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Agenda

➢ Tesla’s Experience with GFM

➢ Tesla’s Perspective

• Test 2: Phase jump

• Test 3: Small voltage disturbance

• Test 4, 5 and 6

➢ Conclusion
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Tesla’s Experience 
Tesla’s Grid forming technology has been deployed at scale

2022
Tesla demonstrates largest GFM battery 
in Australia

110+
Operating off-grid microgrid projects 
globally

565 MWh
Largest operational GFM resource 
globally, 158 Megapacks

30+ GWh 
Total global deployment
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Demonstrated Experience: Utility-Scale & Microgrids
Key GFM Projects

KES—Oahu, HI, USA Victoria Big Battery—AUS Riverina & Darlington—AUS Hornsdale—AUS 
185 MW / 565 MWh
Commissioned 2023
GFM & Blackstart

300 MW
Commissioned 2021
GFM 2025*

150 MW
Commissioned GFM 2023

100 MW
Commissioned 2017, expanded 2020
GFM 2022

KIUC – Kauai, HI, USA Wallgrove—AUS Redwood Microgrid—CA, USA
13 MW / 52 MWh
Commissioned 2017
GFM 2018

50 MW
Commissioned GFM 2021

2.3 MW / 9 MWh
Commissioned 
Reliability in extreme weather

Korrangie—AUS 
Commissioning expected 2025*

*upcoming GFM projects



5C O P Y R I G H T  2 0 2 0  T E S L A ,  I N C . P R O P R I E T A R Y  A N D  C O N F I D E N T I A L ,  D I S C L O S E D  U N D E R  N D A 5C O P Y R I G H T  2 0 2 5  T E S L A ,  I N C . P R O P R I E T A R Y  A N D  C O N F I D E N T I A L ,  D I S C L O S E D  U N D E R  N D A

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf

Test 2: Phase Angle Jump
Requires increase of 0.2 pu for 10-deg drop @ SCR 3

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf
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Assumptions:
• Initial P = 1 PU
• 𝑉2 and 𝑉1 equal 1 PU and stay constant

Requirement boundary :
• ∆𝑃 at least 0.2 PU for 10-degree angle change

•  ∆𝑃 at least 0.5 PU for 25-degree angle change

∆ 𝑃 =
sin(∆ 𝛿 +𝛿0)

sin  𝛿0
− 1  , sin  𝛿0 = 𝑋  

𝛿0 ≤ 38.9, 𝑜𝑟 𝑋 ≤ 0.63 𝑃𝑈 

POIIBR-Bus

IBR Grid

∆ 𝑃 = 0.2 𝑃𝑈 

∆ 𝛿 = 10° 
𝑋𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙+ 𝑋𝐵𝑜𝑃 ≤  0.29 𝑃𝑈* 

*On POI real power base

Test 2: Phase Angle Jump
Power change is a function of total impedance and the requirement is not always achievable

X = Xinternal+ XBoP+ 0.33 

PPOI =  PATC sin δ

𝑋𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙+ 𝑋𝐵𝑜𝑃 ≤  0.25 𝑃𝑈* 



7C O P Y R I G H T  2 0 2 0  T E S L A ,  I N C . P R O P R I E T A R Y  A N D  C O N F I D E N T I A L ,  D I S C L O S E D  U N D E R  N D A 7C O P Y R I G H T  2 0 2 5  T E S L A ,  I N C . P R O P R I E T A R Y  A N D  C O N F I D E N T I A L ,  D I S C L O S E D  U N D E R  N D A

Test 2: Phase Angle Jump
Simulation results confirm the boundary condition



8C O P Y R I G H T  2 0 2 0  T E S L A ,  I N C . P R O P R I E T A R Y  A N D  C O N F I D E N T I A L ,  D I S C L O S E D  U N D E R  N D A 8C O P Y R I G H T  2 0 2 5  T E S L A ,  I N C . P R O P R I E T A R Y  A N D  C O N F I D E N T I A L ,  D I S C L O S E D  U N D E R  N D A

Generalized Equation :

Test 2: Phase Angle Jump
Recommendation 

∆ 𝑃 ≥ min 0.02 ∆𝛿, )(𝑐𝑜𝑠 ∆𝛿 − 1 +  𝑠𝑖𝑛 ∆𝛿
1 − 𝑋2

𝑋
 , 𝑓𝑜𝑟 ∆𝛿 𝜖 [10°, 25° ]

Angle jump X=30% X=40% X=50% X=60% X=70%

10 0.53 0.38 0.29 0.22 0.16

25 1.25 0.87 0.64 0.47 0.34

X = Xinternal+ XBoP+ 0.33 
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https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf

Test 3: Small Voltage Disturbance
Requires reactive power change of 0.03 PU for 3% voltage step change

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf
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𝑄POI =
𝑉2

𝑋
𝑉2 cos 𝛿 − 𝑉1

POIIBR-Bus

IBR Grid

Assumptions:

• 𝛿 does not change instantaneously

• 𝑉2 and 𝑉1 equal 1 PU stay constant

• 𝛿 is small

Boundary Requirement :

• ∆𝑄 of at least 0.03∗ PU for 3% voltage change

       𝑋 ≤  0.95 (cos 𝛿 . 2𝑉2  ± ∆𝑉 − 𝑉1)

   

* ∆𝑄 of 0.03 PU on P base is equivalent to 0.03159 PU on S base assuming 0.95 PF

Test 3: Small Voltage Disturbance
Reactive power change requirement is achievable

 𝑋 = 𝑋𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙+ 𝑋𝐵𝑜𝑃 + 𝑋𝑔𝑟𝑖𝑑

𝑋 ≤ 0.92 𝑃𝑈
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Does the one-cycle condition for rise time apply to the case with a 25-degree setting, or is it only 
relevant to the 10-degree case?

lo

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf

• Phase Angle Jump ​

Additional requirements
Rise time requirements

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf
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Does the 3-cycles condition apply only when the plant reaches the current limit?lo

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf

• Phase Angle Jump ​

Additional requirements
Current limit exceptions

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/10/09/ERCOT%20AGS-ESR%20Oct-11-2024%20IBRWG.pdf
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Is it intentional to have a step change in frequency rather than a rate of change of frequency (ROCOF)?lo

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf

• Frequency Change and Inertia Response

Additional requirements
Step change in frequency

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
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• Frequency Change and Inertia Response

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf

• System Strength Test 

• Loss of Synchronous Machine Test 

Additional requirements
Some requirements are subject to interpretation; Recommend using a quantitative approach

https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
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➢ Tesla’s analysis and simulations results reveal site-specific dependencies for phase angle test outcomes

o Recommends adding flexibility to the requirement based on site-specific impedance

➢ Tesla’s analysis revealed reactive power change requirement is achievable for all reasonable sites

➢ Recommends using quantitative requirements instead of qualitative requirement, which are subject to interpretation

Conclusion
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Q&A
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