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& PROBLEM

IEEE CLASSIFICATION OF POWER SYSTEM STABILITY 2020
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FIGURE 1: Power System Stability Classification.

YHatziargyriou, Nikos, et al. " Definition and classification of power system stability—revisited & extended.” IEEE Transactions on Power Systems 36.4
(2020): 3271-3281.
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& PROBLEM

TRANSIENT STABILITY ANALYSIS (TSA)

TRANSIENT STABILITY

@ Is the ability of the power system to maintain synchronism when subjected to a severe transient
disturbance.

@ Resulting system response involves large excursions of generator rotor angles and is influenced by the
nonlinear power-angle relationship.

@ Stability depends on both the initial operating state of the system and the severity of the disturbance.

/Cn:l
// ; @ Case 1: Rotor angle increases to a maximum, then
Ve o decreases and oscillates with decreasing amplitude
until it reaches a steady state (stable case).

Rotor angle &

@ Case 2: Rotor angle continues to increase steadily
until synchronism is lost (first-swing instability).

0 05 10 15 20 25 30
Time inseconds @ Case 3: System is stable in its first swing but
becomes unstable due to growing oscillations as

FIGURE 2: Rotor angle response to a transient
the end state approaches.

disturbance.

NOTE

Study period of interest is usually limited to 3 to 5 seconds following the disturbance, although it may extend to about 10
seconds for very large systems with dominant interarea modes of oscillations.

2

2Kunduv, Prabha. " Power system stability.” Power system stability and control 10 (2007): 7-1.
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ND & PROBLEM STATEMENT

WhHY TSA IS IMPORTANT?

@ Prevention of System collapse (Blackouts): Avoidance of cascading failures

o Protection of Equipment: Avoiding mechanical stress and prolonging the lifespan of the
equipment

o Integration of Renewable Energy Sources: Managing expansions in existing power systems

o Facilitating Load Changes and Growth: Handling sudden load changes in the system ensures
that the system can adapt to these changes without losing synchronism

o Optimization of System Performance: Enabling engineers to pinpoint areas prone to
instability

o Ensuring Reliability of Power Supply: Sustained operation of power supply
@ Economic Implications: Avoiding economic losses associated with power interruptions
@ Support for System Protection Schemes: Coordination with protection systems

e Maintenance of Power Quality: Minimizing voltage fluctuations
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DIFFERENT TSA METHODOLOGIES

NON-LYAPUNOV BASED METHODS
@ Synchronizing Torque based analysis:= Simplified calculations based on linearized models.

o Evaluate the synchronizing torque coefficient, which relates to how effectively the system can restore
generator angles back to synchronism after a disturbance.

@ Time-domain (t-d) simulation = Get time responses of state variables.

o Numerical integration methods: Eulers, RK and Trapezoidal methods.
o Require high computation and more time for solving non-linear differential-algebraic equations due to
the bulk power systems’ large dimensionality and nonlinearity.

@ Graphical Methods:

o Frequency versus angle plots = Phase portrait plots
o Power, frequency, voltage versus angle plots = Concept of Equal area criterion (EAC) is utilized.

@ Data-driven based methods = Machine learning and artificial intelligence based methods )

LyAPUNOV(2ND) BASED METHODS ( DIRECT TSA METHODS)
@ Energy function method = Most mature and applicable for both SMIB and multi-machine systems

@ Sum-of-squares based method =- Proposed in the last decade and systematically constructed Lyapunov
functions for complex power systems.

@ Other Lyapunove-based methods =- Decentralized stability analysis methods, Lur'e type Lyapunov
functions, Hamilton functions, and Extended Lyapunov functions-based methods. )

3Wu, Qing-Hua, et al. " Transient stability analysis of large-scale power systems: A survey.” CSEE Journal of Power and Energy Systems 9.45(2023):
SMART POWER SYSTEM LAB NOVEMBER 29, 2024 7/75



https://xplorestaging.ieee.org/ielx7/7054730/10213441/10106217.pdf?rnumber=10106217&tag=1
https://xplorestaging.ieee.org/ielx7/7054730/10213441/10106217.pdf?rnumber=10106217&tag=1

& PROBLEM STATEMENT

OBJECTIVE 1: TSA oF CONVENTIONAL POWER SYSTEM

RESEARCH GAP

e Traditionally, TSA through synchronizing torque values of each generator is determined
based on the total synchronizing torque contributions from the generator to the network
through the system approximations.

e This TSA indicate individual generators’ approximate transient stability margin without
considering other connected generator synchronizing torque interactions accurately.

OBJECTIVE

A model-based TSA index for each generator is proposed from the synchronizing torque
contributions of all other connected generators in a multi-machine interconnected power system.

@ It is a new interpretation of the generator’s synchronizing torque in terms of electromechanical oscillation
modes to consider the synchronizing torque interactions among generators.

@ The popular TSA indicator critical clearing time (CCT) and the traditionally determined TSA through
synchronizing torque need to be calculated to verify and compare the performance of the proposed
transient stability index.
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FICGURE 3: Modern AC grid.

NOTE

The inverters in renewable connected power systems decouple electromechanical oscillations or disturbances
from the grid; hence, the proposed TSA index in objective 1 cannot be directly used in modern grids with

renewable sources.

4

4Peng, Qiao, et al. " On the stability of power electronics-dominated systems: Challenges and potential solutions.” IEEE Transactions on Industry
Applications 55.6 (2019): 7657-7670.

SMART POWER

SYSTEM LAB NOVEMBER 29, 2024


https://ieeexplore.ieee.org/document/8809097
https://ieeexplore.ieee.org/document/8809097

& PROBLEM STATEMENT

TSA STUDIES IN RENEWABLE CONNECTED POWER SYSTEMS

CLASSIFICATIONS

@ Studies involving single voltage source converters (VSC) connected to the grid.

o The most recent research in single VSCs tends to concentrate on power electronic notions and often
uses traditional TSA approaches, together with EMT-based t-d simulations and hardware-based
investigations.

@ Studies with multiple VSC connected to the grid.

o There is a relative paucity of research on grid-connected systems incorporating grid-forming VSCs
(GFM-VSC) compared to studies involving multiple grid-following VSCs (GFL-VSC).

Multiple VSC reveal three sub-categories:
@ TSA studies focusing solely on GFL-VSC
@ Those concentrating exclusively on GFM-VSC
@ Those examining systems with both GFL and GFM VSC interconnected to the grid.

RESEARCH GAP

@ Despite the increasing preference for GFM-VSCs over the past decade due to their inherent benefits to
transient stability, the literature predominantly features single GFM-VSC grid-connected studies
employing various TSA approaches.

@ However, studies examining systems that combine GFL-VSC and GFM-VSC or involve multiple
GFM-VSC grid connections remain limited. This gap highlights the need for researchers to devote more
attention to this field.

— = = = = N2 Ne)
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OBJECTIVE 2: TSA oF RENEWABLE CONNECTED POWER SYSTEM

OBJECTIVE

Proposes an innovative fast direct transient stability analysis (DTSA) approach that leverages
Lyapunov's direct method to assess the transient stability of a GFM-VSC with a virtual
synchronous machine (VSM) control technique, incorporating the influence of parallel-connected
GFL-VSC control strategy.

@ The proposed DTSA approach models the GFL-VSC as a current source with parallel
internal reactance and the GFM-VSC as a voltage source with series internal reactance.

o Detailed analytical derivations of the DTSA approach using transient energy functions, along
with the DTSA criterion for the interconnected system, need to be presented to determine
the CCT of the GFM-VSC.

o Furthermore, electromagnetic transient (EMT) time-domain (t-d) simulation responses are
needed to be utilized to validate the accuracy and computational effectiveness of the
proposed fast DTSA approach.
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OVERVIEW

© SYNCHRONIZING TORQUE-BASED TSA OF CONVENTIONAL POWER
SYSTEM

RELATED JOURNAL PUBLICATION

@ Poulose, Albert, and Soobae Kim. "Synchronizing Torque-Based Transient Stability Index of a Multimachine
Interconnected Power System.” Energies 15.9 (2022): 3432.
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SYNCHRONIZING TORQUE AND T'SA

@ The synchronizing torque is an electrical torque component produced by interacting stator windings and a
fundamental air-gap flux component of the synchronous generator (SG).

@ During disturbances, the SG' magnetic fields’ accumulated energy ensures precise immediate power
support, and these magnetic fields are distributed according to the synchronizing torque coefficients
(STC) of the multimachine interconnected power system.

SWING EQUATION OF SMIB SYSTEM

Generator Transformer Transmission line
Vr £6; " " vZo° o Describes the rotational motion of an SG's rotor
Xy X, . .
@ | | V Infinite bus In response to pOW?I’ imbalances.
[ | A = QAw (1)
P .
e
Inertia H 2HAw = Ty — Te — DAw
Transient reactance X, =Tm— Pe — DAw
Internal voltage E’ (2)
Rotor angle § E'Vsinéd
=Tm— . DAw
eq
FIGURE 4: SMIB System.
V.

where ¢ (in radians) is the generator rotor angle with respect to the infinite bus, Aw (in p.u.) is the machine
speed deviation, Q = 27 f is the conversion factor from p.u. speed to radians, and Xeq = X(; + X1+ X,
@ Note: power P is equal to the product of the torque T and the machine speed w, thatis, P=T - w.
However, with w & 1 pu even in transient conditions, it is possible to use the approximation T ~ P.

SChow, Joe

nd Juan J. Sanchez-Gasca. Power system modeling, computation, and control. John Wiley & Sons, 2020.
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3 TORQUE-BASED TSA OF CONVENTIONAL POWEF

SYNCHRONIZING TORQUE AND T'SA

IN STEADY STATE

Equilibrium satisfies:

E’'Vsin g, ‘
Aw=0 —"% _p T, 3) 3] P
Xeq v :
an
Linearization of Equations (1) and (2) at the K i
equilibrium § = ¢, and Aw = 0 results in: P S !
Ad = Qbw 2 ! i
8 (E'Vsiné o /o :
, i )
2HAG = — — (ﬁ) AS Ao 5
S @ 7 |
9 (Daw)losw + — 2 |.aT, ) : :
_ w w | '
dAw ? AA(T,) " : !
= —K.AS — DAw + AT, 0 8y w2 7
where °
, FIGURE 5: Power-Angle Curve.
E"V cos dep
Ky = —— 20
Xeq

@ K, is the STC signifies the ability of the generator to stay synchronized to the infinite bus.
@ K, will oppose Ad, and it should be a positive value to maintain the stability of the SG.
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LINEARIZED MODELS OF MULTIMACHINE POWER SYSTEM

For a multimachine power system with Ng machines without considering damping torques, the
swing equation of the it machine is defined as follows:

AS; = QAw; (5)
1 e
Bwj = oo | APmi = KaiAd; +,-:12,-¢,- Ksj AS; (6)

Since P,,; = constant and 2H;~! = M; !, Equation (6) can be rearranged as follows:
Ng
Aw; = I\/I,-_1 —KiiAd; + Z KS,'J'AJJ'
J=Lj#i

fori=1,2, ..., Ng
67

6Chow, Joe H., and Juan J. Sanchez-Gasca. Power system modeling, computation, and control. John Wiley & Sons, 2020.

7Sauer, Peter W., Mangalore A. Pai, and Joe H. Chow. Power system dynamics and stability: with synchrophasor measurement and power system
toolbox. John Wiley & Sons, 2017.

™
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LINEARIZED MODELS OF MULTIMACHINE POWER SYSTEM

where
8;  i*" machine rotor angle

0;  adjacent machine rotor angle
w;j  it" machine rotor speed in pu
Pni  ith machine mechanical power input

H;  i*" machine inertia constant

Q = 2xf is the per unit to radian conversion factor for the speed change.
Ksii i lﬁél EE; (Bu cos (5 6j)) — Gjjsin (6,— - 5j) |o are diagonal elements representing
the total contribution of synchronizing torque from a machine to the network.
Ksj = EEj (B,-j cos (6 )) Gjjsin ( ) |o are off-diagonal elements representing the
synchronizing torque interactions between the machines.
E; = constant voltage behind transient reactance of the machine i
Yi = Gji + jBj; diagonal element of the network’s short-circuit admittance matrix Y’
Yi = Gj +jBjj off-diagonal element of the network’s short-circuit admittance matrix Y’
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3 TORQUE-BASED TSA OF CONVENTIONAL POWEF

LINEARIZED MODELS OF MULTIMACHINE POWER SYSTEM

The linearized multimachine power system's state-space form can be represented as follows using
Equations (5) and (7)

A6 AS;
T =A ! 8
as) -2 (2] ®
where }
A = 0 @l is the system matrix
= MK 0 y :
_Ml_l s 0
M1 = : : is the inertia constants of all SMs in diagonal matrix form.
-1
L 0 o Mg
[—Ks11 -+ Ksing
Ks = . . is the synchronizing torque coefficient (STC) matrix
LKsnvgr -+ —Ksvgng
REMARKS

@ The traditional TSA method based on synchronizing torque utilizes the diagonal elements of the STC
matrix to get each generator's approximate transient stability information.

™7 = = —

et
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PROPOSED STABILITY INDEX : DERIVATION & EXPLANATIONS

IN LINEARIZED POWER SYSTEM MODELS

The time-domain response of states can be expressed as the summation of n modes, as shown in Equation (9)

Ax(t) = i (W,TAXO> vpetht 9)

h=1

@ The term W,TAX@ with a contribution factor of left eigenvector wj, represents the contribution of the
initial state Axo in the A" mode.

@ The right eigenvector represented by vj, denotes the mode shape and provides the participation of states
in each mode, and A, is the ht" eigenvalue.

Using Equation (9), the i®" machine’s rotor angle dynamic state variable can be represented in terms of
eigenvectors for all n modes as shown in Equation (10).
n
A5i(t) = Z (thAéo,-) vpeth?
h=1
= wlTAzig,-vle’\lt + WZTA(S[),'VQE)\zt + ...+ wnTAzig,-v,,eA"t (10)

= ASH(t) + A8 () + ... + AST(t) = Z AS"(1)
h=1

where Ado; indicates the i’ machines's initial rotor angle state variable, and the variable Aéf’(t) represents the
ith
1

machine’s rotor angle change for the h*' mode.
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PROPOSED STABILITY INDEX : DERIVATION & EXPLANATIONS

Similarly,

Dwi(t) = Aw!(t) + Aw’(t) + ... + Aw( ZAw (t) (11)

h

Therefore, i*" machine’s rotor speed change for the h*" mode can be formulated from Equation (7) as follows:

Awl(t) = M | —Kabs" (1) + > Kyas (1) (12)
J=1,j#i

PROPOSED INDEX

The corresponding i machine’s transient stability margin in terms of synchronizing torques, which includes the
synchronizing torque contributions of the jth machine’s interactions for the h™ mode, is accurately formulated
in Equation (13).

ZJ L.j#i Ksi A9, (t)

A (t) (13)

b

Aw; (t) 1

i =M — Kii
25(2) si

REMARKS

@ The synchronizing torque contributions from j”’ generator on the ith generator can be accommodated by
the eigenvector (mode shape) relationship between the rotor angle dynamic states of the generators.

@ However, the traditional TSA through STC does not consider the synchronizing torque interaction from
other generators (SMIB approximations).

v
v = - = = A-u el
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SYNCHRONIZI ORQUE-BASED TSA OF CONVENTIONAL POWEF

PROPOSED STABILITY INDEX: AN EXAMPLE CASE

NOTE

@ The proposed transient stability index is explained on a three-machine interconnected power
system (Ng = 3) with negligible damping torques.
@ For an interconnected power system holding Nz machines, there would be a Ng — 1 set of

electromechanical oscillation modes generated from swing equations, and the fundamental
behavior of these modes is solely caught in the rotor angle and speed dynamic variables.

o Hence, there are two electromechanical oscillation modes (n = 2) for the generalized three-machine
example system case.

From Equation (10), the three machines’ rotor angle dynamic state’s time response can be
independently split in terms of the rotor angle dynamic state variables of two modes:

A51(t) = A511(t) + Adlz(t)
Ady(t) = Db (1) + AsY(t) (14)
Ad3(t) = AdsL(t) + As3%(t)

Equation (14) can be used to determine the other generator’s synchronizing torque contribution
factor for each mode separately.

SMART POWER SYSTEM LAB NOVEMBER 29, 2024 20/75



PROPOSED STABILITY INDEX: AN EXAMPLE CASE

For mode 1:
c 1 1 1
A t Ady™(t Ad3~(t
wll( ) _ My —Kan + K512721( ) + K513731( )
Bo1l(r) A5;1(1) A5 (1)
c 1 1 1
Awy(t) 1 A5y (1) A3 (1)
=M, Kepp ——— — + 4Kz ——~ 15
25,1(0) > 2T R 2 5510 (15)
S 1
Aws(t) et [k AS(t) Ay (1)
T - M 531 T T Ks32 T 533
Ad31(t) Ad31(t) Ab31(t)
For mode 2:
.2 )
Awi(t) 2 (t AS3°(t)
1 1
M —Ks11 + K. + K.
A§12(t) 1 < s11 s12 5 2(1‘) s13 A512(t)
© 2 2 2
Awy(t) —1 A61°(1) Ad3°(1)
=M Ko ———— — Kspp + +Ksp3 ——— 16
25,2(2) > 21 55,700 522 2 15070 (16)
-2
Aws(t) My~ <K31 A61%(t) b Ko 28%( ~ K
'S, 5. S.
A&32(t) A&32(t) A632(t)
REMARKS

@ Equations (15) and (16) provide the proposed transient stability margin of generators 1, 2, and 3 separately for modes 1
and 2, respectively.

@ The proposed transient stability index considers the synchronizing torque contributions from other connected generators
through the eigenvector information of each generator's rotor angle dynamic states of each electromechanical oscillation
mode.
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RESULTS AND DISCUSSIONS

NOTE

@ The proposed transient stability index is verified and compared on two test case simulations;
a small WSCC 9-bus test system with three synchronous generators, and a large New
England 68-bus test system with 16 synchronous generators (SGs) without considering
exciter and governor dynamics.

e The MATLAB/Simulink-based open-source power system analysis toolbox (PSAT) is used
for the simulations, and comparative studies.

o For the t-d simulations, the generators in the two test systems are modeled in subtransient
machine models with negligible damping torque, and the loads are modeled with constant
impedance models.

V.

The simulations and analysis are performed over a range of critical operating points obtained by a
slowly varying load factor A\. The X vary the loads’ active power demands according to Equation
(17) as follows

PL=Prp(1+X) (17)

where Py is the initial real power levels of the loads on the test systems.
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REsuLTS AND DiscussioNns: THE WSCC 9-Bus TEST SYSTEM

TABLE 1: Initial load bus data of the WSCC 9-bus test system for the simulations

Load Bus Name Active Power Demand (pu) Reactive Power Demand (pu)

Pro Qro
Load 5 1.25 0.5
Load 6 0.9 0.3
Load 8 1 0.35
Total 3.15 1.15

@ The WSCC 9-bus test system's eigenvalue analysis resulted in two electromechanical
oscillation modes due to the three generator interactions.

@ The system'’s eigenvalues remained in the negative half of the s-plane, indicating a stable
region of operating points over the range of A values are considered for the simulations.

@ The proposed transient stability index in Equation (13) and the detailed expressions in

Equations (15) and (16) for each modes are utilized to determine generators’ transient
stability.

8. Data from the publicly available web page is used for the test cases https://icseg.iti.illinois.edu /power-cases/

ALBERT POUL
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RESULTS AND

Discussions: THE WSCC 9-Bus TEST SYSTEM

Normalized Stability Margin

FIGURE 6: Transient stability margin of generators in WSCC 9-bus test system for mode 1 and mode 2.
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REsuLTS AND DiscussioNns: THE WSCC 9-Bus TEST SYSTEM

REMARKS OF FIGURE 6

o Figure 6 presents the variation of transient stability margins for generators 1, 2, and 3 as a
function of A, based on Equation (17), across the range from 0 to 1.

o The curves.for KsTrad, KslNew,KfNew, and the. CCT of aII. three generators exhibit a d.ecreasing
trend as ) increases, reflecting a corresponding decline in the system’s overall transient

stability. This observation supports the effectiveness of the proposed transient stability index.

- . 1 5
o In all three generators, t.h.e proposed stabllfty margin curves Kinew and Ky, Closely fc_)l_low

the CCT curve and exhibit a trend that aligns more consistently compared to the traditional
stability index, Ks1rag. This indicates that the proposed stability index offers a more accurate

representation of transient stability and performs better.

@ The normalized values of the stability margin's drop indicate that generator 3 suffers the
most tremendous loss of stability, followed by generator 2, while generator 1 exhibits the best
stability retention. This ranking of stability loss further corroborates the findings from the
proposed index.

ALBERT POUL SMART POWER SYSTEM LAB NOVEMBER 29, 2024 25 /75




REsSuLTS AND DiscussioNs: THE NEw ENGLAND 68-Bus TEST

SYSTEM

TABLE 2: Initial load bus data of the New England 68-bus test system for the simulations

Load Bus Active Power Reactive  Power Load Bus Active Power Reactive  Power

Demand (pu) Demand (pu) Demand (pu) Demand (pu)
Name Pro QLo Name Pro 10
17 60 3 45 2.08 0.21
18 24.7 1.23 46 1.507 0.285
20 6.8 1.03 47 2.031 0.3259
21 2.74 1.15 48 2.412 0.022
23 2.48 0.85 49 1.64 0.29
24 3.09 -0.92 50 1 -1.47
25 2.24 0.47 51 3.37 -1.22
26 1.39 0.17 52 1.58 0.3
27 2.81 0.76 53 2.527 1.186
28 2.06 0.28 55 3.22 0.02
29 2.84 0.27 56 2 0.736
33 1.12 0 59 2.34 0.84
36 1.02 -0.1946 60 2.088 0.708
39 2.67 0.126 61 1.04 1.25
40 0.6563 0.2353 64 0.09 0.88
41 10 25 67 3.2 1.53
42 11.5 25 68 3.29 0.32
44 2.675 0.0484

continue Total 176.2063 19.718

9. Data from the publicly available web page is used for the test cases https://icseg.iti.illinois.edu /power-cases/:

SMART POWER SYSTEM LAB
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REsSuLTS AND DiscussioNs: THE NEw ENGLAND 68-Bus TEST
SYSTEM

NOTE

The New England 68-bus test system's eigenvalue analysis resulted in 15 electromechanical
oscillation modes due to the 16 generator interactions.

The system's eigenvalues remained in the negative half of the s-plane, indicating a stable
region of operating points over the range of \ values are considered for the simulations.

According to the proposed transient stability index, the transient stability margin of 16
generators for all 15 electromechanical modes can be determined.

Based on a t-d stability indicator CCT of generators in the New England 68-bus test system,
four generators—Gji3, Gia, Gis, and Gig—were identified as critical due to their least and
decreasing CCT values over a range of \ variations, as depicted in Figure 7.

These generators exhibit the lowest transient stability margins compared to others and are
the first to become unstable during disturbances.

To gain deeper insights into the transient stability behavior, a focused analysis of these
generators is conducted.

SMART POWER SYSTEM LAB NOVEMBER 29, 2024 27/75



REsSuLTS AND DiscussioNs: THE NEw ENGLAND 68-Bus TEST
SYSTEM

Generator 13 Generator 14
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FIGURE 7: Transient stability analysis of generators 13 to 16 in New England 68-bus test system.

SMART POWER SYSTEM LAB NOVEMBER 29, 2024 28 /75



3 TORQUE-BASED TSA OF CONVENTIONAL POWEF

REsSuLTS AND DiscussioNs: THE NEw ENGLAND 68-Bus TEST
SYSTEM

REMARKS OF FIGURE 7

o It is evident that the proposed stability index, KshNew for all the 15 modes, demonstrates

superior performance compared to the traditional stability index, Ks7r.4, for all generators by

closely aligning with the CCT curves.
o However, including a larger number of modes complicates the overall stability analysis.

o The system’s participation factor, derived from eigenvalue analysis, is used to filter the
relevant modes corresponding to these critical generators, as shown in Figure 8.
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@ The X-axis of each graph indicates the generator number, and the Y-axis represents the stacked
participation value of the corresponding generator’s state variables §, w, e1q, €14, €24 and exq for

subtransient machine models.
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FIGURE 8: Participation factor information of electromechanical modes in New England 68-bus test system.
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REsSuLTS AND DiscussioNs: THE NEw ENGLAND 68-Bus TEST
SYSTEM

REMARKS OF FIGURE 8

@ The generators with § and w stacked participation greater than an assumed threshold value
of 0.025 are considered the generators’ valuable participation in the specified
electromechanical modes, making more reliable stability remarks.

@ Therefore critical generators with the most significant electromechanical modes can be
summarized and shown in Table 3.

@ Then the Figure 7 can be refined by focusing on the significant modes associated with these
critical generators, as presented in Figure 9, to simplify the proposed TSA approach and
provide more precise insights into the system’s behavior.

TABLE 3: Critical generators with the most significant electromechanical modes.

Generators Most Significant Electromechanical Modes

Gi3 Mode 9, Mode 13, Mode 15

Gig Mode 12,Mode 14, Mode 15

Gis Mode 12, Mode 15

Gig Mode 12, Mode 13, Mode 14, Mode 15
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REsSuLTS AND DiscussioNs: THE NEw ENGLAND 68-Bus TEST
SYSTEM
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FIGURE 9: Transient stability analysis of critical generators in New England 68-bus test system.
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3 TORQUE-BASED TSA OF CONVENTIONAL POWEF

REsSuLTS AND DiscussioNs: THE NEw ENGLAND 68-Bus TEST
SYSTEM

REMARKS OF FIGURE 9: CRITICAL GENERATORS WITH SIGNIFICANT MODES

o The stability margin curves derived from Figure 9 indicate that the proposed stability margin,
based on the most associated modes of each generator, outperforms the traditional stability
margin indicator, KsTa4, in terms of stability performance.

o Additionally, the normalized stability margin reductions indicate that generator 16 exhibits
the most significant loss of stability, closely followed by generator 15.

@ In contrast, generators 13 and 14 demonstrate markedly better stability retention. This
hierarchy of stability degradation aligns with the outcomes predicted by the proposed index,
further substantiating its efficacy in accurately assessing system stability dynamics.
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OVERVIEW

@ ENERGY FUNCTION-BASED TSA OF RENEWABLE CONNECTED POWER
SYSTEM
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reD POWER

DirRECT METHOD OF TSA

NOTE

o Determine stability without explicitly solving the system’s differential equations.

@ In many physical systems, Lyapunov functions have an energy function interpretation, which
is the case with the power system model (Transient Energy Functions).

LyApuNOvV FUNCTIONS

Consider a nonlinear autonomous and time-invariant dynamical system

x = f(x)

where x is the state vector of dimension n, and the n-dimensional column vector f represents the nonlinear
dynamics without external inputs and is not dependent on t. Let x, be an equilibrium point, that is f(xep) = 0.

Lyapunov Theorem: Let V/(x) be a positive definite scalar function of x (that is,V(x) > 0) in the
neighborhood D of xgp and V/(xgp) = 0. If

- oV dx dV
V(x)= —— = —f(x) <0
() Ox dt dx (x)
where the derivative % is a row vector, for all x € D - {xep}, then xep is an asymptotically stable equilibrium,

that is, x — Xep as t — oo.

10

10Chow, Joe H., and Juan J. Sanchez-Gasca. Power system modeling, computation, and control. JohnWiley &Sons, 2020.
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FIGURE 11: Potential Energy well.

1lg,uer, Peter W., Mangalore A. Pai, and Joe H. Chow. Power system dynamics and stability: with synchrophasor measurement and power system
toolbox. John Wiley & Sons, 2017.
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ENERGY FUNCTION-BASED TSA OF RENEWABLE 5CTED POWER SYSTEM

ENERGY FUNCTION FOR SMIB ELECTROMECHANICAL MODEL

SWING EQUATION:

Ad = QAw
. EV | (18)
2HAw = P,, — — sind — DAw
Xeq
where E is the machine internal voltage, V is the voltage at the infinite bus, X4 is the total reactance between
the machine internal node and the infinite bus, and D represents the machine damping.

At the equilibrium point:

w=0
PmX, (19)
§ =0 =sin | 4
EV
If, (dep, 0) is considered as stable equilibrium point (dsep, 0). Then the restoring torque about the equilibrium is
EV
T, = sind — Py, (20)
Xeq
Therefore, potential energy
s EV .
Vpe(0) = / —Pm + sing ) do (21)
5sep X‘-‘q

Note: The mathematical rule applied here is the dummy variable (¢) substitution in integration. The variable
¢ is used to ensure clarity and avoid confusion, while the integration limits dse, and J define the range over
which the function is integrated. The result is a function of §, independent of the specific choice of the dummy
variable.
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ENERGY FUNCTION-BASED TSA OF RENEWABLE CONNECTED POWEF

ENERGY FUNCTION FOR SMIB ELECTROMECHANICAL MODEL
Integrating (21)

EV EV
VPE(8) = —Pm (0 — dsep) — —— €055 + —— €OS Jsep
Xeq Xeq
Note: Ve (dsep) = 0 and Vpe () > 0 about § = dsep.

Defining Kinetic energy of the rotating inertia as

1
Vie(w) = §(2H)w2 = Hw?
Total transient energy is then

VE(6, w) = VPE(J) + VKE(W) >0

Therefore,
. dVe
Ve = —
ET T
_ dVPE((S) dé n dVKE(w) dw
- ds dt dw dt

EV | dw
=(—-P,+ sind | w4+ 2Hw—
Xeq dt
dw EV |
=w|(2H— — P, + sin d
dt Xeq
=-—Duw? <0

Thus, from the Lyapunov Theorem, the equilibrium point (dsep, 0) is asymptotically stable.
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> POWER

SYSTEM DESCRIPTION

@ The modelling of RES connection to the PCC through a VSC interface, employing GFL with standard
PLL- assisted vector current control and aGFM with VSM control strategies and an infinite bus is
established with transformer (X7) and a parallel transmission line (X,) as depicted in Figure 12.

@ The power controller in GFL-VSC establishes the current references throughout the converter's regular
operation. However, in the event of faults, it supplies reactive current that depends on voltage according
to the grid code while allowing for flexibility in the active current reference to ensure an active power
supply.

@ Therefore, the reference value of the GFL-VSC is adjusted according to different grid operating
conditions, leading to corresponding changes in the magnitude of the current and the power factor angle.

@ For ease of representation, the transient reactance of the VSC and transformer reactances of the converter
configurations are inherited into the internal reactance of X,z in parallel with the equivalent current source
model of GFL, and a series reactance of Xgs, internal to an equivalent voltage source model of GFM.

@ In this study, the electromechanical virtual rotor transient dynamics of GFM-VSC are focused, and all
other electromagnetic transients, including lines, are disregarded. Thus, phasor models of GFL-VSC and
lines are adopted to characterize their influence on electro-mechanical transient instability without
considering the current limiting characteristic of converters.

@ Specifically, considering that the GFL-VSC operates at full power and enters saturation mode during
faults due to voltage sag, it is assumed to act as a current source with magnitude lgr and phase dpcct;
contributing to the power flow P,y to the PCC.

@ Furthermore, Vifn and §gfm denote the magnitude and phase angle of the equivalent voltage source of
GFM-VSC, respectively, with corresponding power flow Pgfy into the PCC. The PCC's voltage
magnitude and phase angles are represented by Vjc. and dpcc, respectively, with power Py injected into
the grid without considering any losses in the network.
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SYSTEM DESCRIPTION

By applying the superposition principle to Figure 12, the voltage equations in the synchronous reference frame
can be formulated as follows:

Vocee® = a1 ngmej(égf"'fs"“) + a» Vgeﬂ";"cc + jazlgne®i (26)
where
xx X, Xetm X Xetm
X1+ X’

Xy = X1+ = ya = )83 =
¢ Xg + Xgfm Xg + Xgfm Xg + Xgfm

Thus, the magnitude of the voltage at the PCC can be determined from Equation (26).

|VPCC| = (27)
where
2\ ,2 2,2
G = a] Vg, + 23122 Vg Vigfn COSOgfm + 35 Vg
Additionally, the relationship between dgf, and dpcc can be derived from Equation (26) as follows:
_ ai1a2Pgn V, azazPgn V, a1 VeV,
Spec = sin ! <71 2 efl Tgfm €os8gfm + 235 efl 7e + 1 Ygfm Y pec sinégfm> (28)
CVpee CVpec

12 13

12 e, Xiugiang, and Hua Geng. " Transient stability of power systems integrated with inverter-based generation.” IEEE Transactions on power systems
36.1 (2020): 553-556.

3 Liu, Xinyu, et al. " Transient stability of synchronous condenser co-located with renewable power plants.” IEEE Transactions on Power Systems 39.1
(2023): 2030-2041.
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ENERGY FUNCTION-BASED TSA OF RENEWAB! ONNECTED POWER S

TRANSIENT STABILITY MECHANISM

o Transient stability in power systems is evaluated by simulating fault conditions on various
system elements and analyzing their impact on dynamic state variables.

@ The simulation process comprises pre-fault, fault-on, and post-fault periods.

@ These dynamic simulations aim to determine whether the power system stabilizes and
converges to a new equilibrium state post-fault.

PRE-FAULT PERIOD

Represents the steady-state power flow condition, where initial parameters are set to balance
power supply and load demand.

v
FAULT-ON PERIOD
Begins when a fault occurs and persists until it is cleared by circuit breaker action, during which
the generator rotor accelerates due to the disturbance in electrical power transfer.

POST-FAULT PERIOD

The system enters this period upon clearing the fault, typically resulting in a weakened system
state (Here, the post-fault system is assumed to be the same as the pre-fault by considering
self-clearing fault).
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ENERGY FUNCTION-BASED TSA OF RENEWABLI NNECTED POWER SYSTEM

TRANSIENT STABILITY MECHANISM: PRE-FAULT PERIOD

GFL-VSC

@ During the pre-fault period or steady-state operation, the GFL-VSC with standard PLL-
assisted vector current control acts as a current source that follows the grid, supplying power
Pgr with a current fgg.

o Typically, RES connected in GFL connection strategies does not inherently generate reactive
power during normal operation; hence, the d-q current components can be computed under
the assumption of a unity power factor to inject maximum active power through the current
component of the GFL-VSC.

Ly, = Pref
ofly, =
? VpCC
Ly = — Qref
ofly =
q Vpcc

where P = Pgﬂ and Qe = 0 p.u. to maintain unity power factor.

SMART POWER SYSTEM LAB NOVEMBER 29, 2024 46 /75




'ED POWE

TRANSIENT STABILITY MECHANISM: PRE-FAULT PERIOD

GFM-VSC
The active power delivered by GFM-VSC to the grid can be derived as follows:

ngm:Pg_ng/

V, V,
= WoeellVel G5, — P
g
Vo V. \/m
— Ma}sé + 2223 Pgn Vg + e (G+ N s Sindgfm —
= C gfm GXg 2GX, g &m &l

(29)

The virtual rotor swing equation of the GFM — VSC with VSM within the associated system can
be delineated analogously to the swing equation of SGs, as shown below.

Sgtm = QUBwgrm (30)
) 1 .
Awgfm = % (P efm — Pgfm — gfmAwgfm) (31)

where Q = 27 f is the per-unit to the radian conversion factor for speed change, Pg*fm is the reference power setting on the
GFM-VSC, Awgfy, represents the relative angular speed variations of the GFM-VSC, Hgfy, denotes the virtual inertia contribution
from the GFM-VSC, and Dggy, signifies the virtual damping coefficient contribution from the GEM-VSC.
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ENERGY FUNCTION-BASED TSA OF RENEWAB! ONNECTED POWER S

TRANSIENT STABILITY MECHANISM: FAULT-ON PERIOD

GFM-VSC

In the event of a three-phase short-circuit fault at the mid-point of one of the transmission lines,
the voltage at the PCC decreases to Vjcc,,,., While the internal voltage of the GFM-VSC, Vg,
is assumed to remain constant, as depicted in Figure 13.

VP‘(/.mn ZA‘P“"/ ault

VismZOogmsuss I Xofm

Pofmue

Lot Bpecyu + )
—

Poftjoun

‘Shortcircuitfaut

FIGURE 13: The equivalent circuit diagram of the GFM-VSC and GFL-VSC interconnected RES system shows
a short-circuit fault on one of the parallel lines.
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ENERGY FUNCTION-BASED TSA OF RENEWAB! ONNECTED POWER S

TRANSIENT STABILITY MECHANISM: FAULT-ON PERIOD

o The electrical power output of the GFM — VSC during the fault, represented as Pys,, ., is
determined by constructing a Thevenin equivalent circuit using the high-side voltage of the
transformer as the output port.

THEVENIN EQUIVALENT CIRCUIT

@ In this configuration, the voltage sources V£ Z/dgfm,,,, and VgZ0 are combined into a single
equivalent voltage source, while the reactances of the transmission line and transformer are
consolidated into one series reactance.

o Notably, the reactance jX»; is excluded from this calculation.

o Following this, the open-circuit voltage Vi and the short-circuit current f; in the
transmission line with impedance jX>; are determined by analyzing the open-circuit and
short-circuit conditions separately.
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ENERGY FUNCTION-BASED TSA OF RENEWABLI NNECTED POWER S

TRANSIENT STABILITY MECHANISM: FAULT-ON PERIOD

OPEN-CIRCUIT CONDITION

The open-circuit condition is imposed on the system, and the revised representation of the system
is depicted in Figure 14

Igoc = Igfmoc + Igﬂfault (32)
Lypm..
VatmLopmpes — —> Viceroun Lo [ VPCCr’ault 45PCCfau/t — Vg £0 (33)
—Y - B .
3Xofm Eoc JXT 4+ X1
X Ve Xy
T, I _ ngm46gfmfau,t — VPCCfauItZ(SPCCfau/t (34)
U gfmoc = B
— gfm
fiiesCpmson + ) Therefore,

FIGURE 14: Open circuit representation of the system.

Voc = ngmé(sgfmfau,t - lgfmoc.jngm - Igoc.iXT (35)
v
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ENERGY FUNCTION-BASED TSA OF RENEWAB!

'ONNECTED POWER S

TRANSIENT STABILITY MECHANISM: FAULT-ON PERIOD

SHORT-CIRCUIT CONDITION

The short-circuit condition is applied to the system, and the updated depiction of the system is

illustrated in Figure 15

Iojm. / _ ngmlégfmfault — VPCCfaultltsPCCfault 36
VasmZBaimyese — VieepouLOpecron gfmsc — _/X ; ( )
X yim I erm
Xt v, Xy V,20 _
— lgee = lgfimee + lgfipsyse (37
Lo In
[_2(’5 ) P l21 - Il + Igsc
ot geue £ Opecsoue + i
_ Vg Z0 ny (38)
FIGURE 15: Short circuit representation of the system. X1 8sc
v

SMART POWER SYSTEM LAB

NOVEMBER 29, 2024

51/75




ENERGY FUNCT 3ASED TSA OF RENEWABLI NNECTED POWER SYSTEM

TRANSIENT STABILITY MECHANISM: FAULT-ON PERIOD

THEVENIN EQUIVALENT CIRCUIT
Accordingly, the Thevenin equivalent circuit can be formed using the open-circuit voltage and
short-circuit current equations, as illustrated in Figure 16.

FIGURE 16: Thevenin equivalent circuit representation of the system

The equations for the equivalent Thevenin impedance and voltage are provided below:

Voc
Zrh = ;
21
. (39)
v, JXa1
HS = - oc
Z1h + jX21 )
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ENERGY FUNCTION-BASED TSA OF RENEWABLE CONNECTED POWER SYSTEM

TRANSIENT STABILITY MECHANISM: FAULT-ON PERIOD

GFM-VSC
The Thevenin equivalent voltage Vs is a function of § and thus varies with time.
Igfaulr _ Vpccfaultlégchault — Vs (40)
AT
letmppe = letoute = lefleae (41)

Pefmg,.. = Re [(ngméégfmfault) Igfmfau/t] (42)1

GFL-VSC

@ On the other side, the GFL-VSC adopts low voltage ride through (LVRT) mode as its
control scheme in accordance with the grid code during fault time.

o The d-q currents from the GFL-VSC are promptly modified using pre-defined algorithms.

Igﬂqfau/t = lgrly + K(0.9 — Vipec), Vpee < 0.9p.u
12 (43)

—J?
max gﬂqfault

leflre = ’gﬂdfau,t =

where lgq, is the device's prefault current. Imax is the value of saturation current. K is the Q-Vjec
gain coefficient

V.

SMART POWER SYSTEM LAB NOVEMBER 29, 2024 53 /75



ENERGY FUNCTION-BASED TSA OF RENEWABLE CONNECTED POWER SYSTEM

ProrosepD DTSA METHODOLOGY

ENERGY FUNCTIONS FOR GFM-VSC ASSOCIATED SYSTEM

o At the equilibrium point, the state variables of the GFM-VSC, (5gfm,ALdgfm), transition to

<5g,cmep,0), and Pgfy equals P;fm as derived from Equation (31).
o Hence, the revised form of Equation (29) is as follows:
Pgtn = Pg — Pen

@12 Pg Vg Ve apa3Pgp V2
= —————c0S0gfme, + —

Gep GepXg

a1 Vgtm Ve (Gep + \/ Ge2p - 4‘3%ng/2)
+

2GepXg

where
2,2 2,2
Gep = a7 ngm + 231V, ngmcoségfmsp +a3Vy
The restoring torque about the equilibrium point is

_ *
T = gfm — ngm

Sindgfm,, —

P

The kinetic energy generated by the virtual inertia on the GFM-VSC is expressed as

1
Vie (Besgin) = 1+ (2Hgm) B

(44)

(45)

(46)
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ENERGY FUNCTION-BASED TSA OF RENEWAB! ONNECTED POWER S

ProrosepD DTSA METHODOLOGY

ENERGY FUNCTIONS FOR GFM-VSC ASSOCIATED SYSTEM
o Furthermore, the equilibrium point, denoted by <6gfmep,0>, is assumed to be the stable

equilibrium point <6gfmsep, 0).

o Consequently, the potential energy can be expressed as the integral of the restoring torque
developed across the GFM-VSC, as detailed in Equation (47).

Ogfm
VPE (5gfm) :/5 g (Pg - 'Dgfl - gfm) d(b
gfmsep s (47)
gfm
= —Fgfl (égfm - 6gfmssp> - P;fm <6gfm - gfmsep> +/ 'ng¢

6g f"”sep

where
aaP 1 Vfm Vi arazP, V2 V,r Vg Gseer\/m
12276 Tgm 18 cosgp 4 22 816 - ( 3 E )sin4> do

5
/ gfm Pedg = / gfm
Sefmsep Sefmsep Gsep GsepXg 2GsepXg
V.
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ENERGY FUNCTION-BASED TSA OF RENEWABLE CONNECTED POWEF

ProrosepD DTSA METHODOLOGY

ENERGY FUNCTIONS FOR GFM-VSC ASSOCIATED SYSTEM

Consequently, the total transient energy is

VE(8gfms Dwgfm) = Vpe(dghn) + Ve (Bwgsm) > 0 (48)
Taking time derivative of the Equation (48)
. dVv,
Vg =—F
dt (49)
o dVPE((ngm) d(sgfm + dVKE(Awgfm) dAwgfm
ddgfn dt dAwgfm dt
where
deE(5gfm) « azas Pgﬂ ng aiaz Pgﬂ ngm Vg cos 5gfm
ZIPEO8) o Py — P,
dBgtm gl — Pgim + ¢ G
(50)
a ngm Vg (G +4/G?2 — 4a§ng/2> sin 6gfm
B 2GX,
and
dVKE(A(JJ)
v = 2Hgfm Awgrm (51)J
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ProrosepD DTSA METHODOLOGY

ENERGY FUNCTIONS FOR GFM-VSC ASSOCIATED SYSTEM

Upon substitution of Equation (50) and Equation (51) into Equation (49), the expression
governing the rate of change of Vg, denoted by Equation (52), is derived.

2 _ 1292 s
v . 3Py V2 . 133 Pgfy Vofm Ve 05 Ogfm 1 Vefm Ve (G +4/6 493Pgﬂ> sin 8 gfm .
= | —Pgp — - w
E efl gfm G 26xg gfm
dAw
gfm
+ (2HgmAwgrm) —E
dt
BPVE  ayayP gV Vg cos 6 a1 VgrmVe (6 + /6% — 423Pgg?) sin 5 dAw
_ * 2 efl Vg 132Pgfl Vgfm Ve gfm 1Vgfm'g 3" gfl gfm gfm
= Bwgfm | —Pgfl = Pgfm + + - + 2Hgfin
G G 26Xg dt
(52)
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ENERGY FUNCTION-BASED TSA OF RENEWABLE CONNECTED POWER SYSTEM

ProrosepD DTSA METHODOLOGY

ENERGY FUNCTIONS FOR GFM-VSC ASSOCIATED SYSTEM

Moreover, by utilizing Equation (29) and Equation (31), Equation (52) is further transformed into
Equation (53)

Ve=A P P+ 2H gy e

= Aw — — 1LY

E gfm gfm gfm gfm dt ( 53 )
- gfmAwéfm <0

Thus, according to the Lyapunov Theorem, the assumed point (6gf,,,sep, O) is asymptotically

stable. )
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ASED TSA OF RENEWABLE 5CTED POWER SYSTEM

ProrosepD DTSA METHODOLOGY

DTSA CRITERION

In conservative systems, the total transient energy Vg at the stability limit is termed as V,
which also corresponds to the potential energy at the unstable equilibrium point <6gfmuep,0).

Vcrit = VPE <6gfm,_,ep> (54)
where 5gfmuep =180 — ‘ngmep for a grid connected system with single GFM — VSC.

If the accumulated Vg > V,,;; at the fault clearing time, then the system is unstable, and if
the fault is cleared at VE(tc) < Viir, then the system is stable.

The corresponding value of the system’s CCT, tc = t. is obtained at the point where the
VE(tcrit) = Vit
The immediate benefit of this approach is eliminating the requirement to simulate the

post-fault system, which typically requires an extended simulation duration to assess
transient stability comprehensively.
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RESULTS AND DISCUSSIONS

o To evaluate the TSA of the interconnected system comprising the GFM-VSC and GFL-VSC,
as illustrated in Figure 12, the proposed DTSA approach is implemented in the Matlab
programming environment.

@ The system parameters specified in Table 4 are utilized for this analysis.

TaBLE 4: Cont.

Parameters Value

Voltage base, Vjaqe 400 kV

Power base, Spase 1000 MVA TABLE 4: Simulation Parameters of the System.
Frequency base, fy 60 Hz

Nominal dc voltage (Perfect DC source) 640 kV

Voltage of infinite AC bus, Vg 1p.u. Parameters Value
Short Circuit Ratio, SCR 2 GFL Parameters

Reactance of transmission line, Xg = X7 + (0.1 p.u. + 0.25 GFL active power set point, Pgp 1000 MW
X111 X2 p.u. GFL internal parallel reactance, Xgq | 10 p.u.
Simulation time 10s PLL bandwidth 60 rad/s
Simulation time step 25 ps Damping ratio 1

GFM Parameters Outer loop mode Voltage Control
GFM active power set point, Pgsyn 1000 MW Power control bandwidth 6 rad/s
GFM voltage, Vg 1.03 p.u. Voltage control bandwidth 10 rad/s
GFM internal series reactance, ngm 0.01 p.u. Low-pass filters ba"fjWidth 30 rad/s
Control strategy VSM Current loop bandwidth 4000 rad/s
Virtual inertia, Hyfp, 5s

Virtual damping ratio, Dgfm 1

Transient damping resistance, R, 0.09 Q

Current saturation limit 1.2 p.u

Bandwidth 300 rad/s
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RESULTS AND DISCUSSIONS

PROPOSED DTSA USING ENERGY FUNCTION PLOT
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FIGURE 17: Proposed DTSA
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FIGURE 18: Vg variations over the simulation period of 10 s
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RESULTS AND DISCUSSIONS

ProOPOSED DTSA usING ENERGY FUNCTION PLOT

In the proposed DTSA method, the Vg (defined in (49)) and the Vi (defined in (54)) are plotted in
Figure 17a and Figure 17b.

The intersection of the Vg and V. curves in both figures is pivotal for determining the system's CCT,
which is found to be 33 ms for the system under study.

A CCT of 33 ms indicates the system will become unstable if a fault persists beyond this threshold
duration. Conversely, if the fault is cleared within 33 ms, Vg remains below V.., enabling system
recovery and ensuring stable operation.

This study presents two graphs: Figure 17a shows a stable case with a fault clearing time (FCT) of 33
ms, while Figure 17b illustrates an unstable case with an FCT of 34 ms.

To further elucidate this concept, the variations in Vg over the simulation period for both stable and
unstable cases are depicted in Figure 18a and Figure 18b.

In the stable case, the minimal nominal energy level of GFM-VSC’s Vg experiences a pronounced spike
during a disturbance at 4s.

Following the fault-on period, which cleared at 4.033 s, Vg returns to its initial level, as illustrated in
Figure 18a.

This stable response is ensured as the Vg level remains below Vi during the fault-on period with a fault
duration of 33 ms.

Conversely, Figure 18b illustrates the unstable response throughout the simulation period due to the
surpasses level of Vg over Vi during the fault-on period with a fault duration of 34 ms, leading to an
uncontrolled increase in VE over the simulation time, resulting in the instability of the GFM-VSC.
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RESULTS AND DISCUSSIONS

TIME DOMAIN SIMULATION RESPONSES
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FIGURE 20: Phase portrait response of the GFM-VSC
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RESULTS AND DISCUSSIONS

TiME DOMAIN SIMULATION RESPONSES

In the proposed DTSA method, the Vg (defined in (48)) and the V¢ (defined in (54)) are plotted in
Figure 17a with a fault clearing time (FCT) of 33 ms, while Figure 17b illustrates an unstable case with
an FCT of 34 ms.

The intersection of the Vg and V. curves in both figures is pivotal for determining the system's CCT,
which is found to be 33 ms for the system under study.

A CCT of 33 ms indicates the system will become unstable if a fault persists beyond this threshold
duration. Conversely, if the fault is cleared within 33 ms, Vg remains below V.., enabling system
recovery and ensuring stable operation.

To further elucidate this concept, the variations in Vg over the simulation period for both stable and
unstable cases are depicted in Figure 18a and Figure 18b.

In the stable case, the minimal nominal energy level of GFM-VSC’s Vg experiences a pronounced spike
during a disturbance at 4s. Following the fault-on period, which cleared at 4.033 s, Vg returns to its
initial level, as illustrated in Figure 18a.

This stable response is ensured as the Vg level remains below V,: during the fault-on period with a fault
duration of 33 ms.
Conversely, Figure 18b illustrates the unstable response throughout the simulation period due to the

surpasses level of Vg over Vi during the fault-on period with a fault duration of 34 ms, leading to an
uncontrolled increase in Vg over the simulation time, resulting in the instability of the GFM-VSC.
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CONCLUSION

CONTRIBUTIONS

1. CONVENTIONAL POWER SYSTEM TSA

A model-based transient stability index for each generator is proposed from the synchronizing
torque contributions of all other connected generators in a multi-machine interconnected power
system.

@ Power systems with more generators and electromechanical modes complicate the proposed
TSA index.

@ The decoupling nature of inverters limits the proposed approach on RES connected power
systems.

2. RENEWABLE CONNECTED POWER SYSTEM TSA

Proposes an innovative fast direct transient stability analysis (DTSA) approach that leverages
Lyapunov's direct method to assess the transient stability of a GFM with VSM control technique,
incorporating the influence of parallel-connected VSC with GFL control strategy.

@ This study focuses on systems featuring a single VSC under the GFM control strategy, which
leads to a single unstable equilibrium point. Therefore, the computation of critical energy
becomes relatively straightforward yet innovative in the context of this specific research
domain.

o The proposed approach relies on obtaining internal reactance values of VSCs from
manufacturers, which limits its broader applicability in practice.
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CONCLUSION

FUuTUurRE WORKS

Adapt and apply advanced TSA techniques such as the potential energy boundary surface
(PEBS) method, the controlling unstable equilibrium method, and the
boundary-of-stability-region-based controlling unstable equilibrium point (BCU) methods to
the systems comprising multiple GFM — VSCs.

The proposed DTSA approach, VSCs are assumed to operate without current limitations,
and the equations are derived based on ideal sinusoidal P-§ curve characteristics. However,
in practical applications, VSCs are subject to current constraints, leading to flat regions in
the P-§ curves. Addressing these current-limited scenarios will be an additional focus of
future work.

Determine the impact of reactive power sources such as synchronous condensers and FACT
devices on the transient stability of VSCs

Apply Data-driven based methods utilizing machine learning and artificial intelligence
techniques to accomplish TSA.
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SUPPLEMENTARY INFORMATIONS

CRITICAL CLEARING TIME (CCT) AND SYSTEM STABILITY

The CCT is the maximum duration a power system can tolerate in the fault-on state without
becoming unstable before removing the fault.

REMARKS

o It should be noted that a CCT is specific to the fault's type and location applied to the
system, and it is explicitly stated that the normal fault clearing time is often much shorter
than the CCT values.

o The CCT is a valuable metric for power system design and operation studies because it
allows comparison of the severity of different conditions and effectiveness of numerous
interventions such as generation dispatches, control modifications, or network reinforcements.

o Thus, each generator’s transient stability limit can be determined by applying a three-phase
fault near the generators and measuring the CCT values by varying the fault duration on the
system.
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IMPORTANT POWER SYSTEM TERMS

INERTIA

@ Inertia in a power system refers to the resistance of the system to changes in its rotational speed (i.e., the
speed at which generators rotate) due to disturbances. In other terms, it refers to the stored energy
present in large rotating generators, which provides them with the ability to remain rotating and maintain
speed when there are disruptions in the system.

@ It provides the necessary time buffer during disturbances, ensuring the system stabilizes before severe
issues.

@ Inertia constant: Represents the amount of kinetic energy stored in the rotating mass of a generator's
rotor at synchronous speed, normalized by the generator's rated power.

EIGEN VALUES

@ Eigenvalues of the state matrix (information about the system’s dynamics) provide information about the
system'’s stability, which can be obtained from the system matrix.

MoDES
@ Modes refer to the natural oscillatory patterns that arise in a power system in response to disturbances.
@ Each mode has a frequency and a damping ratio, which describe how fast it oscillates and how quickly the
oscillation dies down. It is identified from the system’s eigenvalues, where each eigenvalue corresponds to
a specific mode of oscillation.
@ Electromechanical Modes: These are low-frequency oscillations (typically 0.1 to 2 Hz) associated with
the interactions between synchronous machines (State variables involved: ¢ and w).

=i mid - = et
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INTARY INFORMATIONS

IMPORTANT POWER SYSTEM TERMS

LEFT EIGENVECTOR
o Provide information about the sensitivity of the modes to external inputs (like disturbances
or control actions)

@ Determine how control inputs or disturbances affect each mode, which is crucial for
designing effective control strategies to enhance stability.

4
RIGHT EIGENVECTOR/ MODE SHAPE

@ Describe how the oscillation of a specific mode is distributed across different generators or
system components.

o It helps to identify which parts of the system are oscillating in-phase or out-of-phase,
providing insight into how the oscillation propagates through the network.

o This information is valuable for designing controllers or placing power system stabilizers to
dampen specific modes and improve system stability.

e Mode Shape: Is the physical interpretation of the right eigenvector in the context of power
system dynamics. )

PARTICIPATION FACTOR

o Offer deeper information by combining right and left eigenvectors (product is a scalar value)
to determine how much each state variable contributes to and influences a particular mode.

= g — — e
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CLASSIFICATION OF GRID CONNECTED INVERTERS

Renewable Source
Connections
Current Source
Controlling the current and phase angle
=>Pand Q control.
Primary Objective:

Grid-Following
(GFL)
=> Inject P into the grid, and supporting
the grid is secondary objective.

Voltage Source

Grid-Forming
(GFM)

Controlling the voltage magnitude and frequency
=>V and f control.

Primary Objective:

=> Regulate the grid's voltage and frequency
by continuously adjusting the active and

reactive power references.
Grid-Feeding Grid-Supporting
Maximum power tracking and Pand Q are regulated to
constant (typically zero) Q injection

support the grid

Ficure 21: Distinguishing characteristics of GFL and GFM
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VOLTAGE SOURCE CONVERTER (VSC) CONTROL STRUCTURE
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: Generalized control structure of VSC.

FIGURE 2

FI1GURE 23: Control techniques for outer and inner
control loops.
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VSC WITH VIRTUAL INERTIA

Virtual Inertia Emulation

DC Bus \ Grid

= AC
Wind Z
v _—©oC inver
Py - Inverter.
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DC
EsS |—
DC Virtual Inertia
Algorithm

FIGURE 24: Concept of Virtual Inertia.
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FIGURE 25: Virtual inertia implementation topologies:
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