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High-penetration of power electronics

Power systems are facing a trend of a high penetration of power
electronics on the generatlonltransm|ssmnld|strlbut|on side.
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Definition of transient stability

The ability of synchronous generators to remain in synchronism when
subjected to disturbances.

— =

The ability of synchronous generators and/or converters to remain in
synchronism when subjected to disturbances.

Conventional
power systems

Future
power systems
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[1] Dorfler F, Bullo F. Synchronization in complex networks of phase oscillators: A survey[J]. Automatica, 2014, 50(6): 1539-
1564.



Real cases of loss of synchronism (LOS)

= LOS under grid faults of PV resources in Southern California [2,3]
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[2] NERC/WECC Inverter Task Force. 1200 MW fault induced solar photovoltaic resource interruption disturbance report[R].
Atlanta: North American Electric Reliability Corporation (NERC), 2017.

[3] Joint NERC and WECC Staff. 900 MW fault induced solar photovoltaic resource interruption disturbance report[R]. Atlanta:
North American Electric Reliability Corporation (NERC), 2018.

Current reference change



Difference between generators and converters

« Central * Distributed, massive

« Large rotational inertia « Almost no energy storage

« Self-synchronization * No inherent self-synchronization
« Mainly electromechanical * Multi-timescale

« Large short-circuit current * Limited short-circuit current

« Slow actuation & control + Fast/flexible control

Three Stator windings 120° apart

Prime mover



Synchronization approaches

Classifications of synchronization approaches

Grid-following (GFL) Grid-forming (GFM)

Schemes PLL, FLL Droop, VSM, matching, VOC, etc.
: Positive- and negative- "
Domains Positive-sequence
sequence
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Synchronization approaches

-  GFL approaches

Existing PLLs Existing FLLs

Notch filters: ANF, SOGI-QSG,
AQSG, SF, CBF, ROR, ROGI, AVF,
etc. (eight options)

Types of regulator: P-type, I-type, Types of regulator: P-type, I-type, Pl-type

Notch filters: ANF, SOGI-QSG, AQSG, SF, CBF,
ROR, ROGI, AVF, etc. (eight options)

Pl-type (three options) (three options)
In-filters: LPF, MAF, Lead-lag, etc. Adaptive parameters: frequency, quasi-
(three options) frequency (two options)

Dimensions of FD: single, two (two options)

i s i i 1
§[>S2+(f)2 §[>s—j03
SOGI : SI
i (second-order (sinusoid
egrton) e

Notch filters: RCF1 and CCF—
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Synchronization approaches

- Generalized GFL approaches (PLLs/FLLs)

< ) m uabc abc
U,.[abc/] | Noteh filter | Hap 1 Y A,
/2B | based PNSC T, [—In-filter w 0 | Notch filter -
° )
,| Frequency| | PNSC _»{”aﬂ
Framework of PLLs 1 and FLLs— detector i,

« Method: the model reference adaptive control (MRAC) method.
* Result:
v' PLLs/FLLs are essentially the same

v' PLLs/FLLs can be represented by a unified prototype in studies of
synchronization stability.

[4] He X, Geng H, Yang G. A generalized design framework of notch filter based frequency-locked loop for three-phase grid
voltage[J]. IEEE Transactions on Industrial Electronics, 2017, 65(9): 7072-7084.



Synchronization approaches

ﬁ Mathematically
equivalent
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A unified prototype of PLL/FLLs (balanced conditions)

O=w+k,p, (—ua sind +u, cos@)
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A unified prototype of PLLs/FLLs under balanced conditions

[5] Golestan S, Guerrero J] M, Rawa M J H, et al. FLLs in electrical power energy systems: Equivalent or different to
PLLs?[J/OL]. IEEE Industrial Electronics Magazine, 2021: 0-0. DOI: 10.1109/MIE.2021.3054580.
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Synchronization approaches

A unified prototype of PLL/FLLs (unbalanced conditions)
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Unified prototypes of PLLs and FLLs under unbalanced conditions
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Synchronization approaches
-  GFM approaches
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Droop control VSM control

Matching control

Droop control is often inertialess.

VSM and matching control is inertial.

[6] Chen M, Zhou D, Tayyebi A, et al. Generalized multivariable grid-forming control design for power converters[J]. arXiv
preprint arXiv:2109.06982, 2021.
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Synchronization approaches

Generalized GFM approaches

Disturbance Jl
g Vg x=f(x,ud)
) . — ]
| i Output y=g(x,u) :

Plant model of GFM converters
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[6] Chen M, Zhou D, Tayyebi A, et al. Generalized multivariable grid-forming control design for power converters[J]. arXiv
preprint arXiv:2109.06982, 2021. 15




Synchronization approaches

- Generalized GFM/GFL approaches

Power Part

Three-Phase
Power Converter
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[7] Huang L, Xin H, Ddérfler F. Hoo-control of grid-connected converters: design, objectives and decentralized stability
certificates[J]. IEEE Transactions on Smart Grid, 2020, 11(5): 3805-3816.

16



PART II: Transient Stability

Synchronization approaches: principles and classifications

Transient stability of grid-connected converters

Transient stability of power systems with converters /
generators

Stability improvements and grid code specifications

17



Transient stability of grid-connected converters

- Different controls, different stability performance
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Transient stability of GFL converters

Problem description

P ch L R, | Lg Rg Uy
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Transient stability of GFL converters

- Transient stability of GFL converters (symmetrical grid faults)

¢
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* Approaches from conventional power systems can be applied to GFL devices.

[8] He X, Geng H, Xi J, et al. Resynchronization analysis and improvement of grid-connected VSCs during grid faults[J]. IEEE
Journal of Emerging and Selected Topics in Power Electronics, 2021.
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Transient stability of GFL converters

Transient stability of GFL converters (symmetrical grid faults)
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[8] He X, Geng H, Xi J, et al. Resynchronization analysis and improvement of grid-connected VSCs during grid faults[J]. IEEE
Journal of Emerging and Selected Topics in Power Electronics, 2021.
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Transient stability of GFL converters

Transient stability of GFL converters (asymmetrical grid faults)
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* The inter-sequence coupling makes things different and difficult.

[9] He X, He C, Pan S, et al. Synchronization instability of inverter-based generation during asymmetrical grid faults[J]. IEEE

Transactions on Power Systems, 2021, in press.



Transient stability of GFL converters

- Transient stability of GFL converters (asymmetrical grid faults)
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[9] He X, He C, Pan S, et al. Synchronization instability of inverter-based generation during asymmetrical grid faults[J]. IEEE
Transactions on Power Systems, 2021, in press.
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Transient stability of GFL converters

- Transient stability of GFL converters (asymmetrical grid faults)

— Positive-sequence dominated instability
-~ Negative-sequence dominated instability
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[9] He X, He C, Pan S, et al. Synchronization instability of inverter-based generation during asymmetrical grid faults[J]. IEEE
Transactions on Power Systems, 2021, in press.



Transient stability of GFM converters

Problem description
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Transient stability of GFM converters

- Transient stability of inertial GFM converters (VSG)
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[10] De Brabandere K, Bolsens B, Van den Keybus J, et al. A voltage and frequency droop control method for parallel
inverters[J]. IEEE Transactions on power electronics, 2007, 22(4): 1107-1115..

[11] Li M, Huang W, Tai N, et al. Transient behavior analysis of VSG-IIDG during disturbances considering the current limit
unit[C]//2019 IEEE Power & Energy Society General Meeting (PESGM). IEEE, 2019: 1-5. 26



Transient stability of GFM converters

- Transient stability of inertialess GFM converters (droop)

ref

Basic stability characteristics
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[12] Xin H, Huang L, Zhang L, et al. Synchronous instability mechanism of P-f droop-controlled voltage source converter
caused by current saturation[J]. IEEE Transactions on Power Systems, 2016, 31(6): 5206-5207. 27
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Transient stability of power systems with

converters / generators

Classifications

— Types of devices: {GFL, inertial GFM (GFM1), inertialess GFM (GFM2)}
— System composition: single type x single device (3), single type x
multiple devices (3), multiple types x single device (4), multiple types x

multiple devices (4)

single type x single type x multiple types x | multiple types x
single device multiple devices single device multiple devices

single-GFL multi-GFL single-GFL//
infinite-bus syst. infinite-bus syst. single-GFM1

single-GFM1 multi-GFM1 syst. single-GFL//

infinite-bus syst. single-GFM2

single-GFM2 multi-GFM2 syst. single-GFM1//

infinite-bus syst. single-GFM2
single-GFL//
single-GFM1//
single-GFM2

multi-GFL//
multi-GFM1

multi-GFL//
multi-GFM2

multi-GFM1//
multi-GFM2

multi-GFL//
multi-GFM1//
multi-GFM2

29



Transient stability of multi-GFL-converters

Multiple GFL converters
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[13] He X, Geng H. PLL synchronization stability of grid-connected multi-converter systems[J]. IEEE Transactions on Energy
Conversion, in press.
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Transient stability of multi-GFM-converters

Multiple inertial GFM converters — conventional systems

Multiple inertialess GFM converters

[Toad |—|||

wi =w" —ni(Feq — I7) D6 = Q; — Zf' Jaigsin(0;—0;), i€ {1,....n}
j’:

Pei = ., BiBslYis|sin(0; — 0;) Kuramoto oscillator

« Synchronization stability condition: the power flow is feasible.

* Droop control — Exponentially stable.

[14] Simpson-Porco J W, Dorfler F, Bullo F. Synchronization and power sharing for droop-controlled inverters in islanded
microgrids[J]. Automatica, 2013, 49(9): 2603-2611.



Transient stability of hybrid systems

GFL-GFM hybrid system
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[15] He X, Geng H. Transient stability of power systems integrated with inverter-based generation[J]. IEEE Transactions on
Power Systems, 2020, 36(1): 553-556. 32



Transient stability of hybrid systems

Inertial and Inertialess GFM hybrid system
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[15] He X, Pan S, Geng H. Transient stability of hybrid power systems dominated by different types of grid-forming devices[J].
IEEE Transactions on Energy Conversion, in press.
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Stability improvements of GFL converters

(a) PLL frozen
(b,c) Variable-structure PLL (to first-order PLL)
(d,e) Enhanced second-order PLL

(f,g) Adjusting current output references

If Fault, freeze the PI regulator If Fault. freeze the integral regulator
[ oo o L.
H, |abg i
dg
* —> 0,
(a)
_ If Fault. freeze the integral regulator and
[, dt _{k then conduct a feedforward compensation
h—l™ +——] .
@, ,rj;‘ - X If Fault. switch to 1
u, labg/| U, , o ”ﬁ = / i .f; - _E i ¥
tey » X /R ratio 9 I s —» gy e 'q
dy ! *: " A ] Im
-¥L =¥ L _ & o o
T Id_fau;t + iq_fzu.h - IEL].EL‘L Iﬂi'g' — ‘
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*

[13] He X, Geng H. PLL synchronization stability of grid-connected multi-converter systems[J]. IEEE Transactions on Energy
Conversion, in press. 3



Stability improvements of GFM converters

- Stability improvement under generalized GFM framework

Disturbance
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General MIMO close-loop feedback

Plant model of GFM converters control framework for GFM converters

[6] Chen M, Zhou D, Tayyebi A, et al. Generalized multivariable grid-forming control design for power converters[J]. arXiv
preprint arXiv:2109.06982, 2021. 36



Grid codes relating to transient stability?

Existing grid codes (FRT)

100%F -9
90% | |

PCC voltage
profile (%)
(9,

(e
X
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injection (%)

20%

Reactive current

020150 1500 ¢ (ms)

Without considering synchronization requirement
Specified only for GFL devices
Unknown largely regarding negative-sequence provision
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Open issues and future directions

Becoming hybrid systems (inherited Building all-new systems, which
from legacy systems), which comprises consistently specified
comprises heterogeneous devices device performance by agreed
with various performance protocols
al
Ref. _.(?_. Co;a‘(oller »| Plant [~ | | |Ref. —’(?—v Controller | Plant [T~
L1 —r LI
modeling redefining modeling

remedy

i

s B anaiysis R
analysis analysis

« Coupling between phase-angle, frequency, and voltage dynamics
— Stability classifications? — Modeling and stability analysis approaches?

* Interactions between multiple timescales, massive devices

* Fragile devices, e.g., addressing current limiting for transient stability in
additional to protection...
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