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Outline

• System Wide Control Interactions or Oscillations Involving Inverter-

Based Resources (IBRs)

• Limitations of the Existing Impedance-Based Stability Criterion

• New Reversed Impedance-Based Stability Criterion

• NREL’s Grid Impedance Scan Tool (GIST)

• Case Study: Stability of a 14-bus Power System with IBRs

21st Wind and Solar Integration Workshop, 12 Oct. 2022
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System Wide Oscillations in IBR Grids

21st Wind and Solar Integration Workshop, 12 Oct. 2022

PSCAD study for 100% IBR 
operation of Hawaiian Islands

• Source: Hawaiian Electric Island-Wide 
PSCAD Studies, Electranix, June 2021.

Australian Grid

Source: Jalali, et. al. (AEMO), CIGRE 2021.

7 Hz

19 Hz

Key Questions: (1) How specific IBRs impact the damping and frequency of oscillation modes? 
 (2) Whether curtailing IBRs will help? (3) Which IBRs must be curtailed?  (4) Where to install dampers?

Scotland Grid

• Source: Julian Leslie, G-
PST/ESIG Webinar, Jan. 2022.

8 Hz
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Existing Impedance-Based Stability Criterion

( )gZ s( )iZ s

IBR

• Loop Gain: Zg(s)/Zi(s)
• Fundamental Premise: IBR and Grid are 

Separately Stable  

21st Wind and Solar Integration Workshop, 12 Oct. 2022

GRID

𝑁𝑁 = 𝑍𝑍 − 𝑃𝑃
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Scaled Version of the Existing Stability Criterion

21st Wind and Solar Integration Workshop, 12 Oct. 2022

• Loop Gain: Zg(s)·Yi(s)
• Fundamental Premise: IBRs 

and Grid are Separately Stable  

• Yi(s) is the diagonal matrix with 
admittance of IBRs at diagonal 
elements

• Zi(s) is the full matrix capturing the 
impedance of the grid (rest of the 
power system) from POIs of the IBRs

𝑁𝑁 = 𝑍𝑍 − 𝑃𝑃
• Approach: P is zero, find out Z by 

counting the number of encirclements of 
critical point by the Nyquist plot of loop 
gain Zg(s)·Yi(s)
– System is unstable if Z ≠ 0
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Limitations of the Existing Stability Criterion

21st Wind and Solar Integration Workshop, 12 Oct. 2022

Loop Gain: Zg(s)·Yi(s)

• It is not possible to evaluate the stability impact 
of only a few selected IBRs using the existing 
criterion.

• Impedance scan must be performed for all the 
IBRs and for the grid looking from all the IBRs

– It is computationally inefficient
– Difficult: it requires simultaneous injection of 

perturbations and/or measurements at multiple nodes

• Impedance scan of the grid must be obtained 
separately from the IBRs

– It can be challenging to preserve the operation point of 
the grid without IBRs
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Reversed Impedance-Based Stability Criterion

Reversed Criterion
• Assumptions

– IBR is stable when connected to 
an ideal grid

– Grid is stable with the IBR

21st Wind and Solar Integration Workshop, 12 Oct. 2022

Existing Criterion
• Assumptions

– IBR is stable when connected to 
an ideal grid

– Grid is stable without the IBR

𝑁𝑁 = 𝑍𝑍 − 𝑃𝑃
• Approach: P is zero, find out Z 

using the Nyquist plot of Zg(s)/Zi(s)
– Gris is unstable with the IBR if Z 

> 0

• Approach: Z is zero, find out P 
using the Nyquist plot of Zg(s)/Zi(s)
– Grid is unstable without the IBR 

if P > 0
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Reversed Impedance-Based Stability Criterion

Usual Approach

21st Wind and Solar Integration Workshop, 12 Oct. 2022

IBR 2

IBR n

Will the connection of 
all IBRs make the 
system unstable?

Reversed Approach

IBR 2

Will the removal of this 
specific IBR make the 

system unstable?
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14-Bus System with High Levels of IBRs
1 Sync. Generator (224 MW); 3 GFM Inverters (90 MW); 2 GFL Inverters (140 MW)

21st Wind and Solar Integration Workshop, 12 Oct. 2022

GFL-14

GFM-8

GFM-3

Sync. Gen.
GFM-6

GFL-2

• How to identify the frequency and damping of the 2.5 Hz mode?
• What is the impact and participation of selected IBRs on the 2.5 Hz mode?
• How to estimate the minimum GFM capacity required for stable operation?
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NREL’s Grid Impedance Scan Tool (GIST)

21st Wind and Solar Integration Workshop, 12 Oct. 2022

1. Simultaneously scans IBR and 
grid impedances within the 
system PSCAD model without 
breaking the system

2. Performs stability analysis
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Impedance Scan of IBR and Network

• Fully Automated Impedance Scan
– Perturbation frequency, magnitude, recording length are automatically 

selected

– Postprocessing algorithm automatically synchronizes reference frame, 
optimizes FFT window length, and minimizes leakage errors

– Outputs impedance scan results in both DQ and sequence domain

21st Wind and Solar Integration Workshop, 12 Oct. 2022

Output Files from Scan

Impedance 
Scan Tool
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Scan at GFM IBR at Bus-6

Network Admittance

21st Wind and Solar Integration Workshop, 12 Oct. 2022
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Impedance Scan Tool Separates the Dynamics of an IBR from the Network



NREL    |    13

Modal Impedance Analysis for GFM IBR at Bus-6

21st Wind and Solar Integration Workshop, 12 Oct. 2022

Magnitude Plot Nyquist Plot

Modal Parameter Without IBR With IBR Impact of IBR

Frequency (fr) 2.36 Hz 2.5 Hz ~ 0.12 Hz

Damping Factor (ζ) −5.932% 13.3% +19.2%
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Analysis at GFM IBR at Bus-3

21st Wind and Solar Integration Workshop, 12 Oct. 2022

10 -1 10 0 10 1

Frequency (Hz)

10 -1

10 0

M
ag

ni
tu

de
 (

)

Z
m1

  without IBR

Z
m2

  without IBR

Z
m1

  with IBR

Z
m2

  with IBR

Magnitude Plot Nyquist Plot

Modal Parameter Without IBR With IBR Impact of IBR

Frequency (fr) 2.5 Hz 2.5 Hz ~ 0

Damping Factor (ζ) −9% 12% +21%
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Analysis at GFL IBR at Bus-2

21st Wind and Solar Integration Workshop, 12 Oct. 2022

Magnitude Plot Nyquist Plot

Modal Parameter Without IBR With IBR Impact of IBR

Frequency (fr) 2 Hz 2.5 Hz 0.5 Hz

Damping Factor (ζ) 9.25% 15% +5.75%
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Analysis at GFL IBR at Bus-14

21st Wind and Solar Integration Workshop, 12 Oct. 2022

Magnitude Plot Nyquist Plot

Modal Parameter Without IBR With IBR Impact of IBR

Frequency (fr) 1.28 Hz 2.6 Hz 1.3 Hz

Damping Factor (ζ) 23.5% 19% −4.5%
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Output of Impedance Scan Study

21st Wind and Solar Integration Workshop, 12 Oct. 2022

IBR ∆f ∆ζ

GFM at Bus-6 0.12 Hz +19.2%

GFM at Bus-3 0 Hz +21%

GFL at Bus-2 0.5 Hz +5.7%

GFL at Bus-14 1.3 Hz −4.5%

f ζ

2.5 Hz +12 to 15%

Mode Parameters

Impact of Different IBRs



NREL    |    18

Summary

• Reversed impedance-based stability criterion allows evaluation of the impact 
of one IBR at a time on the frequency and damping of power system 
oscillations.

• Impedance scans of the IBR and the grid can be performed simultaneously 
without breaking the system model.

• NREL’s GIST software leverages the reversed stability criterion to evaluate 
the impact of IBRs on system-wide control interactions and oscillations.

• GIST software can be used to quantify the amount of grid-forming capacity 
required for the dynamic stability of a 100% inverter-based grid.

21st Wind and Solar Integration Workshop, 12 Oct. 2022
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Thank you!

Shahil.Shah@nrel.gov
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