FREE
	0
	0
	0
	0
	0
	0
	0

	GPL
	20
	8
	18
	26
	26
	31
	32

	LCRA
	200
	0
	2
	63
	123
	119
	136

	MIR
	0
	0
	0
	0
	0
	0
	0

	EXE
	0
	-3
	-3
	-7
	-7
	-7
	-7

	TexGenco
	295
	1
	2
	98
	92
	161
	220

	RES
	6
	1
	1
	5
	1
	2
	8

	STEC
	7
	0
	1
	2
	5
	6
	7

	TEN
	0
	1
	1
	3
	3
	7
	6

	TXU
	242
	1
	38
	101
	76
	84
	306

	BPTXSQ1
	0
	1
	5
	-2
	0
	6
	-3

	BPTXSQ2
	100
	0
	5
	6
	7
	11
	10

	BRAZOS
	0
	0
	2
	1
	6
	4
	3

	CONC
	0
	0
	0
	-5
	-4
	-5
	-6

	CORSQ2
	0
	0
	1
	17
	17
	17
	35

	MPOWER
	0
	2
	12
	14
	9
	14
	18

	FULCRUM
	4
	0
	6
	2
	0
	1
	-1

	FRONTERA
	0
	1
	2
	1
	3
	3
	4

	TEMI
	29
	0
	9
	3
	1
	1
	17

	MPWRSQ1
	0
	0
	0
	0
	0
	0
	0

	TENSQ2
	0
	-1
	-1
	0
	0
	0
	7

	AEPSQ2
	0
	0
	5
	7
	13
	19
	34

	TOTAL
	1294
	34
	178
	411
	477
	618
	1031


Table 3. Primary Governor Response by QSE
4.3 Adjusting the Governor Model Data

4.3.1 Introduction


In the preceding sections, the event was simulated using the dynamics models and data available to DWG.  The simulated system response did not match the actual system response.  DWG then looked into possible causes of this disparity, and several were found.  Several of the causes, such as non-responsive units and an inadequate combined cycle model, are outside DWG’s control.  So, DWG is faced with the dilemma of finding a way to make simulations that more closely match actual system performance with the information and models available.  The following explores two possible approaches.  
4.3.2 Regulation


A large disturbance on the system, such as sudden loss of load or generation, will result in an imbalance between mechanical and electrical power and cause generators to either accelerate or decelerate.  These two quantities will regain equilibrium after generator governors respond to changes in their individual generator speeds.  If a generator trips, then the remaining generators will tend to slow down and their governors will attempt to bring the generators back to target speed by increasing generator MW output.  The rate of response of a governor can be measured by a quantity known as steady-state regulation, or speed droop.  According to the ERCOT Operating Guides, every effort should be made to maintain each generator with a 5% droop.  As the initial simulation results show, the nominal 5% governor droop does not come close to replicating the actual performance of the system during this event.  To obtain a better match between actual system performance and simulation performance, the actual effective regulation of the entire system will need to be calculated.  This value will be applied to all of the on-line generators in the dynamic simulation for comparison purposes.  The mathematical formula for calculating effective system regulation, R, is shown below [10].  The variable D represents a system load damping factor that has been estimated to be 0.9 by consultation with the PDCWG.  
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Since the Forney event was actually two separate trips about 30 seconds apart, it seemed wise to calculate an effective system response for each dip.  Figure 19 shows the frequency plot of the event with the estimated values of frequency change and generation tripped used to calculate effective system regulation.
[image: image39.png]August 19, 2004 Forney Plant Trip
Recorded Frequency Plot

60.05

‘A, 013 Hz
59.95

AP,| =550 MW

599

59.85 1

Af, =012 Hz

598

AP, =683 MW

59.75

597

0 20 0 60 80 100 120 140
Seconds




Figure 19. 
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4.3.3 Model Data Adjustment – Droop


As can be seen from Figure 3, the simulated frequency response using reported governor data significantly overstates the frequency response of the system. One model constant that can affect the speed of governor response, and is common to all governor models, is the droop.  It has been stated on several occasions by the PDCWG that the actual ERCOT system droop during disturbances is around 17%. The Operating Guides state that every effort should be made to maintain governors with a five percent (5%) droop characteristic. Examination of the ERCOT governor models’ data indicate the reported droop to generally be near 5%, with some values being larger, and some being smaller.  Judging from the dynamics data, one would expect the overall ERCOT response to a loss of generation to have a droop of about 5%.  

One approach to achieving better fidelity between the actual frequency response and the simulated response is to change the governor droop value for all governor models to the known system droop of 17%.  Figure 20 compares actual system frequency response with the event simulation using 17% droop for each governor modeled in the dynamics database. 
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Figure 20.
As can be seen in Figure 20, the simulated frequency response now has frequency minimums closer to the two actual frequency minimums.  However, the simulation again shows much stronger frequency recovery than actually occurred. 

Figure 20 also shows the simulation frequency does drop below the LaaR set point of 59.8 Hz, and the relay model for this LaaR does actuate.  There is a slight frequency rise after the relay model actuates.  The simulation results are consistent with the actual system performance, and this suggests the model and data used for this LaaR are appropriate. 

As discussed above, the calculated system droop for this event was 21.4% for the first loss of generation, and 15.2% for the second.  The PSS/E software does not lend itself to changing governor droop after the simulation has started.  Figure 21 compares actual system frequency response with the event simulation using 21.4 % droop for each governor modeled in the dynamics database.
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Figure 21.
As can be seen in Figure 21, the simulated first frequency minimum is essentially the same as the recorded minimum.  Thus, changing the droop to 21.4% for all governor models appears to be necessary and sufficient to achieve good fidelity with the actual system performance, at least in terms of achieving the minimum frequency dip.  The PSS/E software and models used by DWG are intended to only model primary governing, not secondary governing.  Thus, accurately determining the depth of frequency decline for loss of generation will often be the most important information to be derived from these types of simulations.

Note that a discussion of the different rate of frequency rise after the first dip, and the actual frequency decline after the first and second frequency dip is included in a previous section. 
It should be noted that the discussion on 21.4% droop is not intended to contradict the 17% system droop value from the PDCWG.  It is understood that the 17% system droop is an average number, while the 21.4% number applies to this incident, and then only to the first frequency dip.  When performing planning and pre-event studies, the 17% droop number would be more appropriate than the 21.4% number specific to this event.

4.3.4 Model Data Adjustment – Remove Governor Model


Another approach to achieve a simulation that more closely matches the actual system response is to remove from the dynamics database all units that clearly did not respond. The response from the remaining units should result in a simulation frequency response that is similar to the actual system response. As Figure 22 shows, using this approach has resulted in a simulation that is a “better” replication of the actual system performance than using the dynamics database without modification.  However, the simulation is still not particularly close to the actual system response. This suggests that several units classified as "responding" did not respond as well as the dynamics data would suggest.  This approach, along with additional measures such as changing the droop value, could eventually result in a simulation that reasonably matches the actual event frequency minimums. However, it was concluded that such an approach, at least for this study, would require more work and likely not produce better results than simply changing the droop value.
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Figure 22.
4.4 Results from May 2003 CPSES Dual Unit Trip


Roy Boyer of TXU Electric Delivery performed a transient stability analysis of this event, primarily using information available from TXU sources. The May 2003 event had some notable differences from the Forney event.  A prolonged fault was involved in the May 2003 event while no fault occurred during the Forney event.  The May 2003 event occurred early in the morning in the spring, while the Forney event occurred near noon in the summer.  More generation (MW) was lost in the May 2003 event resulting in a greater frequency decline. Both LaaR and firm load was shed during the May 2003 event, while only one LaaR load was lost during the Forney event.
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Figure 23.
The top plot in Figure 23 shows the simulated frequency response to the event using the DWG dynamics models and data, and the DWG load model that were in effect and applied to 2003 cases. The blue plot is the system frequency recoded during the event. The yellow plot shows the simulated frequency response after the following changes were made: 

· Fault impedance was included in the simulation

· The governor droop for all machines was changed from the values in the dynamics database to the reported system value for this event of 17%.

· The load model was changed from no constant MVA load to 50% constant MVA load.

Obviously, the simulation with these changes has better fidelity to the actual system response than the simulation using “normal” data.  Probably the most troubling observation one can make from viewing the figure is a simulation of this event before it happened would have lead to the false conclusion that no firm load would be lost during the event. There would have been a false sense of security since the simulation would have shown a 0.3 Hz margin to firm load shed for this extreme event.  While the fault impedance contributes some to the inaccurate simulation results, the primary reason the simulation using the dynamics models and data so poorly replicated the actual event was the governor droop data leads to performance significantly different from actual system performance, and the load model does not adequately account for constant MVA load.  

The response of 28 units in operation during this event, owned by 6 different entities, all connected to the same transmission provider, was examined.  A qualitative analysis revealed the following:

· 12 units had a small initial MW increase response to the event, and then returned to their pre-fault MW output within 2 to 30 seconds after the event start.

· 9 units did not respond.  

· 4 units responded quickly

· 3 units responded with a small MW increase or responded slowly

This qualitative analysis sheds some light on why the overall system droop is so much greater than the dynamics data would suggest.  Most governor droop values in the dynamics database are near 5%, and thus in line with the Operating Guides. The dynamics governor models assume the governor will respond to frequency changes with little time delay, and no runback. The models appear to be consistent with the general intent of the Operating Guides.   The qualitative analysis suggests governor runback and no governor response are significant contributors to the difference between actual and simulated system performance. 

5. Conclusions

1. The overall inertia of the system modeled in the various generator models corresponds well with the actual system inertia constant seen during the event.

2. The governor models and data in the DWG database may lead to study results which significantly understate the frequency decline and overstates the recovery after loss of generation.   More specifically, studies using the DWG database will likely not show frequency declines through the load acting as a resource (LaaR) or under-frequency load shedding (UFLS) frequency set points for disturbances where these set points are actually reached. 

3. The data for the load response to frequency model was updated. The newer data was somewhat different from the old data, but certainly not an extreme change. The overall effect on system frequency response is considered minor.  There was insufficient information available to judge the adequacy of the model.
4. The governor models and data used in ERCOT are consistent with policy for primary governing as stated on the Protocols and Operating Guides.

5. There appears be a problem distributing the results of unit testing to all parties who may need the information.

6. The response of some machines during the event may not have been consistent with policy for primary governing.

7. A large number of units did not have positive governor response during the event.

8. The large number of units that did not have positive governor response during the event contributed to the disparity between the actual system response and the simulation system response.  Due to the lower frequency depression in the actual event, those units that did respond exhibited a much larger response to the event than they would have if all machines had responded as expected.
9. Fuel type does not indicate whether a unit will respond as predicted by simulation. 

10. Several units provide an initial response, but runback to their initial output shortly thereafter.

11. The governor model and data for hydro units should be reviewed and possibly tuned to obtain better fidelity with actual performance.

12. PSS/E version 30 has some new governor models that might be useful for resolving some of the problems identified in this report. DWG will continue to investigate these newer models and begin the process of using them when appropriate.    Converting from one model to another can be a time consuming task, and can require the collection of additional, sometimes difficult to obtain information.

13. A substantial number of units in ERCOT were operating near their maximum capacity, and did not provide much response.  This affects the overall ERCOT R, and contributed to the disparity between the observed R of the system and the expected R.

14. The DWG modeling of units near maximum capacity did not differ substantially from the actual response, and doesn’t contribute to the disparity between actual system response and the simulated system response.

15. There is still a need for an adequate combined cycle model.  The current practice for modeling combined cycle plants in ERCOT tends to overstate the response to system frequency changes, and can contribute to a false sense of security.  

16. The primary governor response of QSE’s that were awarded RRS was comparable to the response of QSE’s that were not awarded RRS for this event.  This is consistent with the requirements for primary governing as described in the ERCOT Protocols and Operating Guides.  Overall, there does not appear to be a correlation between primary governing performance and RRS.
17. The model and data used for the one LaaR that actuated during the event is appropriate.  LaaR contracts vary from time to time, so it may be inappropriate to generalize this result to future conditions.  DWG is comfortable concluding the relay model used for LaaR is generally adequate.  Assuming accurate data for each LaaR is available, the models and data should provide reasonably accurate results during simulations. 

18. When performing planning and other studies where the objective is to determine minimum or maximum frequency excursions, it is necessary to use a droop value other than the reported values in the dynamics database.  Unless more specific information is known, 17 % droop is a reasonable value to use.  As indicated in conclusion 20, in some cases it may be necessary to adjust the load model as well as droop.
19. Our current method of modeling combined cycle plants is inadequate and can lead to overly optimistic results.  Currently, approximately 30% of ERCOT generating capacity is combined cycle plants.  Because of the high proportion of combined cycle plants in ERCOT, the frequency simulation results can be significantly affected.  Since 2002, the DWG has been requesting ERCOT fund the development of adequate combined cycle models.

20. The analysis of the May 2003 Comanche Peak dual unit trip showed many of the same characteristics and problems as the 2004 Forney plant trip.  The simulation using the dynamics models and data did not come close to matching the actual system response. Neither simulation predicted actual loss of load. Factors contributing to the disparity for both events included non-responsive units and unit runback. When simulating both events, adjusting the governor droop was effective in obtaining a simulated response that was closer to the actual response. One significant difference between the two events is the standard load model appeared to be adequate for the Forney event, while the standard load model was not adequate for the Comanche Peak event.
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7. Appendix A: Combined Cycle Plant Model Performance 

In this appendix, plots of ten combined cycle plants units’ generation outputs are compared with the simulation results.  These plants are all multi-shaft plants with 2, 3, or 6 generating units.  The corresponding units in one plant are identified by a combined cycle plant name such as CC01, CC02, etc.  The corresponding gas turbine units are identified as GT, and the steam units as ST.  The simulation results values were adjusted to match the initial recorded values for a better comparison.  These are presented as additional information to support the need for combined cycle plant model development. For additional discussions of combined cycle modeling issues see Section 4.2.6 of the report.   

We can see for the majority of the units, the combined cycle governor models yield results that are quite different from the recorded values. 

For some of the plants such as CC01, CC03, CC05, CC09, and CC11, we can see an initial response with runback to initial values.  As described in section 4.2.6, this is as a result of the supervisory controller action of these units.  Some of these are accomplished quickly using fast controllers, in the order of perhaps 10-15 seconds, and some are accomplished slowly using slow controllers, in the other of a minute or more. Some of the plants’ outputs such as CC04, CC06, CC07, and CC08, exhibit oscillatory behavior.  This may be indicative of lack of PID controllers.  Furthermore, in general, when the steam units have no regulation, their output will exhibit more oscillatory behavior than the gas turbine in the same train, during disturbances.  The CC09-ST2 unit shows a constant output during the disturbance, which may be indicative of having independent continuous throttle control or fixed steam inlet control.  However, most combined cycle plants operate with sliding pressure control of the steam turbine.  The CC08-GT1, CC08-GT2, CC11-GT1, and CC11-GT2 appear to be ramping up during the disturbance, possibly operating in a “base loaded” control mode.  It is unlikely that the increase recorded output of these units is in response to the Forney Event disturbance. However, this would require further investigation.  The models on all CC10 units and the CC11-ST1 unit exhibit a sharp spike during the two disturbances.  The resolutions of the recorded data from SCADA (2-5 seconds intervals) do not allow verifying these models performances. 

Considering the runback or base load control mode operations, if the operation modes of the plants are modified on regular basis, it may pose a modeling and simulation challenge which needs to be addressed. 

Some of the models show a somewhat high frequency and magnitude oscillations beyond what is expected in physical response of the units. Although these have little effect on the final results of system frequency response simulations, these models require additional tuning to reduce such oscillatory behavior. 
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[image: image47.emf]Combined Cycle Unit CC01-ST1
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[image: image48.emf]Combined Cycle Unit CC03-GT1
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[image: image49.emf]Combined Cycle Unit CC03-GT2
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[image: image50.emf]Combined Cycle Unit CC03-ST1
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[image: image51.emf]Combined Cycle Unit CC04-GT1
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[image: image52.emf]Combined Cycle Unit CC04-GT2
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[image: image53.emf]Combined Cycle Unit CC04-ST1
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[image: image54.emf]Combined Cycle Unit CC05-GT1
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[image: image55.emf]Combined Cycle Unit CC05-GT2
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[image: image56.emf]Combined Cycle Unit CC05-ST1
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[image: image57.emf]Combined Cycle Unit CC06-GT1
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[image: image58.emf]Combined Cycle Unit CC06-GT2
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[image: image59.emf]Combined Cycle Unit CC06-ST1
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[image: image60.emf]Combined Cycle Unit CC07-GT1
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[image: image61.emf]Combined Cycle Unit CC07-GT2
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[image: image62.emf]Combined Cycle Unit CC07-ST1
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[image: image63.emf]Combined Cycle Unit CC08-GT1
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[image: image64.emf]Combined Cycle Unit CC08-GT2
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[image: image65.emf]Combined Cycle Unit CC08-ST1
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[image: image66.emf]Combined Cycle Unit CC09-GT1
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[image: image67.emf]Combined Cycle Unit CC09-GT2
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[image: image68.emf]Combined Cycle Unit CC09-GT3
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[image: image69.emf]Combined Cycle Unit CC09-GT4
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[image: image70.emf]Combined Cycle Unit CC09-ST1
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[image: image71.emf]Combined Cycle Unit CC09-ST2
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[image: image72.emf]Combined Cycle Unit CC10-GT1
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[image: image73.emf]Combined Cycle Unit CC10-GT2
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[image: image74.emf]Combined Cycle Unit CC10-GT3

152

153

154

155

156

157

158

159

160

161

0 20 40 60 80 100 120 140

Seconds

MW

Recorded MW

DWG Simulation


[image: image75.emf]Combined Cycle Unit CC10-GT4
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[image: image76.emf]Combined Cycle Unit CC10-ST1
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[image: image77.emf]Combined Cycle Unit CC10-ST2
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[image: image78.emf]Combined Cycle Unit CC11-GT1
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[image: image79.emf]Combined Cycle Unit CC11-GT2
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[image: image80.emf]Combined Cycle Unit CC11-GT3
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[image: image81.emf]Combined Cycle Unit CC11-GT4
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[image: image82.emf]Combined Cycle Unit CC11-ST1
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[image: image83.emf]Combined Cycle Unit CC11-ST2
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� The values of the simulation results were adjusted to match the initial recoded data.
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