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Summary of Previous Lesson

 |n the last lesson we studied:

« Effects of low short-circuit level (SCL) on voltage and (

rotor angle stability

Global Power System Transformation Consortium | 6

» Effects of reduced system inertia on frequency
stability

« Key control issues of IBR affecting system stability.
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Previous Lesson (1)

« Effects of low SCL on voltage and rotor angle stability:

— During contingencies, weak systems with low SCLs may experience extremely
depressed voltages over a wide network area, which may make the voltage
recovery difficult after the fault clearance.

— Severe voltage dips may speed up considerably the rotors of the nearby machines,
which in turn may provoke their loss of synchronism.

=2 Weak systems with low SCLs are more prone to face voltage instabilities or
collapse and rotor angle instability.

« Effects of reduced system inertia on frequency stability:
— More frequent and larger frequency excursions following a power imbalance.

= Low-inertia systems have more risk of activation of protection schemes like
underfrequency load shedding schemes and energy not supplied.

) Global Power System Transformation Consortium | 7
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Previous Lesson (2)

« Key control issues of IBR affecting system stability:

— The control system of IBR comprises control loops with fast response times:
phase locked loop (PLL), the inner current control loop, and the outer
power/voltage control loop.

= Controls of IBR faster than the control systems of SG.

« The fast control loops of IBR are often among the key instability drivers in IBR-
based power plants.

— Especially in weak networks, the experience has shown that the
PLL is among the key instability drivers in IBR.

) Global Power System Transformation Consortium | 8
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Introduction

* In 2004, a Task Force of the Institute of Electrical and Electronics Engineers Power
System Dynamic Performance (IEEE PSDP) Committee and the International Council
on Large Electric Systems (CIGRE) addressed the definition and classification of
stability in power systems.

— At the time this document was published, the dynamic behavior of power systems was mostly
determined by the dynamic performance of SG and their controls.

= Primarily dealt with slow electromechanical phenomena, typically presentin
power systems dominated by synchronous machines while fast transients of the
network and other fast-response devices were neglected.

— In power systems dominated by e s o
synchronous generators (SGs), fast Definition and Classification
electromagnetic transients decay very of Power System Stability
rapidly = There is little justification for b e ot oo o Pt 058 S Yt A5G
modelling their effects in stability studies. (A Al S (USA ) Carson Tarir (U5A) Thier Vi Casem B, and i Vil (US5)

. s . . . Global Power System Transformation Consortium | 10
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Power Systems Time Scale (1)

« The figure shows the time scales of the dynamic phenomena that can be

observed in electricity systems.

— The transient response cover a
broad range of phenomena ranging
from fast transients to “slow”
electromechanical transients.

 The relevant time constants for
stability studies in power systems
dominated by SGs are within the
electromechanical window.

Task Force of 2004

Stability definition in systems with high penetration of IBR

Lightning propagation _ Electromcchanica!
= i | phenomena -
Switching surges ' !
Inverter-based controls
i i | Thermodynamic
1us Stator transients and {" phenomena
subsynchronous resonance
Rotor angle dynamics
Governor and load
I frequent;y control _
0,1 ms Voltage control
10 ms 8 :
Boiler dynamics
Wave Electromagnetic
phenomena phenomena
1077 1075 1073 1071 10! 103 105
Time (seconds)
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Power Systems Time Scale (2)

« The time scale related to the IS very fast.
— Ranging from a few microseconds to  Electromechanical
R Lightni T ation P eciromec amca_
several milliseconds, thus . mm52°?:_“ | *phenomena
. . witching surges ! |
encompassing electromagnetic I jverecbssed conrols o
phenomena. 1 s Stator transients and = ph:;'ommoc;:amlc
subsynchronous resonance
« As IBR increases, system dynamic Rotar angle dynamics
Governor and load
response starts to be more dependent on T I frequency control
fast-response power electronic devices. T Voltage control
— Fast transients start to play a role in R ice
the dynamic behavior of the system. e _ Electromagnetic
cnomeng ) phenomena
> mr n m
System response becomes s 10 = PR "

Time (seconds)

. s . . . Global Power System Transformation Consortium | 12
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Need to Review Stability Definition and Classification

« Due to IBR time scales - Need to extend the
bandwidth of phenomena to be examined in

stability studies and include

within electromagnetic time scales.

= In 2016, a Task Force of the IEEE PSDP
Committee addressed the classification and
definition of system stability, including
additional considerations due to IBR.

= Results of Task Force
were published in 2020.

Stability definition in systems with high penetration of IBR

Lightning propagation
Switching surges
] Inverter-based controls

Stator transients and * phenomena
subsynchronous resonance

Rotor angle dynamics
Governor and load
] frequency control
Voltage control

lus

01
™ 10ms

Boiler dynamics

108 103 107! 10* 10% 10°
Time (seconds)
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| il

TECHNICAL REPORT

PES-TR77

IEEE Power & Energy Society
April 2020

M@Fﬁs <¥IEEE

Stability definitions and
characterization of dynamic
behavior in systems with high
penetration of power electronic
interfaced technologies

PREPARED BY THE l

Power System Dynamic Performance Committee
Task Force on Stability definitions and characterization of dynamic
behavior in systems with high penetration of power electronic interfaced! sy ==
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Scope of the 2016 Task Force

« This Task Force focuses on classifying and defining power system stability as
impacted by IBR from a bulk power system perspective.

 The Task Force does not address:

— Cases where an incorrect control setting causes a local instability or when the
instability of a control loop can be directly characterized without modeling the
system

— Stability issues associated with microgrids

— Impacts of distributed resources (connected at the distribution level) on the
transmission system.

. s . . . Global Power System Transformation Consortium | 14
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Formal Stability Definition

« Regarding the formal definition of power system pizozo TEC;ECQL-;EI;;R;
stability, the definition originally presented in the
report of the Task Force of 2004 remains G e
unchanged. o Baise

Stability definitions and
characterization of dynamic

Power system stability is the ability of an electric power behavior in systems with high
penetration of power electronic

system, for a giyen init@a}l qperating condition, to regain a interfaced technologies
state of operating equilibrium after being subjected to a REATEDBYTHE e
physical disturbance, with most system variables bounded (oo swems v o porarston o poner swcvone mesaced
so that practically the entire system remains intact.

technologies

« Is there any change in the
definition of each type of stability?

F—

Stability definition in systems with high penetration of IBR



Stability Classification With IBR

« The figure shows the classification proposed by this Task Force.

« With respect to the original classification, two new stability classes were introduced
motivated by the increasing use of IBRs.

13 HH b 13 - L ” . .
— “Resonance stability” and “Converter-driven stability. Previous time scale
separation still applied
Power system stability (when appropriate):
“Short-term”
(including
electromechanical
- Converter- Rotor angle Voltage Frequency dynamics)

Lot s L s driven stability stability stability stability . “Long-term” (after
electromechanical
transients have died
out).

. . Fast Slow . Small- Large- Small-

Electrical Torsional interaction interaction Transient disturbance | | disturbance disturbance
New stability classes Original Sl Short term ‘ Long term ‘ Short term | Long term |
Global Power System Transformation Consortium | 16
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Rotor Angle Stability (1)

« Rotor angle stability is concerned with the
ability of the interconnected synchronous
machines in a power system to remain in

synchronism under normal operating conditions

and to regain synchronism after being
subjected to a small or large disturbance.

| Power system stability |
L. Converter- Rotor angle Voltage Frequency
Rezoee ity Gty stability stability sty
Fast Slow

‘ Electrical ‘

‘Torsional

interaction

interaction

Transient

Small- ‘ ‘ Large-

‘ Small- ‘

Short term

Short term |

Long term Long term |

Stability definition in systems with high penetration of IBR

Original classification

Table. 1. Categories of power system stability.

CIG ~ IBR

Categories of Power

Additional considerations with respect to Ref.

. Short-term
. Long-term

System Stability [1]
Rotor Angle Stability Definition unaffected.
e  Transient Effect of CIGs in both subcategories
e  Small highlighted.
Disturbance
Voltage Stability e Definition unaffected.

e Effects of HVDC links in short-term
voltage stability

Frequency Stability
e  Short-term
. Long-term

e Definition unaffected.
e Effects of CIGs in changing and the
potential of controlling system frequency.

Resonance Stability
. Electrical
. Torsional

e New category added.

o Effect of HVDC and FACTs on torsional
and of DFIG controls on electrical
resonance stability

Converter-driven

Stability
. Fast interaction
. Slow
interaction

e New category added.

e Fast dynamic interactions of the control
systems of power electronic-based
systems with fast-response components of
the power system and other power
electronic-based devices.

e Slow dynamic interactions of the control
systems of power electronic-based devices
with slow-response components of the
power system.

Global Power System Transformation Consortium | 17




Rotor Angle Stability (2)

« The integration of IBR does not change the definition of rotor angle stability.
« Still, as SGs are displaced by IBR, the total inertia of the system is reduced.
— This impacts rotor angle stability and the electromechanical modes of the system.

« The displacement of SG by IBR affects the rotor-angle stability of the remaining
generators by:

— Changing the flows on major tie-lines, which may in turn affect damping of inter-
area modes and transient stability margins.

— Displacing large SG, which may in turn affect the mode shape, modal frequency,
and damping of electromechanical modes of rotor oscillations.

— Affecting the damping torque of nearby SG. This is reflected in changes in the
damping of modes that involve those synchronous generators.

— Displacing SG that have crucial power system stabilizers (PSS).

. s . . . Global Power System Transformation Consortium | 18
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Small-Disturbance Rotor Angle Stability

« Significant effort has been devoted to understanding and describing the effects of
IBR on small-disturbance rotor angle stability.

— However, results and conclusions obtained are to a large extent
influenced by the power system used and operating conditions.

« The effects can be small and large, and the presence of IBR beneficial or
detrimental.

- The impacts depend on several factors, including number of IBR, type of controls
used, network topology and strength, load conditions, and other similar factors.

= No general consensus regarding the effects of increased penetration of IBR
on electromechanical modes and on small-disturbance rotor angle stability.

. s . . . Global Power System Transformation Consortium | 19
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Transient Rotor Angle Stability

- Efforts have also been made to understand the effects of IBR on transient rotor
angle stability.
— Lowering the total system inertia may result in larger and faster rotor swings, thus
making the system more prone to stability problems.

« As before, studies have shown that increased penetration of IBR can have both
beneficial and detrimental effects on transient rotor angle stability depending on:
— Grid layout, location of IBR, as well as the control of IBR during and after the fault
and (ride-through capability)
— The effects are also impacted by other factors such as the type of disturbance and
its location with respect to IBR and large SG.

= No general consensus regarding the effects of increased penetration of IBR
on transient rotor angle stability.

. s . . . Global Power System Transformation Consortium | 20
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Voltage Stability (1)

« Voltage stability refers to the ability of a
power system to maintain steady voltages at
all buses in the system after being subjected
to a disturbance.

| Power system stability |
L. Converter- Rotor angle Voltage Frequency
Rezoee ity Gty stability stability sty
‘ Electrical ‘ Torsional | | TSt _ Slow Transient el H Large- ‘ ‘.Sm"’“' ‘
interaction interaction
Short term Long term Shon!erm| Longlem-n|

Slightly adjusted for higher clarity
Original classification

Stability definition in systems with high penetration of IBR

Table. 1. Categories of power system stability.

Categories of Power

Additional considerations with respect to Ref.

System Stability [1]
Rotor Angle Stability e Definition unaffected.
e  Transient e Effect of CIGs in both subcategories
. Small highlighted.
Disturbance
Voltage Stability Definition unaffected.
. Short-term Effects of HVDC links in short-term
e  Long-term voltage stability

Frequency Stability
e  Short-term
. Long-term

e Definition unaffected.
e Effects of CIGs in changing and the
potential of controlling system frequency.

Resonance Stability
. Electrical
. Torsional

e New category added.

o Effect of HVDC and FACTs on torsional
and of DFIG controls on electrical
resonance stability

Converter-driven

Stability
. Fast interaction
. Slow
interaction

e New category added.

e Fast dynamic interactions of the control
systems of power electronic-based
systems with fast-response components of
the power system and other power
electronic-based devices.

e Slow dynamic interactions of the control
systems of power electronic-based devices
with slow-response components of the
power system.
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Voltage Stabillity (2)

« The integration of IBR does not change the definition of voltage stability.

- Still, the displacement of conventional SGs by IBR leads to a reduction of system
strength in the area where conventional machines are displaced.

= Power systems become weaker.

— In steady state, small disturbances in power flows may significantly change the
network voltages in weak areas of the system.

= \Voltage control in weak network areas can be extremely challenging.

- Modern IBR have voltage-control and reactive support capabilities.
— However! IBR are current limited resources.

= Reduction of the voltage control/reactive support capability of the system.
— However! The effects strongly depend on the IBR control.

. s . . . Global Power System Transformation Consortium | 22
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Voltage Stability (3)

« The effects of IBR on voltage regulation depend on the control of the converter.
— For instance, constant power factor/voltage control mode.

Strong grid Weak grid

115 1.150

« The figure
shows how the
control mode of
IBR impact
voltage stability
(source: GE).

2

2

~—N-0 Voltage Control

e N-0 Const PF (pf=1.00)
-~ N-0 Voltage Control

N-0 Const PF (pf=0.99)
——N-0 Const PF (pf=1.0)

N-0 Const PF (pf=0.98)
N-0 Const PF (pf=0.97)
0.85

05 06 0.7 08 09 1 11 12 13 14 b 08 09 1 11 12 13 14
Power (pu of installed rating) Power (pu of intalled rating)

Tranmission Sending Voltage (pu)
Tranmission Sending Voltage (pu)
2 8
g 8

o
8
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= The negative effects of IBR on voltage control depends on the control of IBR.
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Voltage Stability (4)

« The displacement of SGs by IBRs leads to a weakening of power systems.

— Synchronous machines strongly support voltage stability by injecting high short-
circuit currents during faults.

— IBR have limited capacity of injecting fault current during contingencies.

= The replacement of SG by IBR impair the dynamic performance during
contingencies.

« During contingencies, weak grids with low fault currents may experience
extremely depressed voltages over wide network areas.

— This may make the voltage recovery difficult after the fault clearance.

= Power systems with high levels of IBR have higher risk of voltage
instability or collapse.

. s . . . Global Power System Transformation Consortium | 24
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Frequency Stability (1)

¢ F req uen Cy Stabl I Ity refe S to th e abl I Ity Of a e e Sf;firirtli(s)rzigg{siderations with respect to Ref.

Categories of Power
System Stability [1]

power system to maintain steady frequency e
following a severe system upset, resulting in a i~ * Effetof CIGs n both subcatgoris
significant imbalance between generation and S

e Definition unaffected.

I oa d e  Short-term e Effects of HVDC links in short-term
- . Long-term voltage stability
Frequency Stability e Definition unaffected.
. Short-term e  Effects of CIGs in changing and the
e  Long-term potential of controlling system frequency.
Resonance Stability e New category added.
. Electrical e Effect of HVDC and FACTSs on torsional
| Power system stability | e  Torsional and of DFIG controls on electrical
resonance stability
l l l Converter-driven e New category added.
Remren ity Converter- Rotor angle Voltage Frequency Stability e  Fast dynamic interactions of the control
driven stability stability stability stability . . "
e  Fast interaction systems of power electronic-based
| | | . Slow systems with fast-response components of
} I l J interaction the power system and other power
‘ Hlectical ‘ = Jrasient Smll- ‘ ‘ Large- ‘ Small ‘ electronic-based devices.

e Slow dynamic interactions of the control

systems of power electronic-based devices
Long tem | with slow-response components of the
power system.

Short term

Short term |

Long term

Original classification
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Frequency Stability (2)

« The integration of IBR does not change the definition of frequency stability.

« Still, reduced grid inertia due to the displacement of SG leads to steeper RoCoF
and lower frequency nadirs during power imbalances.

= Frequency dynamics become faster.

— Conventional control and protection schemes may become too slow to successfully
ride through large frequency deviations.

= Increase the risk of loss of load due to activation of shedding schemes.
= Low inertia systems are more prone to frequency instabilities.

. s . . . Global Power System Transformation Consortium | 26
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Frequency Stabllity (3)

« IBR can effectively support system frequency, and even faster than SG.
« However! Dynamics of converters are on similar time scales as the grid dynamics.

= Possible dynamic couplings between the control of IBR and the grid,
eventually leading to unstable behaviors.

« The inertial response of SG is instantaneous and guaranteed.

— On short time scales, SG contribute to recover the power balance through the
kinetic energy stored in their rotating parts (without any control).

« However! Converters do not respond “naturally” to power unbalances but through
a control loop.
— Frequency support of IBR is subject to delays, malfunctioning, and instabilities.
= Frequency response capability of IBR is not fully comparable to the inertial
response of SG.

. s . . . Global Power System Transformation Consortium | 27
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Current Solutions (1)

« Today, there are several potential solutions to mitigate the stability problems that
may arise due to weak grid conditions as IBR increases.

« Low short-circuit levels

Classical Additional Lower Line Incorporation
network transmission impedance vl of synchronous
reinforcements capacity transformers 9 condensers
= Battery energy
b Cogvc?rte.r STATCOMs SVCs storage Others
ase evices systems
Converter : : ificati
Adjustment of Adjustment of Modifications
control time constants gains foicontro’
changes structures
Global Power System Transformation Consortium | 28
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Current Solutions (2)

« Today, there are several potential solutions to mitigate the stability problems that
may arise due to weak grid conditions as IBR increases.

* Reduced inertia

Energy

: Super-
storage Batteries Flywheels capacitors
systems
: Virtual inertial Other control
IBR with FFR response F-droop strategies
Incorporation
of
synchronous Others
condensers
Global Power System Transformation Consortium | 29
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New Stability Classes

« The figure shows the classification proposed by this Task Force.

— With respect to the original classification, two new stability classes were
introduced, namely “Resonance stability” and “Converter-driven stability.”

Power system stability
L Converter- Rotor angle Voltage Frequency
i e stability stability stability
. . Fast Slow . Small- Large- Small-
Electrical Torsional interaction interaction Transient disturbance | | disturbance disturbance
L L . . Short term ‘ Long term ‘ Short term | Long term |
New stability classes Original classification |
Global Power System Transformation Consortium | 31
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Resonance Stability (1)

* In general, resonance occurs when an energy exchange takes
place periodically in an oscillatory manner.

In case of insufficient dissipation of energy in the flow path, the oscillations grow,

which is observed as an increase of voltage/current/torque magnitudes.

— When these magnitudes exceed specified thresholds, it is
said that a resonance instability has occurred.

The term resonance stability encompasses subsynchronous resonance (SSR),
whether it be associated with an electromechanical resonance or an entirely

electrical resonance.

Global Power System Transformation Consortium | 32
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Resonance Stability (2)

* SSR can manifest two possible forms:

— Due to a resonance between series compensation (series
compensated electrical network) and the mechanical modes of torsional
oscillations on the turbine-generator shaft

— Due to a resonance between series compensation and the electrical
characteristics of the generator - This kind of resonance is purely electrical
resonance, termed Induction Generator Effect (IGE).

= Resonance stability has been split into two categories:
— Torsional Resonance Stability
— Electrical Resonance Stability.

. . . Global Power System Transformation Consortium | 33
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Torsional Resonance Stability (1)

« Torsional resonance: Torsional interactions between series eI e B e
compensated lines and the turbine-generator mechanical shatft: = e s

— Itis well documented in the literature as it pertains to conventional SGs.

« SSRinvolves a system condition where the network exchanges significant energy
with a turbine-generator at one (or more) of the natural sub-synchronous torsional
modes of oscillation of the combined turbine-generator mechanical shatft.

— The oscillations can be poorly damped, undamped, or even negatively damped

and growing, thus threatening the mechanical integrity of the turbine-generator
shatt.

« Subsynchronous oscillations can also be related to device-dependent
subsynchronous oscillations (DDSSO).

o . . Global Power System Transformation Consortium | 34
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Torsional Resonance Stability (2)

- DDSSO arise due to the interaction of fast-acting control devices = . ' "
with the torsional mechanical modes of nearby turbine-generators.

— Examples: HVDC lines, static Var compensators (SVCs), static synchronous
compensators (STATCOM), and power system stabilizers (PSS).

« DDSSO are not always detrimental; in some cases, the interaction can be
beneficial and in fact improve torsional damping.

. . . Global Power System Transformation Consortium | 35
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Electrical Resonance Stability (1)

- Electrical resonance: Due to a resonance between series o oo |
compensation and the electrical characteristics of the generator:

— Never observed in real power systems with conventional SG only.

— Variable speed doubly fed induction-generators (DFIG) are susceptible to
Induction Generator Effect (IGE), because the induction generator used in the
wind turbine is directly connected to the grid.

« Self-excitation type SSR occurs when, at sub-synchronous frequencies, a series
capacitor forms a resonant circuit with the effective inductance of the induction
generator and, at these frequencies, the net apparent resistance of the circuit is
negative.

— Negative resistance of the induction generator rotor (as seen on the stator side)
— Action of the DFIG controls governing the converter between the stator and rotor
circuits.

. . . Global Power System Transformation Consortium | 36
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Electrical Resonance Stability (2)

« If the total negative resistance from these sources exceeds the
positive resistance of the circuit at or near the resonant

frequencies, self-excitation SSR occurs.

— The resultant resonance leads to large current and voltage oscillations that can
damage the electrical equipment.

« This phenomenon has been also termed Subsynchronous Control Interaction
(SSCI) in the literature.

o . . Global Power System Transformation Consortium | 37
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Converter-Driven Stability (1)

« IBR have control loops with different response times.
— PLL
— Inner-current controls f.
— External control loops.

« The figure shows the IBR control
layers and the frequency range of 0.5f,
operation.

— f1 fundamental frequency
— fs converter switching frequency.

2f1
= Time scale associated with the f1
control systems of IBR is wide. /‘
rundamental Global Power System Transformation Consortium | 38
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Converter-Driven Stability (2)

« The wide time scale related to the controls of IBR can result in e e e ]
cross couplings and interactions with several system components == 5 mmes
and devices.

— Electromechanical dynamics of SG
— Electromagnetic transients of the grid.

= Possible unstable power system
oscillations over a wide frequency range.

s i& T i%
| om i

Livudl FUWEL DYSLENTT TTaAlSIUNTTIauuUn Lourisuruutil | oY

PN
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Converter-Driven Stability (3)

- Converter-driven stability is split into two categories, according
to the frequencies of the observed phenomena.

— Slow-interaction Converter-driven Stability phenomena showing relatively
low frequencies:
- Typically, less than 10 Hz.

. . | Power system stability |
— Fast-interaction
Converter-driven l | _ | |
tabili ‘Convenc'r-‘ Rotor_gu e Voltage Freql{epcy
Stab I I Ity phenomena Wlth i Lty driven stability stability stability stability
high frequencies: ,—‘—‘ ﬁlj ﬁL‘ ,—‘j
« Typically, tens to peorical | | Tomiomal | Lipibion | Pinemetion | | T | | dimbince | | domromnce | | dsaance
hundreds of Hz, and = —1‘ o e e
possibly into kHz.
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Fast-Interaction Converter-Driven Stability (1)

[ o s

- Fast-interaction: In power systems, instabilities due to fast e @MQ‘@J
interactions may arise in a number of different ways. = e s
— These instabilities involve system-wide stability problems driven by
, such
as IBRs, HVDC, FACTS like the
transmission network, SG stator dynamics, or other power electronic-based
devices. ‘
L\ S\ \ [T o=
ﬁ e T —
T -
Battery Bank E : ?
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Fast-Interaction Converter-Driven Stability (2)

. : o j
Examples: e @M = J
=] ] =]

— Interactions of the fast inner-current loops of IBR with passive system
components may cause high frequency oscillations up to several kilohertz.

» Referred to as harmonic instability in the power electronics community.
— Several inverters in close proximity to each other may also generate interactions
leading to multi-resonance peaks.
— Interactions induced by the coupling between the converters and the grid.
» Dynamics of the control system of IBR are on similar time scales as the grid
dynamics.
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Slow-Interaction Converter-Driven Stabllity (1)

« Slow-interaction: These types of instabilities involve system- ==t @ \,‘:Lm\‘\d;;m J
wide instabilities driven by o
with ol :
cC Grid
e
OO d:b“:

Current control loop Power/voltage control loop
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Slow-Interaction Converter-Driven Stability (2)

ble low-f llati d = = = =
pnsta e low-frequency osci ations can appear due to oo Coca |
interactions between the controllers of the converters and other =5 &9 =oes

components.

— The outer control loops (power and voltage) and PLL can lead to unstable low-
frequency oscillations.

« System strength at the connection point of IBR has significant influence on
the stability of low-frequency oscillations.

— In weak systems with low short-circuit ratios (SCR < 2), the SCR =
oscillations may become unstable and could lead to growing SiBR
low-frequency oscillations.

— Online capacity of IBR and control strategies and parameters of the converters
also affect the stability of low-frequency oscillations.

Sgrid
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PLL Loss of Synchronism (1)

« The ability of the PLL to synchronize with the grid in the case of
nearby faults can be extremely challenging in weak networks.

« If, during a short circuit, the PLL is not able to track

large changes in the phase angle of the voltage at norrectcontolof e

the PCC, this may result in inaccurate calculations o o

of the phase angle by the PLL. 1:} e Jf o I D N
= PLL provides an erroneous value of angle to the B A — o |

iInner current controller.

= Currentinjected by the IBR into the grid may be at
the wrong phase, which could result in further
voltage magnitude and angle degradation. Lk

> Possible instability. |
R Current contral loop II?Jw’er?vBl?aE&c'n?rJ Em'p'
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PLL Loss of Synchronism (2)

[ o s

w ]
* During a short circuit in the system, a “jump” occurs in the phase .~ 1 o |
angle of the voltage vector at the point of common coupling (PCC). =5 &5 e9es

— This can lead to the PLL losing synchronism with the vector Vp(.
— Due to this loss of synchronism, a difference A8 arises between the phase of the
d-axis and the phase angle of the voltage vector at the PCC V- according to:

" = AO = Opcc — Op11
Axis p PLL

2> A0 =0

Axis q - PLL lose synchronism

S ‘
Axis q
>46=0 ‘
- PLL in synchronism During a AXxis a
Axis ¢ contingenc
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Summary

« IBR have significant effects on power system stability and control.
- However, there are several solutions that can be deploy to mitigate them.
— We need to learn how to deal with the challenges of high levels of IBR.

3

F
#

Massive
integration .
of IBR

Main effects

Reduction of
inertia * Rotor angle stability

Reduction of

system * Voltage stability

* Rotor angle stability

strength

* New stability phenomena
* Resonance stability
» Converter-driven stability

Introduction of
fast controllers

Main stabilities affected

i'jw._k ™ ==
o] [] = = =
[t ] [ ] ] —

- weak grid
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Study Exercise

Exercise 3: Impacts of grid-following and grid-forming
controllers on the small-signal and dynamic stability of a
100% IBR system

Consider the system shown in Figure 1, which consists of two IBRs supplying a common load
through their respective step-up transformers and transmission lines. The objective of this
exercise is to investigate the stability of a power system 100% based on IBR. For this, we
will perform a small-signal stability assessment and time domain simulations. The study
includes different scenarios in terms of the control of the IBR.

IBR1 IBR2
B1 B2 B3
@
T1 T2
Load

Figure 1: Single-line diagram of a power system based on 100% IBR.

Challenges in systems with high penetration of IBR
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From Grid-Following to Grid-Forming Converters (1)

E Need to transition from grid-following to grid-forming converters }

« SGs have key functionalities for ensuring system operation and stability.
— Frequency and voltage regulation of power systems have generally been provided
by conventional SGs.

— Rotating machines naturally provide high fault currents during contingencies,
thereby strongly supporting system stability and recovery after faults.

— SGs have black-start capability.

= SGs are grid-forming sources with key functionalities for ensuring system
operation and stability.
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From Grid-Following to Grid-Forming Converters (2)

E Need to transition from grid-following to grid-forming converters }

- Today, nearly all grid-connected IBR are controlled in
— For its correct operation, a well-defined terminal voltage is needed.

. require that other generators participate in the process of
forming frequency and voltage.

= As the penetration of IBR increases, at least some of these units will be
required to operate in grid-forming mode.
— Can regulate the terminal voltage
— Do not require a PLL
— Can coexist with other grid-following and grid-forming IBR as well as with SGs on
the same power system.
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From Grid-Following to Grid-Forming Converters (3)

« Grid-forming IBR can be designed to

provide black-start capability and asEtlisRRi iz 7 A I L

_ _ formed in normal responsibility to form and
support system restoration following a operation maintain healthy grid
blackout. Control of current Control of voltage

injected into the grid magnitude and f/phase
— do not have _ _
- Decoupled control of Slight coupling between
black-start capability.

Pand Q Pand Q
« Restoration-support capability of modern Needs PLL PLL not necessary
is limited. Without black-start With black-start
—  After a blackout, units capability capability
{ { { t ti e R Can theoretically operate
cannot support system restoration 100% IBR without other <21 "20"e!! y op
unless other generators can black start grid-forming sources

the system.
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From Grid-Following to Grid-Forming Converters (4)

« Integration of IBR reduces the levels of fault current and short-circuit strength,
= As the penetration of IBR increases, power systems become weaker. A

. can easily lose stability under weak grid conditions.

— Ride-through low voltages during contingencies is extremely challenging for grid-
following IBR, especially under weak grid conditions.

— However, modern grid codes usually require fault ride-through capability.

= As the penetration of IBR increases and the network becomes weaker, grid-
following converters will have increased risk of losing stability.

= The level of in power systems is limited due to
their stability problems under weak grid conditions.
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From Grid-Following to Grid-Forming Converters (5)

[ Need to transition from grid-following to grid-forming converters J }

— Current real applications can be seen in microgrids and in off-grid installations.

— However, there is no practical experience in operating grid-forming inverters
connected to real large-scale power systems.
= Lack of this experience hinders the massive integration of grid-forming IBR.

« Scaling from small microgrids to more complex networks will require several
research efforts and field implementations.

Challenge: To solve existing research questions and demonstrate key functionalities
of grid-forming converters in the field
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Landscape In Future Systems

« Future power systems dominated by IBR will be less secure, faster, more A
complex and difficult to control than systems dominated by conventional SGs.

- However! Shift of energy supply is not only taking place toward IBR at high voltage
levels but also toward smaller producers connected to distribution grids.

— Other actors at distribution level: distributed storage devices, electric vehicles.

= New actors at distribution level will put even more strain on bulk power systems.

= Future power systems will have a huge number of IBR and emerging devices widely
deployed at all voltage levels.

= Current monitoring and control approaches will reach their limits.

= Need for a fundamental change in the way power systems are operated and
controlled.
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Frequency and P-Balance in a 100% IBR System (1)

 In conventional power systems:

— Frequency is dependent on the active power balance w
— The grid frequency is coupled to the speed of SG. L P e
« Coupling between SGs and grid frequency allows to 1 | omer [ i
use the frequency deviation for monitoring the power ’
balance in the system: ’ /’\
dw I o ol
2H— =P, — P, W —1
dt g =
= We do not monitor power balance, but frequency! n -

— Frequency deviation Af is thus used as signal to control the power output of SGs.

« However! This only works due to the coupling between the speed Q
of SGs and the grid frequency
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Frequency and P-Balance in a 100% IBR System (2)

* In 100% IBR-based power systems (i.e., a system in which there is no A
synchronous generators at all) = H = 0.
« Taking the limit H — 0 in the swing equation: <~ /Q
dw Py/\
2H—=P,—-P,=0 >0=P,—P, ~?

dt

= Frequency is fully decoupled from the power balance in the system.

— Frequency is not a physical variable coupled to synchronized rotating machines
anymore
— Frequency variation has “no meaning” for monitoring the power balance.

* In this scenario, no system element responds “naturally” to power imbalances.
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Frequency and P-Balance in a 100% IBR System (3)

« In power systems without inertia, frequency has no meaning for the determination
of the power balance.

= Need of novel control approaches that do not use frequency measurement
as control signal for keeping the balance between load and generation.

- Although some alternatives have been proposed, up to date, there is no
consensus on the best alternative to follow.
— Strategies proposed so far have been explored in theory.

= Further research is needed in order to conceive novel control strategies
able to keep the power balance in electricity systems without inertia.
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Operating and Controlling Future Systems (1)

thousands of power electronic devices broadly deployed across all voltage

« Future power systems dominated by IBR will be less secure and with j
levels of the grid.

= More complex to control.

« The dimension and complexity of future networks
will require exploring advanced control methods.

— More active and collaborative control
approaches.

« How this new control approach
should look is still an open question.
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Operating and Controlling Future Systems (2)

Challenge: To conceive a brand-new way of controlling power systems able to
handle complex and fast networks with thousands power electronic devices
broadly deployed across all voltage levels of the grid

« Power converters allow a wide variety of
control alternatives.

« There are still several paradigms Q
and questions to be resolved.

= Further research is
needed.
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