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Housekeeping & WebEx Tips

Change layout:
o Grid – All videos shown
o Stage – Speaker highlighted, other videos 

below
o Focus – Only speaker video shown

During the presentation(s):
o If you have a question:

o Type it in the Q&A box
o They will be addressed during our Q&A 

session at the end. 
o This webinar is being recorded and will be 

available on the G-PST website.

Audio Issues?
o Check audio outputs and volumes
o If listening by computer, try dialing in by phone
o If listening by phone, try using computer audio





Global Power System
Transformation (G-PST) Consortium

What?
A new global 
Consortium 

focused on support 
to power system 
operators with 

advanced high RE 
& other

low-emission 
solutions

G-PST Core Team 
Technical Institutes

Founding System Operators

How?
5 Pillars 

1. System Operator 
Research and Peer 

Learning
2. System Operator 

Technical Assistance 
3. Workforce Development 
4. Localized Technology 

Adoption Support 
5. Open Tools and Data

Who?

Developing Country System 
Operators - Confirmed partners - Indonesia, 

Vietnam, India, South Africa, and Peru 

Interim 
Secretariat
- NREL



How You Can Engage

• Join our network to receive webinar invitations, our newsletter and other 
important updates - https://globalpst.org/get-involved/. 

• Engage in our regional peer learning networks and/or pillar groups –
submit interest in particular pillars through the website -
https://globalpst.org/get-involved/

• Reach out to explore remote light touch technical assistance or with any 
questions at: globalpst@nrel.gov

https://globalpst.org/get-involved/
https://globalpst.org/get-involved/
mailto:globalpst@nrel.gov
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Agenda
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• Review the IEEE/NERC Task Force Report on Short-Circuit and 
System Performance Impact of Inverter Based Generation (PES-
TR68)

• Dynamic Performance Items
• Short-Circuit Impact

• Will briefly touch on activities in the period following the TF 
publication

• Q&A at the end



IEEE/NERC Task Force (PES-TR68)
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• Report published in July, 2018 (available on IEEE PES Resource Center)

• The report objectives were:
1. Present/discuss various potential concerns/opportunities for inverter-based 

resources bulk integration into BPS/sub-transmission systems
2. Identify where current (or previous) broad industry activities have 

addressed/are addressing the various issues
3. Identify where gaps may still exist, thus the need to establish new IEEE/NERC 

technical task forces/groups, with broad involvement from all stakeholders 
(i.e, utilities, reliability entities, vendors, researchers, consultants) to 
investigate issues and identify practical/achievable solutions



Need for Task Force

1
0

• Why was this task force formed?
• August 2016 – Blue Cut Fire – Fault-Induced 1200 MW

Solar Photovoltaic Event in Southern California
• September 2016 – South Australia Blackout (450MW wind 

reduction)

• Subsequent event:
• October 2017 – Canyon 2 Fire – Fault-Induced 900MW

Solar Photovoltaic Event in Southern California



PES/NERC Task Force Statement of Need

1
1

• IEEE-PES and NERC formed this task force and cooperative Statement of 
Need document in June 2017 - Based on an initiative by the IEEE Industry 
Technical Support Task Force, created to provide support to and cooperate 
with government & regulatory organizations on technical issues

• Main driver was concern about Inverter-Based Resources (IBRs) replacing 
and displacing fossil generation, as IBRs generate fault currents of 1.1 – 1.5 
p.u., whereas fossil units generate fault currents of 3 – 5 p.u

• Concerns about impact to protective relaying, calculating/quantifying low 
SC conditions, and low system inertia and higher Rate of Change of 
Frequency (RoCoF)



Task Force Membership

• Participants included experts 
from

• Utilities
• Vendors
• Consultants
• NERC
• IEEE/PES

• Power System Relaying & 
Control Committee (PSRC)

1
2



Technical Report TR-68



LARGE SYSTEM DYNAMIC 
PERFORMANCE ISSUES
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Large System Issues

• Voltage-Control/Reactive Support

• Frequency Response and Control

• Low-Short Circuit Levels

• Control and Grid Interactions

• Planning Process

• Modeling

• Operations / Economic Issues

• Other Issues

• Many past and existing groups 
within IEEE, NERC, WECC and IEC 
have (or are) addressing many of 
these items

• This is outlined briefly in the 
report with references

• Some gaps do exist

• New activities started in 2020, 
most notable IEEE P2800 that are 
addressing many of these issues



Voltage Control/Reactive Support

16

• Two impacts:
1. Impact due to utility scale 

IBR displacing conventional 
generation

2. Impact due to massive 
amounts of distributed IBR 
(e.g. roof-top solar-PV etc.) 
displacing conventional 
generation

• Gaps
1. Automatic voltage control
2. Definition of “dynamic”
3. Performance during sags
4. Central vs local control
5. Distributed IBR control
6. Voltage control 

mode/reactive capability



Voltage Control/Reactive Capability

Active Current

Reactive Current

Actual Inverter Current Limit

At 1 pu Voltage

Q

17

P

Inverter Capability

Constant Power Factor

Page 5, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force



Frequency Response/Control

• Following large 
generation loss, with 
IBR, expect increased:

• Nadir of frequency dip 
AND

• Rate of change of 
frequency (RoCoF)

Source: NERC

18



Volt/Var Control From IBR

Source: P. Pourbeik, N. Etzel and S. Wang, “Model Validation of Large Wind Power Plants 
Through Field Testing”, IEEE Transactions on Sustainable Energy, July 2018 
(http://ieeexplore.ieee.org/document/8118170/)

19

Measurement and 
Simulation at 
POM while 
switching a large 
shunt capacitor 
near-by on the 
transmission 
system

http://ieeexplore.ieee.org/document/8118170/


Volt/Var Control From IBR

WTG

WTG

PC POM
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Source: P. Pourbeik, S. Wang and E. Etzel, WECC MVS Meeting Presentation, 8/26/20
https://www.wecc.org/_layouts/15/WopiFrame.aspx?sourcedoc=/Administrative/Pourbeik%20-%20Utilizing%20the%20REPC%20Model%20for%20Validation.pdf&action=default&DefaultItemOpen=1



Frequency Response/Control

• IBR generation capable 
of primary frequency 
response (PFR)

• Lost opportunity costs 
due to curtailing to gain 
PFR Source: P. Pourbeik, J. Sanchez-Gasca, J. Senthil, J. Weber, P. Zadehkhost, Y. Kazachkov, S. 

Tacke and J. Wen, "Generic Dynamic Models for Modeling Wind Power Plants and other 
Renewable Technologies in Large Scale Power System Studies", IEEE Trans. on Energy 
Conversion, September 2017, https://ieeexplore.ieee.org/document/7782402/

21

https://ieeexplore.ieee.org/document/7782402/


Large System Issues – Recommendations

• Voltage-Control/Reactive Support: Addressed by NERC Inverter Resource 
Performance Task Force (IRPTF)

• Frequency Response and Control: Most gaps addressed by FERC Order 842 
issued February 15, 2018; others outside scope of IEEE/NERC, to be 
addressed by regional market mechanisms, etc

• Low-Short Circuit Levels
i. Better criteria to define a low-short circuit region
ii. Clarity on limitations/ boundaries of applicability of various modeling 

tools/techniques
• Control and Grid Interactions: Specific, case-by-case issues, requiring 

detailed vendor-specific proprietary 3-phase models; PSRC JTF2 (Protection 
issues related to subsynchronous system oscillations) should coordinate 
with PSDP Committee



Large System Issues – Recommendations

• Planning Process: No single reference available on how to study wind/PV, presently 
each region/utility addresses as they see fit; IEEE/NERC consider need for technical 
task force group to provide summary of regional practices and/or develop a guide 
document

• Modeling: IBR stability models developed/updated by WECC Renewable Energy 
Modeling Task Force and IEC, many models implemented/tested in major 
commercial software used in North America/Europe

• Operational/Economic Issues: Most issues outside scope of NERC/IEEE; some 
technical aspects may already be under consideration by IEEE PES Power System 
Operations, Planning & Economics Committee



Recent Industry Efforts
• P2800 – minimum performance standards for IBR (has undergone

initial balloting as of 4/10/21)

• P2800.2 – This is a proposed PAR, not yet approved. Just recently
proposed in 2021.

Recommended Practice for Test and Verification
Procedures for Inverter-

based Resources (IBRs) Interconnecting with Bulk Power
Systems



IEEE Draft P2800 Std

25

Purpose: This standard provides uniform technical minimum requirements for the 
interconnection, capability, and performance of inverter-based resources interconnecting 
with transmission and sub-transmission systems.

Scope: This standard establishes the required interconnection capability and performance 
criteria for inverter-based resources interconnected with transmission and sub-
transmission systems. Included in this standard are performance requirements for reliable 
integration of inverter-based resources into the bulk power system, including, but not limited 
to, voltage and frequency ride-through, active power control, reactive power control, 
dynamic active power support under abnormal frequency conditions, dynamic voltage 
support under abnormal voltage conditions, power quality, negative sequence current 
injection, and system protection.

The standard shall also be applied to isolated inverter-based resources that are 
interconnected to an AC transmission system via a dedicated voltage source converter 
high-voltage direct current (HVDC-VSC) transmission facilities.

See Draft of P2800 at: https://publicreview.standards.ieee.org/

https://publicreview.standards.ieee.org/


IEEE Draft P2800 Std

•General Interconnection Technical Specifications 
and Performance Requirements
•Reactive Power—Voltage Control Requirements 
within the Continuous Operation Region
• Active-Power – Frequency Response Requirements
• Response to Transmission System Abnormal
Conditions (essentially fault-ride through and 
abnormal freq.)
• Power Quality
• Protection
• Modeling Data
• Measurement Data for Performance Monitoring
and Validation
• Test and Verification Requirements

See Draft of P2800 at:
https://publicreview.standards.ieee.org/

26

https://publicreview.standards.ieee.org/


Summary on Large System Issues

27

• Modern IBR are capable of extensive functionality

• Specification of minimum technical performance 
requirements are needed for consistency

• The Draft IEEE P2800 is working towards a set of such
minimum technical performance requirements

• What does the future hold?
• IBR have already proven in many systems the capability of providing volt/var control, 

frequency response, and even fast-frequency response and many other services
• So-called “grid-forming” inverter technologies are now on the horizon, which offer even 

greater flexibility for allowing for islanded operation
• Continued R&D is essential



SHORT-CIRCUIT PERFORMANCE 
ISSUES

8



Protective Relay Issues Sub-Group

• How do different relay elements 
respond to IBR current and voltage 
(e.g., directional, mho, memory 
voltage, etc.)

• BC Hydro mis-operations due to negative 
sequence directional elements 
calculating wrong direction because of 
high levels of wind generation

• UFLS settings changes caused by low 
inertia and faster RoCoF

• Frequency tracking issues
• Relay scheme impact and selection 

(POTT, DCB, Weak Feed schemes, etc.)

• Short circuit study and process issues
• Max/min fossil/IBR generation

• Source-To-Line Impedance Ratio (SIR) 
Issues

• Short circuit program modeling issues
• Wind farm modeling inaccuracies

• NERC PRC standards impacted



IBR Fault Current

30

• Magnitude
• Short circuit currents limited 

100-120% of rated load 
current

• To protect electronics
• Initial current may be as high 

as 2.5pu for ¼ to 2 cycles
• Reduced output (1.1-1.2pu) 

for longer duration (100ms?)

• Angle
• Fault current angle can be 

capacitive, inductive or 
resistive

• Sequence components
• Typically positive sequence 

only
• Negligible negative/zero 

sequence



IBR Sequence Circuits

Positive Sequence Negative Sequence Zero Sequence

Status of Switch S2 
depends on control

S2 S0

I1

31

I2

Page 21, “Impact of Inverter Based Generation on Bulk Power System 
Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force



Directional Elements

• In conventional power system, all
elements including generators are
primarily inductive

• Directional elements operate on 
that principle in determining fault 
direction

• Negative sequence elements 
compare I2 and V2

• When I2 leads V2 by 90, forward 
decision

Z1C

V

Rfault

Positive
Sequence

Negative  
Sequence

Zero 
Sequence

Z1L*m Z1L*(1-m)

Z2L*(1-m)Z2L*m

Z2C

Z1TV

Z2TV

Z0TC Z0L*m Z0L*(1-m) Z0TV

I1C I1V

I2C I2V

I0C I0V

Inverter System Synchronous System

Z1TC Z1V

Z2TC

Z0C

Z2V

32

Z0V

C

Page 23, “Impact of Inverter Based Generation on Bulk Power System 
Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force



Directionality – Sample System

Equivalent  
source

Bus H

Loads

1

2

3
6

4
9

12

Loads

Bus L

5

GLoad

IF1
IF2

X F1
IF2  10
IF1 F2  

X

7

11

G
Consider relay R at Bus L/breaker 10 
Fault F1 is “forward” or “internal” 
Fault F2 is “reverse” or “external”

R

Bus J

8 How does relay R 
discriminate 
between faults F1 
and F2?

33

Page 463, J.L. Blackburn, “Protective Relaying
– Principles & Applications – 3rd edition” –
Figure 12.6



Example – Neg Seq Dir Element

• Neg-seq V polz:
 I2=905∠110° A primary
905/240 = 3.8A sec > 0.5A

 3V2=17∠3° kV primary
17000/1400 = 12V sec > 1V

• Sensitivity thresholds met

• I2 phasor within Operate zone: 
Forward fault

V2
90°

Operate zone

Non-operate zone

I2

34



Distance Relay Polarizing Methods

• Memory voltage
• Cross-voltage

• Neither may work if IBR 
behavior significantly 
changes the fault angle 
relationships

Pages 26-27, “Impact of Inverter Based Generation on Bulk Power System 
Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force
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Other issues

36

• Faulted phase selection
• Fault location
• ∆V/∆I Fault detection

• All are based on 
conventional generator 
behavior during faultsPages 28, 30, “Impact of Inverter Based 

Generation on Bulk Power System Dynamics and 
Short-Circuit Performance”, PES-TR68, 
IEEE/NERC Task Force



IEEE Draft P2800 Std

• “For unbalanced faults, in addition to increased 
positive sequence reactive current, IBR unit shall 
inject negative sequence current:

• Dependent on IBR unit terminal (POC) negative 
sequence voltage and

• Leads the IBR unit terminal (POC) negative sequence 
voltage by an allowable range as specified below. 
The allowable range is provided in lieu of tolerance 
band specified in the definition of a settling time.

• 90-100 degrees109, for full converter based IBR units
• 90-150 degrees, for type III WTGs “

See Draft of P2800 at: https://publicreview.standards.ieee.org/

37

https://publicreview.standards.ieee.org/


Phase/Ground Overcurrent

• Depend on significant 
difference between load 
current and fault current

• Discrimination in danger if 
IBR currents are not 
significantly different

• E.g., due to high/infinite 
negative sequence impedance

I1
C

I1
V

Z1
C

Z1
L*

m

Z1
L*

(1
-m

)
Z1

V

Z2
L*

m
Z2

C

I2
V

I2
C=

0
Z2

L*
(1

-m
)

Z2
TV

Positive 
Sequence

Negative 
Sequence

Rfault

V

Inverter System

Z1
TC

Z1
TV

Z2
V

Z2
TC

38

C

C

Page 33, “Impact of Inverter Based Generation on Bulk Power System 
Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force



Phase/Ground Distance

• Based on impedance 
measurement

• But supervised with 
overcurrent elements 
(aka “fault detectors”)

• May not assert on low 
fault current

Page 34, “Impact of Inverter Based Generation on Bulk Power System 
Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force
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Weak Source Example

• Any distance elements at the IBR 
tap see high apparent impedance

40

• Zapp = Zactual * Itotal/IIBR

• If impedance from Vc to fault is 10
ohms, and IBR is tapped directly to
the line:

• Zapp = 10 * (10000+400)/400 = 260
ohms!

Page 36, “Impact of Inverter Based Generation on Bulk Power System 
Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force



Power Swing Elements

PSB not needed

41

PSB needed due to IBR

Pages 38-39, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force



IBR Effects on Slip Rates

Page 40, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force

36



IBR Effects on Slip Rates
H: Slip rate 0.63Hz

43

H/2: Slip rate 0.77Hz

Pages 41-42, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force



Low Inertia Effect on UFLS

Page 44, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force

44



Low Inertia Effect on UFLS

45

Assuming a 6-cycle intentional relay time delay, 1-cycle relay contact 
operating time and 3-cycle breaker operating time, the load will be 
shed at t = 0.695 seconds. At t = 0.695 seconds, the frequency will 
have decayed to 59.10 Hz, which is above the second UF set point 
(59.0 Hz). Therefore, only the first level of UFLS trips, resulting in only 
800 MW (10%) of load shed.

Pages 46 and 48, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force

Assuming the same relay and breaker operating times from above, the 
load will be shed at t = 0.431 seconds. At t = 0.431 seconds, the 
frequency will have decayed to 58.91 Hz, which is below the second 
UF set point (59.0 Hz). Therefore, with half of the islanded load being 
served by IBR, two levels of UFLS trip resulting in 1,600 MW of load 
shed.



Low Inertia Effect on UFLS

Pages 43,47,49, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force

46



IEEE Draft P2800 Std

47

• “Within the mandatory operation region and continuous 
operation region (frequency range and corresponding 
cumulative duration, time), the IBR plant shall ride-through 
and shall not trip for frequency excursions having an absolute 
rate of change of frequency (ROCOF) magnitude that is less 
than or equal to 5.0 Hz/s.”.

See Draft of P2800 at: https://publicreview.standards.ieee.org/

https://publicreview.standards.ieee.org/


Frequency Tracking

• Essential that relays accurately track 
power system frequency

• Different types of filters/number of 
samples

• Quantity must be representative of the 
dominant frequency of the power 
system,

• If not, the relay will determine 
incorrect frequency which leads to 
degraded relay performance

• More IBR Greater RoCoF

• Could result relay misoperation if the 
RoCoF exceeds the relay limit

• September 28, 2016 South Australia 
blackout, where eight relays operated due 
to rapidly declining system voltage and 
frequency

Page 33, Australian Energy Market Operator 
(AEMO), Black System South Australia 28 
September 2016 – Final Report

48



Synchronization

49

• Inverter/inverters to other 
inverter/inverters

• Group of inverters to the rotating 
machine/machines,

• Inverter/inverters to utility grid

• Island (Combination of inverters, 
rotating machine and loads) to the 
utility grid.

• C50.12/C50.13 apply to 
conventional synchronous rotating 
machines

• For IBR need to discuss with 
inverter manufacturer



Relay Scheme Selection

50

• Permissive Over-reaching Transfer Trip 
(POTT)

• Permissive Under-Reach Transfer Trip 
(PUTT)

• Directional Comparison Blocking (DCB)

• Directional Comparison Unblocking (DCUB)

• Line Current Differential (LCD)

• Phase Comparison

• Pilot Wire

• Direct Under-Reach Transfer Trip (DUTT)

• Step Distance/Directional Overcurrent

• POTT/PUTT may require weak feed echo 
(not needed for DCB)

• LCD/Pilot Wire good for IBR
• LCD can operate for internal faults even 

with no infeed as long as total fault current 
exceeds sensitivity limits

• Phase comparison
• May not operate if one source terminal weak
• Phase angle from weak source may not reverse for 

internal fault
• Single-phase comparison blocking more 

dependable than dual phase/segregated phase



High SIR

• Transient overreach of distance elements
• Example: Assume ZS = 0.1pu and ZL = 0.01pu

• Close-in fault, current through the relay terminal I = 1 / Zs = 10pu
• Remote bus fault, current through the relay terminal I = 1 / (Zs+ZL) = 1 /

0.11 = 9.1pu

Voltage at relay terminal = 1*0.01 / (0.1+0.01) = 0.09pu

51

Voltage at relay terminal = -0-



Short Circuit Study Issues

52

• Process issues
• Fault studies: All-ties-closed/all generators on-line may not be enough

• For instantaneous overcurrent element settings (e.g., ground IOC)
• May now also require minimum generation for fault detector settings

• Phase/ground distance
• Phase OC for LOP
• CIF/SOTF
• Ground TOC
• Otherwise – these elements may simply not operate



Sample System – 50% IBR

Pages 55,56, “Impact of Inverter Based Generation on Bulk Power System Dynamics and Short-Circuit Performance”, PES-TR68, IEEE/NERC Task Force
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Short Circuit Program Modeling

• Wind farm modeling inaccuracies in conventional short-circuit programs make it 
difficult to perform accurate studies (e.g., failure to converge)

• IEEE PSRC C24 Modification of Commercial Fault Calculation Programs for Wind 
Turbine Generators – completed 2020

• Phasor domain programs with iterative solution – for modeling non-linear response
• Voltage dependent current source

• Data tables
• Models with algorithms

• EPRI fully engaged in this work

• Models being validated by:
• Actual recorded fault responses
• Detailed EMT models provided by IBR manufacturers (confidentially)



Protective Relay Issues – Recommendations
• IEEE PSRC WG C32 (Protection Challenges and Practices for 

interconnecting solar or other inverter based generation to utility 
transmission systems) – completed 2020

• Addresses distance and directional elements and provides 
recommendations including remote DTT and phase-phase undervoltage

• Recommends line current differential where reliable communication 
available

• Directional comparison schemes augmentation (POTT with echo/DTT, DCB 
with DTT)

• Synchronous condensers provide both inertia and fault current 
independent of output



Protective Relay Issues – Affected NERC

• MOD-032 Data for Power System Modeling and Analysis

• PRC-002 Disturbance Monitoring and Reporting Requirements

• PRC-006 Automatic Underfrequency Load Shedding

• PRC-019 Coordination of Generating Unit or Plant Capabilities, Voltage Regulating 
Controls, and Protection

• PRC-024 Generator Frequency and Voltage Protective Relay Settings

• PRC-026 Relay Performance During Stable Power Swings

• PRC-027 Coordination of Protection Systems for Performance During Faults

• TPL-001 Transmission Operations



• Sensitivity issues
• IBR to produce negative sequence current for unbalanced transmission 

system faults
• Transmission system protective scheme changes to accommodate 

potentially weak sources

• Loss of system inertia effects
• Reliability of out-of-step protection
• UFLS schemes
• Frequency tracking

• IBR modeling in short-circuit studies

Summary of Short-Circuit Issues



QUESTIONS?
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