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Abstract

This thesis is focused to add a new paradigm in power system flexibility studies, by introducing

the concept of dynamic grid flexibility (DGF). The proposed DGF framework incorporates

operational flexibility with power system dynamics quantitatively, by defining two metrics —

inertial index and flexibility index. These indices capture the impact of location-specific power

fluctuation, which may arise due to demand variability or supply intermittency, on two system-

inherent dynamic properties. The crux of the thesis is in developing these metrics of DGF using

model-based and measurement-based methods, and showcasing their applications in various

power system planning and operational studies. Some of the novel methods and key applications

that have been discussed in this thesis are:

1)

2)

3)

4)

An analytical method of assessing the spatial distribution of inertia has been proposed. The
method uses the notion of network sensitivity, to measure the locational capability of a
system to resist fluctuations in bus voltage angle, and the location where these fluctuations
are least is considered nearest to the center of inertia (COl).

An analytical method of calculating the capability of the system to tolerate power
fluctuations due to demand variability or supply intermittency at a particular location. The
flexibility index ranks the buses according to the impact of bus power injection changes on
system stability. The system will exhibit the highest tolerance (or show highest flexibility)
when change of injection level of a certain bus will have least impact on the damping of
the most critical oscillatory mode, and this bus is designated as the most flexible bus (MFB)
of the system.

Application of these indices could be instrumental for both planning and operational
studies. Some of the applications that have been explored in this thesis using the
information of these two indices are: optimal position for sitting of renewable energy
sources (RES), impact of changing network topology and parametric variations on system
dynamics, identification of coherent bus groups, mitigation strategies for the adverse effect
of RES fluctuations on system stability, etc.

Using the notion of matrix perturbation theory for the first time in power system flexibility
studies, a numerical-based method for calculating the metrics of DGF is proposed. The

advantages of this method over its analytical counterpart are also highlighted.

iX



5) A unified method with real-time capability for estimating effective nodal inertia under both
ambient and transient conditions is proposed. The proposed method does not require
additional noise-prone information like rate of change of frequency (ROCOF) and its
threshold and rate of change of power and its threshold.

Key words: Power System Dynamics, Inertia Distribution, Power System Flexibility,
Eigenvalue Sensitivity, Network Sensitivity, Center of Inertia, Coherent Bus Groups, Matrix
Perturbation Theory, Condition Number, Online Inertia Estimation.
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T8 JiRrg nifa=ita IS Taus (DGF) &1 S[GURUN &I U= o, faoiel Homel deiadd &
T T U U1 UfIHH Sie R $ied 8 | URIdd DGF i &l Aice - e Yadhich

3R TITETI Jadhics B IRUTIT B, AT TU I faoTell ToTTel ot Tiaiterd & Iqry
URETe Teteid & M &xdl ¢ | ¥ Yadbic RF-ARY e & SarR-9¢1d & THE
B UHSd 8, Sl & Reen-Ffgd mfasiier ui w 7 gRad=ied ar Syfd -3 o

3T 8 Thdl gl SR &1 IR ArSa-3Rd 3R ATY-MURT aeidb! &1 SUART TR
St & 39 Afeaq & fawmRid w1 3R fafie fosTelt vromedt Ao 3iR uf=rme sreqgl
A I VAN B! TefRid e 8 | 39 iR 7§ S oo TdH il 3R T ruil
WRIA BT FA:

1)

2)

3)

TSl & RIS IR0 BT e B Pt U faravunaes fafy uwdifad &1 s
21 U8 fafY 59 diees Pl A Iar-Igd o1 faRiy & & fow Riew &) @y
&I 1 AU 3 foTT Sead YaG-T=ITadT T TR UM T ST BHRal 8, 3R o R
TR Y IIR-Td T HH Bld & 39 Ssdl & Hg (COl) & AdedH UHT S ]
Tt foRIw I TR AT uRad-=RITedr a1 yfd & Idhae & HRUT [Sore & IdR-
q¢Td DI g B DI YU DI &HAT B TUMT B P T [dRvuned fafd|
T Yaahic RIeH FRRAT IR §9 UT6R Soia-M TR & THIE & TR a4
P Yb IR 71 RRew I=aH Geaiaar UeiRia & @ I=dH Fear-
feameT) o9 U FAfSa o9 & $oiaRM TR & URad- ¥ 9a3 A8@yU] ala A1s &1
T R 0 ¥ HH YT IS, 3R 39 §9 &) Y99 el 99 (MFB) & &0 H
Tfera fomam T 8 1 vromedt

S QADID! DT SIHART ST 3R IRETA 30 gl & forT Agdyqu! 81 adan
81 39 3l Qa®I®] DI THGRI BT SUANT a9 N H 5 & SryanT &
U1 TR I 8 9 & a0 St @idl (RES) &1 fRufa & fore syaq fRufd, seaq
eads curars &I HTd 3R Red faeiadr W Refifes fafauant, JEm sg
Il &1 Uga™, Ried RRRAT 311fd R 3RETH IdR-Te1d & Ui d UHTd & g
A U |




4) TR Ren Tfidus & siegg # ugal 9R Bfeey st fRigid &t 4o &1
I HRd U, DGF & TSR &1 TUMT o ot Udh TReATeH - SH1eTRd fafe vRafaa
g1 39 [ARATUTES THGE B ga-T | 39 UG & arHi IR i UH1=1 S1ar
gl

5) oAzt 3R &ifdre AT fRufadl & dgd gHTd! Fisd SSdl &1 3Tha B3 & forg
IRATI THY & aTel U Thighd [afd TRaTiad © | TRafad fafd & sffafead 2R-
JqUT SHHR] B HaLIHl Tal 8T & oI SATgT & IRad- @I & (ROCOF) 3R
P! AT 3R Wfdd & URac o1 & 3R SqH! AT

T Uet: UR Red SrAfte, gaféar fexdiemm, Uk Red wifeufafed,
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