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Power System Stability Classification
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Infamous Examples of SSO

/Hydro,

Figure 11 Power system single-line schematic around Wemen Terminal Station
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Small signal stability via immittance method
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Converter-Grid System Stability

Ve(s)

« Converter-grid stability = stability of SISO feedback loop

- Practical design guarantee open-loop stability: Zg(s)

o @Grid is stable prior to connection of inverter-based
technology. V,(s) Y. (s) L(s)

o Inverter based technology is stable when connected
to infinite grid.

« Since no RHP poles exist; simplified Nyquist criteria can

be adopted.
* Nyquist plot of open loop transfer function Z,(s)/Z.(s) V.(s) =1.(s) - Zg(5)
i il e 1+ Zy(s)Y,(s)
determines stability.
_ Zg(s)
Zsys(s) = 1+24(s)/Zc(s)
where,
ZC(S) = YC(S)
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Injection setup

N\ Liby
\_/ .
Inject one frequency at a time: me b(3)
Series voltage source with small perturbation. n
Vac IBR

Offset pre-disturbance current from disturbed —
current.

Record positive and negative sequence impedance
(i.e. needs a separate pos/neg sequence injection).

Vpetrub (S)
I1BRr(S)

Z1gr(s) = —
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Grid following plant full load (50 MW) operation
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GFL Inverter
@

 The GFL setup:

o Only inner loop current controller and phased-locked loop are considered (fixed id/iq).

src

SCR
Z

o Inverter outer loop control (P/Q) and PPC can affect stability but typically have a small bandwidth.
POC

o Scans are done at the inverter terminals (i.e. no grid/txt impedance).

o Allows for more flexibility when analyzing different SCRs.

Main t=t

o 60 inverters with Pmax of 50 MW.
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Phase (degrees)

Immittance Assessment - 50 MW 0 MVAr SCR = 3.0 ?_D'LE‘N

Magnitude (dB)

Bode plot Nyquist plot
Intersections at 153 and 258 Hz. Phase margin ~ 13 degrees.
Phase difference = 162 and 50 degrees respectively. Gain Margin ~ 1.9 dB.
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EMT Validation - 50 MW 0 MVAr SCR =3.0

POC SCR 5.0 -> 3.0 transition EMT Response POC SCR 5.0 -> 3.0 transition harmonic profile
Stable Response. Only fundamental harmonic current observed.
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Immittance Assessment - 50 MW 0 MVAr SCR =25

Bode plot
Intersections at 140 and 286 Hz.

Phase difference = 180 and 40 degrees respectively.
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EMT Validation - 50 MW 0 MVAr SCR = 2.5 O 4

POC SCR 5.0 -> 2.5 transition EMT Response POC SCR 5.0->2.5 transition harmonic profile
Unstable response; 90 Hz oscillation observed in RMS 140 Hz oscillation observed in inverter instantaneous
values. current.
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Realistic grid model
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Real grid is not an RL series impedance

A realistic grid is not a simple RL series impedance
typically considered in SMIB studies.

Grid consists of passive electrical component such as
OHL, cables, transformers. Cables and OHL impedance
varies between capacitive and inductive regions with
positive resistance.

Transformers typically inductive, though can exhibit
regions of capacitive operation at extremely high
frequencies (due to bushing winding and inter-winding
capacitance).

Inverter impedance complex value can vary in all 4
gquadrants of complex plain (including negative
resistance; i.e. negative damping).

Synchronous machines highly inductive with negative
resistance at sub-synchronous frequencies due to
induction generation effect of damper windings.

Impact of network impedance on the small-signal stability of GFL
and GFM inverters

Phase (degrees)
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Above example a POC impedance of a more realistic
network that takes into account high frequency
iImpedance of OHL (SCR of 5.96 at 50 Hz). Referred to
as “real network” from here on.



Immittance Assessment - 50 MW 0 MVAr in Real ?_D'LEN‘
Network (SCR =5.96 at 50Hz)

Bode plot Nyquist plot
Intersections at 99 and 111 Hz. Encircles -1 point. Unstable.
Phase difference = 193 and 45 degrees respectively.
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EMT Validation - 50 MW 0 MVAr Real Network (SCR = ?_D'LE‘N

5.96 at 50Hz)

POC SCR 5.0 -> Real Network (SCR = 5.96)

transition EMT Response

Unstable response; 49 Hz oscillation observed in RMS

values.
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POC SCR 5.0 -> Real Network (SCR = 5.96 at
50Hz) transition harmonic profile

1 Hz and 99 Hz oscillation observed in instantaneous
current.
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How to stabilize the system?

19 Impact of network impedance on the small-signal stability of GFL and GFM inverters



Possible solutions

In order to mitigate GFL inverter instability in real network (SCR = 5.96 at 50Hz):

20

(OEM level): Modify GFL control structure. Requires special models and firmware for the project,
(Consultant level): Tune PLL and current controller settings. Preferred solution!,

(Operational level):

o Reduce the number of inverters,

o Reduce active power output,

(Alternative options): Addition of synchronous condenser and/or grid forming inverter at the POC. Might not be
economically feasible.

Impact of network impedance on the small-signal stability of GFL and GFM inverters



Grid following inverter 50 MW operation with
tuned settings
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Retuned settings

Based on discission in previous section, impedance of the inverter can be re-shaped by adjusting the PI gains of
PLL and current controller.

The following investigation was carried out:
> PLL gains reduced by 50% - instability still observed,
> Current controller gains reduced by 50% - instability still observed,

> PLL and current controller gains reduced by 50% - stable operation observed.
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Immittance Assessment - 50 MW 0 MVAr in Real ?_D'LEN‘
Network (SCR =5.96 at 50Hz)

Bode plot Nyquist plot
Intersections at 99 and 111 Hz. Encircles -1 point. Unstable.
Phase difference = 193 and 45 degrees respectively.
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Phase (degrees)

Immittance Assessment - 50 MW 0 MVVAr Real
Network (SCR =5.96 at 50Hz) re-tuned settings

Bode plot Nyquist plot
Intersections at 95 and 117 Hz. Positive phase margin.
Phase difference = 162 and 25 degrees respectively. Gain Margin > 5 dB.
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EMT Validation - 50 MW 0 MVAr Real Network re- ?_D'LEN‘
tuned PLL and current controller

POC SCR 5.0 -> Real Network (SCR = 5.96 at
50Hz) transition EMT Response

Stable response.

POC SCR 5.0 -> Real Network (SCR = 5.96 at
50Hz) transition harmonic profile

Only fundamental harmonic current observed.
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Grid following plant 40 MW operation
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Immittance Assessment - 40 MW 0 MVAr Real
Network (SCR = 5.96 at 50Hz)

Bode plot Nyquist plot
Intersections at 99 and 109 Hz. Encircles -1 point.
Phase difference = 185 and 49 degrees respectively.
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EMT Validation - 40 MW 0 MVAr Real Network

POC SCR 5.0 -> Real Network (SCR = 5.96 at POC SCR 5.0 -> Real Network (SCR = 5.96 at 50Hz)

age [pu]

Vol

50Hz) transition EMT Response transition harmonic profile
Unstable response; 49 Hz oscillation observed in RMS 1 Hz and 99 Hz oscillation observed in instantaneous current.
values Similar performance for number of inverter reduction.
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Proposed stability measure as opposed to SCR
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Proposed stability measure

« SCR defined as a value of impedance at fundamental frequency (i.e. 50 Hz). System strength and remediation
based on SCR concept. Might not be sufficient for IBG,

 Proposed NER stability measure Z;(s)/Z.(s):
o AAS: PM>30° and GM>6dB.

o MAS: cannot incircle -1 point in Nyquist plot.
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Conclusion
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Stability using immittance Nyquist criterion

Current grid connection process is complex and requires preliminary tuning and controller design to be performed in
SMIB:

SMIB SCR is typically calculated based on the short-circuit levels at 50 Hz. Results in oversimplified representation
of the system impedance as RL circuit,

Network impedance at the POC is a lot more complex. Combination of RLC series and parallel circuits along with
generator/inverter (can exhibit negative resistance due to inverter controls or generator induction effect),

Proposed immittance method allows for the determination of settings during the design and study stages to ensure
stability with the wide-area network. Enable TSNP to minimise the amount of WAN studies and only focus on the
most onerous cases,

Allows the sizing of plant and Pmax based on stability margins,
Allows for re-tuning and control modification to ensure stability,

Minimizes effort required by AEMO/TNSP to determine and test worst-case EMT conditions.
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Phase (degrees)

GLF vs GFM Immittance Shape

GFL immittance GFM immittance

Significant regions of negative damping. Mainly inductive in Significantly less regions of negative damping. Highly
sub-synchronous range and captative in  super- resistive in sub-synchronous and super-synchronous
synchronous regions regions.
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Discussion
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Discussion

* What is the meaning of SCR and minimum withstand SCR?
* How does this impact AEMO/TNSP AFL and SSQ calculations?
* Immittance method can determine the optimal inverter/PPC settings to avoid SSO.

* Immittance stability assessment provides an excellent screening tool to determine the most onerous conditions for
connecting plant.

* Can the immittance reduce the EMT effort?

e |s there a need to revise NER S5.2.5.15 — Short circuit ratio?
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