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Stability and Uncertainty from Loads
1
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6 r— — 5
3 @I :
Ability to regain a state of operating equilibrium after ,—|—3£ I_ i _I 36 I —s1
a physical disturbance or perturbation =22 5 g ? 28
376.995
Direct stability method (Lyapunov Energy
Function) 37699
Quantifying an energy function that is indicative of system = 376.985
stability (Y.J. Isbieh et al., 2019 (IET Smart Grid)) )
3 376.98 R
Lyapunov Exponents (LEs) Method 376.975 -
Characterizing infinitesimal separation rates of system | | | | |
trajectories (Bosetti and Khan, 2018 (IEEE Trans. Power Systems)) ETE‘B?D 2 4 6 8 10



Quantifying Stability of Power Grids ALC

DENVER, COLORADO

Literature on Stability: LEs from power system’s perspective s

First adapted from fields of chaos and ergodic theory

(Liu et al, 1994 (IEEE Trans. Power Systems))

Considers one type of stability (no uncertainty propagation)
Swings that lead to rotor angle instability — Yan et al., 2011 (IEEE Trans. Power Systems)

PMU-based approach for stability (measurement noise and state-estimation errors)
Relies on state-estimation

= voltage stability — Dasgupta et al., 2013 (IEEE Trans. Power Systems)

= rotor angle stability — Wei et al., 2018 (IEEE Trans. Power Systems)

Either model-free or simplified dynamics (no differential and algebraic state coupling)
Relies on linear or decoupled ODE models of power networks

= Rotating machines modeled by the swing equation - Bosetti and Khan, 2018 (IEEE Trans. Power Systems)




Contributions Towards Power System Stability AQC

An LE-based Approach for Stability Quantification and Load Allocation

Quantifying overall system stability and identitfying stable nodes
for renewables resources allocation

Generalized system stability
Considers frequency, voltage and rotor angle stability

Uncertainty propagation
Quantifies the uncertainty the propagates from any load perturbation

Informs on the practical allocation of renewables and much more
A submodular maximization approach that enables stable node identification
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Step 1 — Defining the NDAE Power System Model iy 8107 2

NDAE Form General Nonlinear Differential Algebraic Equations (NDAEs)
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Step 2 — Discretization and ODE Transformation of Power Model

NDAE Form
. Discrete ODE
2
Form

Rewrite in discrete-time Differential and
nonlinear ODE formulation algebraic dynamics

[ rr=xp 1+ f(Tr_1) ]
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Step 3 — From Nonlinear ODE to Variational Form

NDAE Form
. Discrete ODE
2
Form

¥ Variational Form
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Step 4 — Lyapunov Exponents and Stability

NDAE Form

. Discrete ODE
2
Form
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Step 5 — State-parameterization for Stability Quantification

NDAE Form

Discrete ODE Parameterization Generator Buses
Form Parameter
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O Frequency O Voltage
O Voltage

O Inverter angles of PV plants
O Voltages across the AC capacitor
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Step 6 — Proposed Stability and RER Formulation

NDAE Form
. Discrete ODE
2
Form
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Allocation
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Step 6 — Proposed Stability and RER Formulation

NDAE Form
. Discrete ODE
2
Form
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System Setup and Parameters

IEEE Case 39
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NOde Stability and RER Allocation July 8-10%, 2025

Ranked buses according to the computed stability metrics
(frequency, voltage, rotor angle).

|IEEE 39-Bus System: Stable Nodes

" Outcomes
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Uncertainty Propagation within the Power Grid

Clearing time for frequency transients induced by allocating an uncertain load
at Bus 12 at the most stable Bus 34.

376.995 376.995
376.99 376.99
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t (sec) t (sec)

Uncertainty propagation is less severe from
load at most stable bus

Same initial load perturbation

Amplitude and clearing time of a load perturbation that
propagates to the generators 1 \[



table Node Identification

Extended to Larger Systems

(c) case-200

Bus 49
Bus 50
Bus 53
Bus 51
Bus 65
Bus 52
Bus 48
Bus 67
Bus 69
Bus 68
Bus 71
Bus 66
Bus 123
Bus 193
Bus 133
Bus 17
Bus 55
Bus 102
Bus 72
Bus 75
Bus 73
Bus 124
Bus 101
Bus 76
Bus 70
Bus 104
Bus 79
Bus 11
Bus 9
Bus 77
Bus 78
Bus 94
Bus 115
Bus 105
Bus 100
Bus 181
Bus 112
Bus 125
Bus 135
Bus 114

Bus 128
Bus 195
Bus 89
Bus 1
Bus 7
Bus 86
Bus 141
Bus 93
Bus 158
Bus 121
Bus 22
Bus 27
Bus 31
Bus 36
Bus 180
Bus 45
Bus 187
Bus 103
Bus 113
Bus 88
Bus 150
Bus 188
Bus 117
Bus 3
Bus 5
Bus 64
Bus 15
Bus 14
Bus 25
Bus 199
Bus 29
Bus 177
Bus 192
Bus 34
Bus 54
Bus 58
Bus 83
Bus 39
Bus 159
Bus 41

Selection Order
Bus 46
Bus 122
Bus 81
Bus 160
Bus 178
Bus 146
Bus 186
Bus 194
Bus 96
Bus 174
Bus 179
Bus 107
Bus 118
Bus 156
Bus 119
Bus 57
Bus 137
Bus 148
Bus 131
Bus 109
Bus 120
Bus 140
Bus 85
Bus 44
Bus 42
Bus 43
Bus 84
Bus 132
Bus 200
Bus 61
Bus 47
Bus 74
Bus 56
Bus 95
Bus 59
Bus 139
Bus 60
Bus 97
Bus 62
Bus 63

Bus 184
Bus 190
Bus 108
Bus 157
Bus 80
Bus 143
Bus 82
Bus 142
Bus 87
Bus 176
Bus 191
Bus 99
Bus 98
Bus 110
Bus 106
Bus 130
Bus 129
Bus 198
Bus 111
Bus 175
Bus 116
Bus 162
Bus 144
Bus 138
Bus 145
Bus 185
Bus 171
Bus 172
Bus 2
Bus 4
Bus 6
Bus 8
Bus 10
Bus 12
Bus 13
Bus 16
Bus 18
Bus 19
Bus 20
Bus 21
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Bus 23
Bus 24
Bus 26
Bus 28
Bus 30
Bus 32
Bus 33
Bus 35
Bus 37
Bus 38
Bus 40
Bus 90
Bus 91
Bus 92
Bus 126
Bus 127
Bus 136
Bus 147
Bus 151
Bus 152
Bus 153
Bus 154
Bus 155
Bus 161
Bus 164
Bus 165
Bus 166
Bus 167
Bus 168
Bus 169
Bus 170
Bus 182
Bus 183
Bus 189
Bus 196
Bus 197
Bus 134
Bus 149
Bus 163
Bus 173

DENVER, COLORADO
July 8-10', 2025




Concluding Notes ACC

DENVER, COLORADO
July 8-10', 2025

On the stability from a LEs perspective

Generalized stable node and RER allocation method framework

Overall Stability Metric
A LE-based stability metric that ranks nodes according to type of stability considered

Extends to RER integrated models of power systems
The stability measures can include other stability modes depending on type of bus

RER Allocation

A submodular allocation framework for identifying buses where RERs have least impact on overall stability

Informs Operators
A method to inform system operators on the extent to which a load perturbation propagates to other buses

LE Equivalence
Provided evidence that log-det of state-deformation of variational form are equivalent to LEs of the system

Y




Future Work and Broader Impacts ALC

On the stability from a LEs perspective

July 8-10', 2025

Incorporating dynamic models of RERs
Such as PV plants and solar farms

Real-world scale power grids
Verification on large scale power networks

Can be used for PMU or inertia allocation
Can be used to characterize other types of network properties |
J—i1 _L
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