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Outline

• Control interactions and resonance in power electronics 
systems

• Impedance-based stability analysis:
– Impedance modeling
– Measurement
– Applications.

• Extension to other stability problems in modern power systems
• Future development.
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Control Interactions

Shahil Shah, NSF Workshop on Power Electronics-Enabled 
Operation of Power Systems

Governor 
controls

Field control 
(AVR)

Pitch control

Q&V control

DC bus 
control

PLL

Current 
control

Sy
nc

hr
on

ou
s 

ge
ne

ra
to

rs
W

in
d 

ge
ne

ra
to

rs
, P

V
 

in
ve

rte
rs

, H
V

D
C

AGC

Transmission network 
dynamics

Filters

Torsional modes

Grid support functions

PWMHVDC controls

• Two major challenges: (1) diversity of controls in inverter-based resources; 
(2) unavailability of high-fidelity dynamic models
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Impedance-Based Stability Analysis

• Impedance responses of two subsystems are compared:
– Magnitude response intersection points give frequencies of resonance modes.
– Phase difference at intersection points gives damping.

Shahil Shah, NSF Workshop on Power Electronics-Enabled 
Operation of Power Systems
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Resonance: Frequency and Damping

Shahil Shah, NSF Workshop on Power Electronics-Enabled 
Operation of Power Systems

4 kHz300 Hz 2 kHz100 Hz 1 kHz150

100

50

0

50

100
4 kHz300 Hz 2 kHz100 Hz 1 kHz

20

30

40

50

60
( )pZ s

M
ag

ni
tu

de
 (d

B
)

Ph
as

e 
(d

eg
.)

( )gZ s

( )gZ s

( )pZ s

SCR: 5

SCR: 2

172o

182o

195o

205o

SCR Grid 
Inductance, Lg

Resonance 
Frequency

Phase 
Margin

5 4.6 mH 641 Hz +8o

4 5.7 mH 584 Hz −2o
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• Unstable resonance for weak 
grids:

– Unstable for SCR<5.0
– Resonance frequency decreases 

with SCR and its “severity” 
increases.
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Impedance Modeling (e.g., Type III Wind Turbine)
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Offshore Wind with HVDC Transmission
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• Impedance analysis 
is performed at 
different interface 
points.
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Impedance Measurement at NREL

• 7-MVA grid simulator for perturbation 
injection

• Turbine nacelle coupled to a dynamometer

• GPS-synchronized medium-voltage measurements.

Shahil Shah, NSF Workshop on Power Electronics-Enabled 
Operation of Power Systems

7-MVA grid simulator
5-MW dynamometer Medium-voltage measurementsSource: NREL

Source: NREL Source: NREL
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Injection of +ve and –ve Sequence Perturbations
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+

• Perturbed voltages

• Response currents

Source: NREL
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Positive-Sequence Impedance of a 4-MW Turbine

• Automated sequence impedance measurement by grid 
simulator for different operation conditions

Shahil Shah, NSF Workshop on Power Electronics-Enabled 
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Source: NREL



NREL    |    11

Blue: Measurements of 4-MW DFIG
Red: PSCAD model from OEM
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Applications

• Model validation • Resonance analysis • Grid-forming inverters

Solve resonance problems, 
control design, grid codes
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• DFIG output currents

Role of Protection in Resonance
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• Impedance analysis Prediction of SSR-generated harmonics

Source: NREL
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• DFIG output currents

Role of Protection in Resonance
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• Impedance analysis Prediction of SSR-generated harmonics
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Impedance Analysis of Power System Oscillations

• Impedance analysis

Shahil Shah, NSF Workshop on Power Electronics-Enabled 
Operation of Power Systems

• Power system stabilizer (PSS)
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Power Modulation from a GE 1.5-MW Turbine

• Impedance Analysis
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• Power System Stabilizer (PSS)

Source: NREL
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Online Monitoring of Frequency Response

• Transfer function from active 
power to frequency
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• Prediction of primary frequency 
response and inertia
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Future Development

• New impedance-based tools for stability analysis of modern power systems
– State-space modal analysis: mainstream tool for stability analysis of traditional 

power systems
– Impedance-based analysis: established as the main tool for stability analysis of 

power electronics systems.

• Impedance as platform for comparing advanced control methods, e.g., grid-
forming inverters

• Impedance-based grid codes:
– Agnostic to internal controls
– Easy to characterize and understand
– Supports system stability analysis.

• Standardized controls and models for inverter-based resources.

Shahil Shah, NSF Workshop on Power Electronics-Enabled 
Operation of Power Systems
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