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Introduction

Reactive power is critical for power system reliability to maintain system voltages within safe operating limits. Sufficient reactive resources must be scheduled to control voltages under normal and emergency conditions. Generating units are one of only three pieces of equipment (along with SVSs and synchronous condensers) that provide continuously variable reactive power on a second to second basis, and as a result play a very critical role in network voltage control and protection against voltage collapse during disturbances and emergencies.

Different types of generating units provide different levels of reactive power capabilities to the system. The reactive capability curves give the maximum reactive power loadings corresponding to various (real) power loadings with operations at rated voltage. 

Figure 1 Limiting Elements
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These are the so-called D-curves. Armature heating is the limiting factor in the region from unity to rated power factor. For lower power factors, field heating is limiting. In general, when the active power loading and voltage are fixed, the allowable reactive power production of a generating unit depends on thermal (either armature or field heating) and stability limits. 

Figure 2 
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Discussion

Physical characteristics of generators based upon cooling design such as Open Ventilated (OV), Totally Enclosed Water-to-Air-Cooled (TEWAC)and Hydrogen cooled generators vary according to cooling medium parameters. 
Figure 3 Open Ventilated (OV)
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Typical Open ventilated units are the most susceptible to temperature deviation.
Figure 4
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What should be noted from this set is the effect of increased cooling on allowable generating unit reactive loading. Depending on the type of cooling employed, the following conditions can combine to affect a unit reactive capability: air temperature; season (winter vs. summer); pressure of cooling agent (for example hydrogen). From a modeling perspective Open Ventilated cooled generators have the most variance in Reactive Capability from temperature changes. The cooling medium for these are dependant upon ambient temperature and inlet temperature variances will affect overall generator capability to the largest degree of any model of generator cooling.  
Figure 5 Totally Enclosed Water-to-Air-Cooled (TEWAC)
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Figure 6
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Typically the TEWAC generator has the capability to maintain temperature constant for the season and is only limited if cooling water is significantly impacted. Therefore it can conservatively supply just one curve or a seasonal curve to be used for its capability.
Figure 7 Hydrogen cooled
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Figure 8
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Typically the Hydrogen Cooled generator has the capability to maintain Hydrogen pressure constant and therefore can conservatively supply just one curve to be used for its capability.
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Figure 9
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Generators in ERCOT which are Hydrogen cooled or TEWAC control their cooling within a normal range and generator output capability is not generally limited. For Open ventilated if there were no more limiting equipment than the generators Capability Curve then ERCOT would want to model multiple reactive curves for these units. As the majority of the units tested in ERCOT have Auxiliary equipment limitations such as that shown in figure 9 above, it is not necessary to use multiple curves. The reality is that open ventilated plants and non open ventilated plants typically reach Maximum and Minimum voltage limits before reaching the manufacturer limits URL. For these situations a Corrected Unit Reactive Limit Curve is sufficient to represent the Unit capabilities for operations and planning.
Section 3 of the ERCOT Operating Guides:

The reactive capability curve for each unit on the ERCOT System shall be submitted to ERCOT containing the most limiting elements for the leading and lagging reactive output. The limiting factors such as under-excitation limiters, over-excitation limiters, ambient temperature limitations across the MW range of the unit at the unit terminals or any other factor that limits the reactive output of the unit and is verifiable through engineering calculations or testing may be produced on the corrected reactive capability curve. The corrected reactive capability curve establishes the CURL at the unit terminals that ERCOT Planning and ERCOT Operations will use for their studies. ERCOT Operations, after reviewing the updated curves and checking them for reasonableness, will forward copies to the Steady State Working Group, for use in modeling such capability in the ERCOT transmission planning cases.

Unit Reactive Limit The maximum quantity of Reactive Power that a Generation Resource is capable of providing at a 0.95 power factor at its maximum real power capability.

High Sustained Limit (HSL for a Generation Resource)

Limit established by the QSE, continuously updated in Real Time, that describes the maximum sustained energy production capability of the Resource. 
Except for the exemptions cited in Section 3.15 Voltage Support of the ERCOT Nodal protocols, Generation Resources which are required to provide VSS must be capable of producing a defined quantity of Reactive Power (MVars) at a .95 power factor at the Resource’s maximum rated real power capability (MWs) to maintain a Voltage Profile established by ERCOT. This quantity of Reactive Power is the Unit Reactive Limit (URL). Whenever a Generation Resource is On-Line and available for energy deployment, it is required to provide VSS up to its URL. The URL must be available for utilization at the Resource’s continuous rated active power output, and Reactive Power up to the Resource’s operating capability must be available for utilization at lower active power output levels. In no event may the Reactive Power available be less than the required installed reactive capability multiplied by the ratio of the lower active power output to the Resource’s continuously rated active power output, and any Reactive Power available for utilization must be fully deployed to support system voltage upon request by ERCOT, or a TSP.
IDA Recommendations

· The recommendation is that the plant operators provide one curve to be used by ERCOT for planning and operating. This curve should be the Corrected Unit Reactive Limits (CURL) in accordance with Biennial Unit Reactive Limits testing requirements contained within the Section 3 and 6 ERCOT operating guides.
· The HSL should be established for a Generation Resource where the maximum sustained energy production capability of the Resource crosses the CURL at a .95 pf.
· It is also recommended that ERCOT review the ISO NEW ENGLAND FORM NX-12D GENERATOR REACTIVE DATA “CURL” process. The ISO NEW ENGLAND program appears to be clearer and should provide better results for collecting unit CURL data. (Key points of data collection are indicated in Appendix A).
Modeling and use of reactive capability curves affect the following application areas:

· NMMS

· EMS

· MMS

· CRR

NMMS

One CURL will be provided from a valid ERCOT Biennial Unit Reactive Limits test. The  The D-curve will be modeled as a segmented curve consisting of up to 9 points (per curve). The Market participant will provide the Reactive Curve via a NOMCR. The NMMS will validate that each curve is monotonously non-increasing (non-decreasing on the leading side) as the real power output increases. (This validation could be done on the input process as proposed by PR500070.) 

A valid curve will be populated into the target systems – EMS, MMS and the CRR run-time databases. In addition, generating unit owners should be encouraged to periodically test and validate the equipment reactive capabilities and provide updates to ERCOT through the NOMCR process.
Note: a business process may be developed in the future to allow the generators to provide multiple curves for seasonal changes in capability. NMMS would be required to store additional information if such a business process were needed so that the correct curve could be supplied to the necessary applications.

EMS

A Corrected Unit Reactive Limits curve is populated into the runtime database. 

EMS Real Time

In RT MVAR limits on generating units must be telemetered along with the unit MW and MVAR outputs.  The telemetered MVAR limits (lagging and leading) for each unit will be used to determine if a limit has been placed on a unit to be used the all RT applications, namely, State Estimator, RTCA, VSAT and any Real time market applications. The applications will use the most restrictive value either the telemetered MVAR limit or the CURL. 
EMS STUDY Applications; DA Markets; CRR
These applications will use the Corrected Unit Reactive Limits curve for each generating unit. 

Appendix A Data collection of CURL
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 Point #1 is the maximum MVAR lagging capability at minimum manual generating unit MW output (use the lower of the winter or summer minimum manual MW output capability). 

Point #2 is the maximum MVAR lagging capability at the intermediate MW output. Intermediate MW output is defined as the mid-point between the maximum MW output of the generating unit at unity MPF point #5, (no lagging or leading capability), and the minimum manual MW output value used for Point #1. 

Point #3 is the maximum MVAR lagging capability at the three quarter MW output. Three quarter MW output is defined as 75% between the maximum MW output of the generating unit at unity MPF point #5, (no lagging or leading capability), and the minimum manual MW output value used for Point #1. 

Point #4 is the maximum MVAR lagging capability at the reactive curve break point (point of transition between the two lagging curve sections based on field winding verses stator design limits). 

Point #5 is the maximum MW capability of the generating unit at unity MPF, (no lagging or leading capability). 

Point #6 is the maximum MVAR leading capability at minimum manual generating unit MW output (this is the same MW output used for Point #1). 

Point #7 is the maximum MVAR leading capability at the intermediate MW output. Intermediate MW output is defined as the mid-point between the maximum MW output of the generating unit at unity MPF point #5, (no lagging or leading capability). This is the same MW output used for Point #2. 

Point #8 is the maximum MVAR leading capability at the three quarter MW output. Three quarter MW output is defined as 75% between the maximum MW output of the generating unit at unity MPF point #5, (no lagging or leading capability). This is the same MW output used for Point #3. 

Point #9 is the maximum MVAR leading capability at the reactive curve break point (point of transition between the two lagging curve sections based on end turn winding verses stator design limits). Points #9 and #4, the two break points, do not necessarily correspond to the same MW output of the generating unit. 
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• Point #10 is the most restrictive maximum MVAR lagging capability attainable at minimum manual generating unit MW output (the same corresponding MW output as in point #1, Figure #1). 

Point #11 is the most restrictive maximum MVAR lagging capability attainable at intermediate MW output (the same corresponding MW output as in point #2, Figure #1). 

Point #12 is the most restrictive maximum MVAR lagging capability attainable at three quarter MW output (the same corresponding MW output as in point #3, Figure #1). 

Point #13 is the most restrictive maximum MVAR lagging capability attainable where the limitation is the point the constraint line of limiting concern B intersects the generating unit capability curve. This is not technically a break point in the true sense of the definition but merely the intersection of two limitations. Point #13 and point #4, Figure #1, do not necessarily correspond to the same MW output of the generating unit. 

Point #14 is the maximum MW capability of the generating unit at unity MPF, (no lagging or leading capability). Generally this point would be the same as point #5, Figure #1. An example of where point #14 and point #5 would differ is the case where a generating unit is operated at a lower hydrogen pressure that it was designed for. 

Point #15 is the most restrictive maximum MVAR leading capability attainable at minimum manual generating unit MW output (the same corresponding MW output as in point #6, Figure #1). 

Point #16 is the most restrictive maximum MVAR leading capability attainable at intermediate MW output (the same corresponding MW output as in point #7, Figure #1). 

Point #17 is the most restrictive maximum MVAR leading capability attainable at three quarter MW output (the same corresponding MW output as in point #8, Figure #1). 

Point #18 is the most restrictive maximum MVAR leading capability attainable where the limitation is the point the constraint line of limiting concern B intersects the generating unit capability curve. This is not technically a break point in the true sense of the definition but merely the intersection of two limitations. Point #18 and point #9, Figure #1, do not necessarily correspond to the same MW output of the generating unit. 

Point #19 is the most restrictive maximum MVAR lagging capability attainable at Summer Seasonal Claimed Capability MW output.. 

Point #20 is the most restrictive maximum MVAR leading capability attainable at Summer Seasonal Claimed Capability MW output. 

	Gross MW Generating Unit Loading
	MW/MVAR Station Service Load (1)
	Nameplate Reactive Capability (see figure 1)
	Normal Operating Reactive Capability (2) (see figure 2)

	MW Output Reference
	MW Output Value
	
	MVAR
	MVAR

	
	
	
	Lagging
	Leading
	Lagging
	Leading

	Minimum Manual Load Point(3)
	
	
	(Pt 1)
	(Pt 6)
	(Pt 10)
	(Pt 15)

	Intermediate Load Point (4)
	
	
	(Pt 2)
	(Pt 7)
	(Pt 11)
	(Pt 16)

	Three Quarter Load Point (5)
	
	
	(Pt 3)
	(Pt 8)
	(Pt 12)
	(Pt 17)

	Break Point Load (6
	Lag / Lead
	
	(Pt 4)
	(Pt 9)
	
	

	Transitional Load Point (7)
	Lag / Lead
	
	
	
	(Pt 13)
	(Pt 18)

	Normal Operating Capability at SSCC (8)
	
	
	
	
	(Pt 19)
	(Pt 20)

	Unity Generating Unit Power Factor load Point (9)
	
	
	(Pt 5)
	(Pt 5)
	(Pt 14)
	(Pt 14)


(1) The station service load reported should be the higher of the two station service loads from either the winter or summer full load operation. 

(2) Provide only if reactive capability is limited by any one of several limiting devices or considerations to levels less than the manufactures nameplate. This data form assumes a generating unit can operate between its listed maximum lagging capability and zero MVAR. If for some reason, a generating unit must maintain a minimum lagging MVAR output and cannot operate down to zero output, please indicate in the space provided below. 

(3) For the Minimum Manual Load Point, use the lower of the winter or summer generating unit minimum manual MW output capability. 

(4) For the Intermediate Load Point, use the mid-point between the maximum MW output of the generating unit at unity MPF, (no lagging or leading capability), and the minimum manual MW output value defined in note #3. 

(5) For the Three Quarter Load Point, use the three quarter point between the maximum MW output of the generating unit at unity MPF, (no lagging or leading capability), and the minimum manual MW output value defined in note #3. 

(6) Nameplate points #4 and #9 do not necessarily correspond to the same value of real power output of the generating unit. Specification of the lagging MW and leading MW level of operation may be required. 

(7) Normal Operating points #13 and #18 do not necessarily correspond to the same value of real power output of the generating unit. Specification of the lagging MW and leading MW level of operation may be required. 

(8) Normal Operating Points # 19 and # 20 represent the most restricted Normal Operating Reactive Capability of the generating unit corresponding to the Seasonal Summer Clamed Capability. 
Additional information can be found at:

http://www.iso-ne.com/rules_proceds/operating/gen_var_cap/index.html 
http://www.iso-ne.com/rules_proceds/operating/isone/op14/op14b_rto_final.pdf 
Generators Terminal Voltage
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