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Abstract

We propose an analytically tractable Bayesian method to infer parameters in power system dynamic
models from noisy measurements of bus-voltage magnitudes and frequencies as well as active- and
reactive-power injections. The proposed method is computationally appealing as it bypasses the
large number of system model simulations typically required in sampling-based Bayesian inference.
Instead, it relies on analytical linearization of the nonlinear system differential-algebraic-equation
model enabled by trajectory sensitivities. Central to the proposed method is the construction
of a linearized model with the maximum probability of being (closest to) the actual nonlinear
model that gave rise to the measurement data. The linear model together with Gaussian prior
leads to a conjugate family where the parameter posterior, model evidence, and their gradients
can be computed in closed form, markedly improving scalability for large-scale power systems. We
illustrate the effectiveness and key features of the proposed method with numerical case studies for
a 3-bus system. Algorithmic scalability is then demonstrated via case studies involving the New

England 39-bus test system.
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Lay Summary

Power system reliability studies help to ensure the grid is functioning properly at all times. In this
regard, time-domain simulations are typically used to assess the system behaviour in many potential
what-if scenarios. The simulations require a system model with accurate parameters. Inaccurate
parameters can cause discrepancies between the simulated and actual system behaviours, leading
to inability to predict potentially undesired or damaging outcomes. The measurements we take
in the field are corrupted by noise, which makes it difficult to determine the true values of the
parameters. We use Bayes’ theorem to compute the probability distribution of parameter values
in the model that could have generated the measurement data. By assuming Gaussian prior for
parameters, we get closed-form expressions of the parameter posterior, model likelihood, and their
gradients. We further use derivatives of the measured outputs with respect to the parameters to

find a linear model which most likely resembles the measurement data.
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Chapter 1

Introduction

This chapter presents motivation, and related literature for parameter inference in power system

and Bayesian framework. Also included in this chapter are the thesis contributions and its structure.

1.1 Motivation

Online monitoring of power system operational reliability relies on a model with accurate param-
eters for the network, generators, loads, and other components. Discrepancies between the actual
system and its model, including erroneous parameter values, have contributed to major cascading
failures. For example, following the 1996 Western Interconnection outages, engineers could not
reproduce recorded disturbance measurements in simulation with the prevailing models, indicating
that previous studies to set system operating limits were likely invalid due to model mismatches [1].
Recognizing the importance of accurate models for operating studies, the North American Electric
Reliability Corporation (NERC) requires utilities to validate and calibrate models (and pertinent
parameters therein) used in system-level dynamic simulations every ten years [2,3]. The develop-
ment of computational tools aimed at model calibration can be greatly facilitated by widespread
deployment of phasor measurement units (PMUs). Measurements available from PMUs include
magnitude, angle, and frequency of voltage and current phasors. These quantities are typically
collected at a very high speed (usually 30 measurements per second), and phasors measured at
different locations by different devices are time synchronized [4].

Model calibration generally leverages the formulation and solution of either a parameter esti-



mation or inference problem. In the former, parameters are tuned so that behaviour predicted by
the model best matches the measurement data via, e.g., weighted least-squares estimation [5, 6],
gradient-based optimization [7], and optimization incorporating trajectory sensitivities [8]. These
approaches typically do not quantify the uncertainty in the resulting parameter estimates affected
by, e.g., the quantity and quality of measurement data. Yet, uncertainty quantification can provide
highly insightful confidence measures in decision making, so as to avoid unnecessary risk or exces-
sive engineering margins. In light of this, we pursue the latter inference approach, which computes
the entire probability distribution of parameter values that could have induced the measurement
data. In accordance with Bayes’ theorem, an initial prior distribution is determined before observ-
ing any measurements, and it is updated to a posterior distribution that represents the uncertainty
associated with the inferred model parameters conditioned on the measurement data. Under the
Bayesian framework (see, e.g., [9,10]), we develop an analytically tractable method to compute
an approximate posterior distribution for model parameters conditioned on voltage-phasor and
complex-power measurements obtained from (possibly a subset of) generator buses.

Classical Bayesian inference uses Markov chain Monte Carlo (MCMC) algorithms (see, e.g., [11,
12]) that typically require thousands (or more) repeated simulations of the system model under
study. However, since models of large-scale power systems consist of many nonlinear differential-
algebraic equations (DAEs) describing generator and load dynamics coupled across an expansive
transmission network, MCMC can become computationally impractical, even prohibitive. Our
strategy avoids MCMC altogether by linearizing the nonlinear DAE model around a nominal system
trajectory (not a single operating point) resulting from potentially major disturbances like large-
signal load changes or faults. The linearized time-varying model comprises trajectory sensitivities
that are analytically derived by differentiating the DAEs with respect to parameters, which are
then evaluated along the nominal trajectory induced by a particular choice of parameter values [13].
A question then naturally arises: what are the parameter values that engender the best linearized
model? To address this, we employ a Bayesian model selection formalism to compute and maximize
the model evidence (or equivalently, Bayes factor), i.e., the probability of measurement data given
a candidate model [14,15]. Although the model evidence is generally difficult to estimate [16], we
can compute its value analytically in the space of linearized models along with Gaussian conjugate

priors. We also derive the analytical gradient of model evidence along the trajectory of linearization,



so as to facilitate gradient-based optimization methods to find the evidence-maximizing linear
model. The posteriors for all linear models considered in the procedure, including the Bayesian-
optimal one, are Gaussian due to conjugacy, where the mean and covariance can be obtained in

closed form.

1.2 Literature Review

We next provide a review of methods for power system parameter inference. Classical online
data assimilation can be derived as various approximations of the Bayesian filtering problem (see,
e.g., [17] Ch. 2 & 4), and the extended [18], unscented [19], and ensemble [20] Kalman filters
have been used to approximate posteriors for static parameters by augmenting the dynamic state
vector. However, filter-based methods are typically inefficient for updating static model parameters
because the DAE states are also filtered, and done so sequentially over time. Thus, when only
static parameters are of interest, a batch inference approach is suitable to find their posterior
conditioned simultaneously on all measurement data. For batch inference, MCMC algorithms are
commonly used to sample the posterior. MCMC is ergodic and can capture generic distributions
with complex correlation structures. However, direct MCMC with large-scale DAE models is
generally impractical, especially with higher-order dynamic models or larger parameter spaces. To
sidestep this issue, [21-23] pre-build computationally inexpensive surrogate models, via polynomial
chaos expansions (PCEs), that replace the DAE model in MCMC. Although these demonstrate
orders-of-magnitude speedups compared to MCMC with DAEs, PCEs are difficult to scale up to
high-dimensional settings. For instance, a third-order PCE for the 40-parameter example in this
thesis would entail solving for 12,341 PCE coefficients and require a large training set of offline
DAE simulations. Furthermore, a separate PCE is needed for each scalar element of the entire
observation vector. Thus, [22,23] construct distinct PCEs for individual generators while neglecting
the transmission network, and [21] demonstrates a case with only three model parameters. A
promising alternative also proposed in [21] is a Laplace approximation to the posterior enabled
by the adjoint solution to the DAE model, but the method is validated on a relatively small test

system with three parameters.



1.3 Thesis Contribution

Our work advances over the previous by considering the full DAE model describing generator
dynamics coupled across the transmission network. The explicit inclusion of the network enables
parameter inference at buses without sufficient local measurements. We demonstrate this aspect
and other key features along with algorithmic scalability with case studies involving a 3-bus system,
the Western Electric Coordinating Council (WECC) 3-machine 9-bus, and the New England (NE)
10-machine 39-bus test system. Also distinct from previous work in this domain, we construct an
optimal linearized model that maximizes the probability of measurement data amongst candidate
linear models. The linear models enable closed-form evaluations of the posterior, model evidence,
and their gradients, so the proposed method scales Bayesian inference to higher dimensions than
PCEs. Finally, we note that the trajectory sensitivities employed in model linearization are useful
in other pertinent problems, such as parametric uncertainty assessment, transient stability analysis,

and dynamic security assessment [13,24].

1.4 Thesis Outline

The remainder of the thesis is organized as follows. Chapter 2 outlines pertinent models for the
power system and noisy measurements, and it also describes the inference problem. In Chapter 3, we
present the proposed Bayesian inference computation. Chapter 4 provides numerical case studies to
demonstrate the effectiveness and scalability of the proposed method. Finally, Chapter 5 concludes

the thesis.



Chapter 2

Pertinent Models

In this chapter, we present the power system DAE model and the associated trajectory sensitivities.
We further describe the measurement statistical model and state the Bayesian parameter inference

problem tackled in this thesis.

2.1 System DAE Model

Consider an AC transmission grid with synchronous generators serving constant-power loads over
an interconnected power network. Let x € R™ collect generator dynamic state variables, such as
generator rotor angular position and speed. Also let y € R? collect stator algebraic state variables
of all generators and voltage magnitudes and phase-angles of all buses in the network. Further
let u € R? collect generator setpoints and A € RP unknown parameters to be inferred. Then, the

system electromechanical behaviour can be described by the following DAE model:

i':f(x,y,u;)\), (21)

O:g(x,y; )‘)7 (22)

where, for a given \, f : R*9t¢ s R™ collects system dynamic equations, and ¢ : R*t9 — RY
collects algebraic constraints [25]. The output z € R™ can be mapped from system dynamic and

algebraic state variables, as follows:

z=h(z,y; \), (2.3)



where, for a given A, h : R""% + R™. Note that although we consider a static load model for
simplicity, dynamic loads can be easily incorporated into the DAE modelling framework in (2.1)—
(2.3) [25]. Next, we will illustrate the DAE modelling considerations with the canonical single-

machine infinite-bus (SMIB) system depicted in Fig. 2.1.

Example 1 (SMIB: DAE Model). Consider the SMIB system shown in Fig. 2.1, where the syn-
chronous generator is described by the classical model and the infinite bus is modelled as a constant
voltage source [25]. Let § denote the angular position of the generator rotor in electrical radians,
and let w denote the angular velocity of the rotor in per unit (p.u.). Collect dynamic state vari-
ables in x = [§,w]", algebraic state variables in y = P¢, which is the generator active-power output,
and the system input is 4 = P™, which is the generator turbine mechanical power. Also consider
measurements in z = [w, P°]T, and parameters A\ = [H, D]*, where H is the inertia constant, and
D is the damping constant. With the above notation in place, the SMIB system can be described
by the following DAE model:

5= 1207 (w — ws) =: f1(z,y,u; A), (2.4)
ifw —PM  D(w— wl) — P = fo(a, g, \), (2.5)
0=P°— Voo sind =: g(z,y), (2.6)

X
21 =w =: hi(z,y), (2.7)
zo = P° =: ha(z,y), (2.8)

where E, Vi, and X are constants [25]. The system parameter values are reported in Table 2.1.
The initial steady-state values are P™(0) = 1p.u., w(0) = ws = 1p.u., P¢(0) = 1p.u., §(0) =
sin~! (5592%) = 0.269 rad. =

G, EZ Vo Z0°

O— 7

Z

Figure 2.1: One-line diagram for SMIB test system.
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Table 2.1: Parameter values for dynamic model of SMIB system shown in Fig. 2.1.

E (pu.) Vi (pu) ws(pu) X (pu) H(s) D (pu.)
1 1 1 0.266 1 20

2.2 Trajectory Sensitivities

Suppose the DAE system described in (2.1)—(2.3) evolves from initial conditions z(0) = z( and
y(0) = yo according to nominal input vector u = u* and parameter value A = \*, so that system
states follow nominal trajectory (a*,y*,u*;A\*). Denote by z} € R"*P (y3 € RY*P) the linear
sensitivities of = (y) with respect to A around the nominal trajectory. Note that u is assumed to
be independent of A, so v} = 0. Differentiation of (2.1)—(2.2) with respect to A yields the following

linear dynamic system for trajectory sensitivities:

@y = frax + fiux + 1 (2.9)
0= gzaX + 9¥3 + 93 (2.10)
where
f* of . _0f f*_ﬁ
T 9 Y 9y AT aN

are, in general, time-varying matrices evaluated along the nominal trajectory (z*,y*,u*; A*) [8].
Similarly, differentiation of (2.3) with respect to A yields trajectory sensitivities of output z around

the nominal trajectory, denoted by 2z} € R™*? and given by

23 = hyaX + hyyx + hy, (2.11)

where



are evaluated along the nominal trajectory (z*,y*,u*;\*). We assume that along the nominal

trajectory, the power flow Jacobian matrix is invertible. Then we can rearrange (2.10) as

vx = —(g) (gsxX + 9%)- (2.12)

Further, substitution of (2.12) into (2.9) and (2.11) results in the following linear time-varying

system describing how the trajectory sensitivities evolve along the nominal trajectory:

@\ = A2} + B*, (2.13)

2y = C*x) + D*, (2.14)

with initial condition 2} (0) = O, xp, and where time-varying matrices A*, B*, C*, and D* are given

by

A% = fr— frgp) g B* = fx — fi(gs) "9}, (2.15)

C* = hy — hyy(gy) " gz, D* = h3 — hy(gy) " g3 (2.16)

A simultaneous time-domain simulation of (2.1)—(2.3) and (2.13)—(2.14) yields the output trajectory

sensitivities in 2} evaluated along the nominal output trajectory z*.

Example 2 (SMIB: First-order Trajectory Sensitivities). In this example, we refer to the SMIB
system from Example 1 and demonstrate how first-order trajectory sensitivities 2z} are computed.
We assume that the nominal input P™*(0) = 1p.u. and P™(¢) = 1.45p.u. for t > 0s. We evaluate

the following trajectory sensitivities along the nominal trajectory (z*,y*, u*; \*):

. 0 120w . 0 . 0 0
fe = 0 _wD |’ Ty = e | A= W (P™M D (w0 —w) =P we(wt—ws) |
i 2H* 2H* 2H*2 SH*
9 = —%Cosé* 0l gy, =1, 9= [0 O] ;
.o Jo1 .o . loo
h: = ) h‘y = ) h/\ =
0 0 1 00




With the above in place, matrices in (2.13)—(2.14) evaluate as follows:

0 1207 0 0
4= ’ B = | o b oty (=) |’
s EVoo s D* ws (P™*—D* W*—ws —pe* Ws w*—ws
L SXE 080" S | 2H*2 T omF
0 1 0 0
c* = , D" =
% cosd* 0 00

A simultaneous simulation of (2.4)—(2.8) and (2.13)—(2.14) with the above provides the nominal

trajectory and trajectory sensitivities evaluated around it. |

Example 3 (3-Bus System: Trajectory Sensitivities). Here, we consider the 3-bus toy system
shown in Fig. 2.2 to further illustrate how the quantity 2} informs how variations in parameter \
affects the output z, especially with respect to couplings between pairs of generators. The system
initially operates at steady state, and at ¢ = 0T s, the active-power load P3 increases by 0.5 p.u.
Simulations of the DAE system in (2.1)—(2.3) are performed in PSAT [26] using a detailed two-axis
machine model along with turbine/governor and exciter controls for each generator [25]. Parameter
values and the initial steady-state power-flow solution are reported in Appendix A.1. Suppose z
collects the terminal voltage magnitude, rotor speed, and active- and reactive-power injections
of Gy and Gy, ie., z = [VT, W, PT Q1T (m = 8), where V = [V1, V3], w = [wi,ws]T, P =
[P1, P,]T, and Q = [Q1,Q2]T. Furthermore, we are interested in sensitivities with respect to inertia
constant H = [Hy, Hs]T, damping constant D = [Dy, Ds]T, droop constant Rp = [Rp1, Rpa|T,
and governor time constant Toy = [Tom1, Toma]® of both generators, so A = [H', D7, R%, TEH]T
(p=28).

We evaluate 2y at the parameter values listed in Table A.1. In Fig. 2.3, we plot the time

ViZ6, V220,

=10

P34+ jQ3

Figure 2.2: One-line diagram for 3-bus test system.



evolution of trajectory sensitivity z;f j where ¢ =1,...,m, j =1,...,p, which corresponds to the
entry in matrix 2} at the 7th row and jth column. As an example, the plot for P} in Fig. 2.3j

consists of the following trajectory sensitivities:
° Pi p,: Sensitivity of output Py with respect to parameter D; (solid dark blue trace),
e P p,: Sensitivity of output Py with respect to parameter D (solid dark orange trace),
° PQ*’ p,: Sensitivity of output P with respect to parameter D (dash-dot blue trace),

e PJp,: Sensitivity of output P» with respect to parameter Dy (dash-dot orange trace).

_3 V* 4 V* V* _3 V*
1 x10 H 9 x10 D 0.1 Rp 5 x10 Ten

i
i

= -
B

\s
0[S oK Sk

~ s’ e
RN Neaaot

pERENS

Time (s)
(o) (p)

Time (s)
(m)

Figure 2.3: Example 3: Trajectory sensitivities 2z} of the system output z with respect to A around the nominal
trajectory.
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We next focus on outputs w and P for illustrative purposes. The sensitivities of these outputs
with respect to H and Tcpy decrease as the system approaches steady state, i.e., wi;, w}CH, Pr,
and P}CH approach zero as t grows, as shown in Figs. 2.3e, 2.3h, 2.3i, and 2.3, respectively. Thus,
changing these parameters does not affect the steady-state value of the system output, which is
expected as time constants are multiplied by the time derivatives. On the other hand, sensitivities
with respect to D and Rp have nonzero values at steady state, and indeed these parameters affect

the steady-state values of w and P as follows:

—AP.
Aw;(c0) = —_— (2.17)
Dy + Rp1 + Dz + Rpo
1
Di

for each generator i. A visual inspection of Figs. 2.3e-h reveals that wy consists of similar tra-
jectory sensitivities for each generator and parameter as the buses to which the generators are
connected are coupled through a line. Since the load increases, the angular velocity of the rotors,
w, decreases. Positive w7, implies increasing D would cause an increase in w accordingly, i.e., for
this system disturbance, Aw; in (2.17) would become smaller when D increases. On the other
hand, increasing Rp would lead to a larger drop in w for the same disturbance. The traces for wy,,
wg,, in Figs. 2.3f, 2.3g and Pp, Py in Figs. 2.3j, 2.3k match the steady-state behaviour in (2.17)
and (2.18), respectively.

In Fig. 2.3], the traces for P, (P1*7D2) and Py p, (P2*7D2) have the same magnitude but opposite
signs, which implies if D; (D) is positively correlated with P, (Pz), then Dy (D2) would be
negatively correlated with P» (P;) to balance the generation and load in the system. This can be
observed in the trajectory sensitivities of P with respect to H, Rp, and Ty in Figs. 2.3i, 2.3k,

and 2.3, respectively. [ |

2.3 Output Approximation Using Trajectory Sensitivities

We can use the trajectory sensitivities obtained in (2.14) to approximate the output of a perturbed
system that results from variations in A around A*. To this end, let z = 2* + Az, where Az results

from AX = A — A*. Then, assuming that A\ is sufficiently small, we can approximate the system

11



output around the nominal trajectory as follows:
z & a(N)X + b(A*) =: Z(A; \Y), (2.19)

where a(A\*) = 2} and b(A\*) = 2* — 23 \* are parameterized by the choice of A\*.

Example 4 (SMIB: Output Approximation). In this example, going back to the SMIB system from
Example 1, we approximate the system output using first-order trajectory sensitivities in (2.19).
We start at the initial steady state described in Example 1; apply disturbance by increasing P™
from 1p.u. to 1.45p.u. at time ¢ = 0" s and plot the nominal trajectories w* and P®* in Fig. 2.4
(solid trace). We decrease H and D by 10%, repeat the above simulation and plot the perturbed
trajectories w and P¢ (dash-dot trace) in Fig. 2.4a. We use (2.19) for approximate trajectories w
and P° (dashed trace). We then repeat the above, but with a decrease of 20% in parameter values,
and plot the results in Fig. 2.4b.

The perturbed trajectory for 20% change in parameter values in Fig. 2.4b is unsurprisingly
farther away from the nominal trajectory than the perturbed one with 10% parameter variation in
Fig. 2.4. The first-order trajectory sensitivities provide sufficiently accurate approximation of the

actual perturbed trajectory with lower parameter variations. We next provide further justification
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3 1t 3 1L
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(a) AN = —0.1\* (b) AX = —0.2)\*

Figure 2.4: Example 4: Actual and approximate trajectories of active-power generation and rotor speed due
to parameter variations.
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for the accuracy of the first-order approximation using the 3-bus test system from Example 3. B

Example 5 (3-Bus: Output Approximation). We revisit the 3-bus test system from Example 3
and illustrate the modelling concepts introduced in this chapter. The system initially operates at
steady state and then responds to an increase of 10% in the active-power load at bus 3 at time
t = 15s. Simulations of the DAE system in (2.1)—(2.3) are performed in PSAT [26] using a detailed
two-axis machine model along with turbine/governor and exciter controls for each generator [25].
Parameter values and the initial steady-state power-flow solution are reported in Appendix A.1.
Suppose z collects the G1 terminal voltage magnitude, its rotor speed, and active- and reactive-
power injections, i.e., z = [Vi,w1, P1,@1]T. In Fig. 2.5, the nominal trajectory for G terminal
voltage V* and reactive power @7 resulting from the load disturbance and nominal parameter
values are plotted as the solid blue trace. Next, suppose that, just after time ¢ = 0s, exciter
parameters for both generators collected in A increase by 15%. The red dash-dot trace in Fig. 2.5
depicts the new V; and )1 trajectory with the perturbed parameter values. For comparison,
the black dashed trace represents the trajectory ‘71, @1 approximated by (2.19) with perturbed
parameter values, where 2} is obtained via custom MATLAB code that implements time-domain
simulations of (2.13)—(2.14) along the nominal trajectory. The output trajectory approximated by

trajectory sensitivities indeed closely matches the actual nonlinear system behaviour. |
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Figure 2.5: Example 5: Actual and approximate trajectories of (a) G terminal voltage magnitude and (b)
reactive power due to exciter parameter variations.
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2.4 Measurement Model and Problem Statement

In our setting, we assume PMUs provide synchronized measurements of terminal voltage and current
phasors, as well as rotor speeds of (possibly a subset of) generators. If generator rotor speed
measurements are not readily available, measurements of the voltage phasor frequency at the bus
connected to the generator provide sufficient estimates [27]. Let z|;) denote the actual system output
(in our case studies, this is supplied by a time-domain simulation of the DAE model furnished
with the true parameter values) collected at time ¢t = kAt, k = 0,1,2,..., M, At > 0, ie.,
2 = 2(kAt). Also let 2 denote the measurement of system output at time ¢ = kAt. Considering

noisy measurements, z|;) can be modelled as
2 = 2]+ €k A apgA + by + Ep = 2w + Ews (2.20)

where ;) € R™ denotes additive Gaussian noise associated with PMU measurements, and the
approximation is obtained by substituting (2.19). In (2.20), 2 is linear with respect to A, and
the linear- and constant-term coefficients aj; and by, depend on the choice of A\*. Specifically, ay;
and by are constructed with Zﬁd and zj\’[k], which are obtained by observing discrete data points
in a time-domain simulation of (2.1)—(2.3) and (2.13)—(2.14) with nominal parameter value A\*.
Furthermore, the entries in §;) are independent and identically distributed under a joint Gaussian
distribution with zero mean and covariance X, i.e., {j) ~ N (0, X¢), where ¥¢ € R™*™ is diagonal
with each diagonal entry reflecting the corresponding measurement precision. Finally, we collect,
in {2}, the set of M + 1 available measurements of the system output, Zjg, ..., Z[a-

Using the models established in this chapter, we tackle two interrelated but distinct problems.
The first is to identify the best A* where the approximate linear model in (2.20) most likely re-
sembles the measurement-generating nonlinear system. Second, we infer the parameter A from
measurements 2, given a linearized model constructed around the nominal output trajectory re-
sulting from a particular choice of A*. We approach both problems under a Bayesian framework,

where \* and A are treated as random variables, as detailed next in Chapter 3.
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Chapter 3

Bayesian Approach

In this chapter, we first describe the solution strategy for the inference of A given a linearized model
constructed with a particular choice of \*. We then outline the proposed optimization approach to

find the best \* choice.

3.1 Inference on A\

The model in (2.20), which is linear in A, is obtained by linearizing the DAE model along the
nominal trajectory induced by a particular choice of A*. Treating the unknown parameter A as a
random variable, its prior represents the uncertainty in A\ before making any observations through
measurements, and the posterior represents the updated uncertainty after observing measurement
data collected in {Z];)}. We make the reasonable assumption that the prior of A is independent of the
trajectory of linearization, so the prior probability density function (PDF) f(A|\*) = f(\) irrespec-
tive of \*. Further denote the posterior PDF of A conditioned on measurements by f(A{Zj}, A*).

Then, direct application of Bayes’ theorem for conditional probability yields

F{Zp A A F)
F{Zp HA)

FORZm A7) = (3.1)

where f()) is the prior PDF for A, f({Z}|\, A*) is the likelihood function, and f({Z};}I\*) is
the model evidence (a A-independent normalization constant for the posterior PDF). Solving the
Bayesian inference problem entails characterizing the posterior (e.g., sampling from or calculating

its PDF'). We can typically evaluate the prior and likelihood, but not the model evidence. However,
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we next describe a conjugate formulation to compute the posterior analytically.
We prescribe Gaussian prior A ~ N (o, Xo) to represent the initial uncertainty in A. The

likelihood then follows from the linearized measurement model in (2.20):

M

~ _m _1 1 ~ 1/~ ~
F g A =TT @m) 7% 8|72 - exp (—g(zm — Zi) 2 G - Z[k]))v (3.2)
k=0

where Z[k] represents discrete data points taken from (2.19) as the approximate system output for
a given parameter value A with the linearized model constructed from nominal parameter value
A*. Note that we drop the dependence of Zj;) on A and A\* in (3.2) to contain notational burden.
The combination of linear model together with Gaussian prior and likelihood leads to a conjugate

system, where the posterior is also Gaussian:

(AZm 1 A) ~ N (s Beae ), (3.3)

with the mean and covariance in closed form given by

M
rar = S (EJIMO + ahyS T G - b[k])), (3.4)
k=0
M
-1
EW,)\* = (2;1 + Z a[Tk]Egla[kO , (35)
k=0

respectively. See Appendix B.1 for the derivation of (3.2), (3.4), and (3.5). Above, the subscript =
indicates posterior and the subscript A* reminds us that the mean and covariance of the posterior

depend on the choice of A* for linearization.

Example 6 (SMIB: Prior and Posterior of A). We utilize the SMIB system from Example 1 to
demonstrate how the posterior mean and covariance is computed. We measure output signals
collected in z = [w, P¢]T (m = 2) and infer the parameters collected in A = [H, D]* (p = 2). We
run a time-domain simulation for ¢ = 1s and record samples every 0.0333 s which provides 30 sets
of measurements (M = 30). The initial guess for \* is set as )‘?0) = 0.9A"" where \"™"® denotes the
true measurement-generating parameter values in the nonlinear DAE. We prescribe Gaussian prior
A ~ N (po, Xo) regardless of the value taken by Al where pio = 1.4\ and 3, = 0.5%2diag(AF1e)2.
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We assume Gaussian measurement noise with 0 mean and 0.01% standard deviation for w and
0.1% for P°. These values are consistent with measurement uncertainty associated with PMU

technology [28,29]. With this, we get

1 0.9 1.4
)\true - ) A?()) = ’ Ho = )
20 18 28
and the covariance matrices
052 0 1078 0
EO = , Zg =
0 102 0 106

We then substitute the above values into (3.4) and (3.5) to get the posterior mean and covariance.
The prior and posterior mean with one standard deviation for parameters H and D are plotted in
Fig. 3.1a and Fig. 3.1b, respectively. The posterior distribution is conditioned on the measurements,
and it is associated with much lower uncertainty than the initial prior distribution, indicating the

effectiveness of Bayesian inference. |

3.2 Choice of \*

The process of finding the best linearized model requires three main ingredients: i) formulating the

optimal model selection problem, including the metric that evaluates the “goodness” of candidate

2 40 ¢
- T T B o
1.8} Tt 35 | O prx
1.6+
g 0.994 + /; 30 + 21.3
=2 A o ;
1.4+ 1] 0.993 ) 21.25
T 0,099 R 25} 21.2
1.2} '
20 ¢
T !
0.8 15
() (b)

Figure 3.1: Example 6: Prior and posterior of (a) H and (b) D.
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models, ii) computing the value of this metric for a given candidate model, and iii) proposing new

candidate models within the optimization routine.

3.2.1 Evaluation Metric and Problem Formulation

Continuing under the Bayesian framework, we adopt the methods of Bayesian model selection (or
equivalently, Bayes factors) [14,15]. When considering a finite number of models, application of
Bayes’ theorem given candidate model ®; yields the following model-posterior probability mass

function:
f({Zk } i) Pr(®;)
NSETR)

which is the probability of model ®; being (closest to) the true measurement-generating model

(3.6)

Pr(®i|{Zy}) =

as supported by, i.e., conditioned on, measurement data in {Z};;}. Since our problem deals with
a continuous spectrum of models (parameterized by A\* that is treated as a continuous random

variable), we consider the continuous analogue of (3.6) given by

ey ERHAD) SO
FN Nz = (G (3.7)

Therefore, we evaluate the “goodness” of different linearized models by comparing their model-
posterior f(A\[{Z}) in (3.7)." The best candidate \* thus maximizes this quantity (equivalently,
its logarithm), as follows:

Aopt = argmax In fOA"|[{Zpy }). (3.8)

In (3.7), f({Zjx)}) is a constant normalization factor that does not depend on A\*. Furthermore,
assuming a uniform model-prior (i.e., f(A*) remaining constant regardless of the choice of A\*), (3.8)

is equivalent to

/\;pt = arg max In f({é\[k]}M*) (3.9)

In other words, here the maximum a posteriori (MAP) A\* value in (3.8) is identical to the maximum

likelihood estimator (MLE) of A\* in (3.9). We thus seek to solve (3.9).

'Bayes factor differs slightly by focusing on the (ratios of) model likelihood f({Zjx}|A\*) instead of the model-
posterior. However, they are equivalent when the model-prior is uniform. We will invoke this shortly.
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3.2.2 Computing the Metric

The key to solving (3.9) is recognizing that the model likelihood f({Z}s}|\*) is precisely the model
evidence (i.e., the denominator) in (3.1). The model evidence is generally very challenging to
compute and, for this reason, the task of computing it is typically avoided in Bayesian inference.
However, we can obtain it in closed form owing to the analytical posterior in (3.3)—(3.5). Rear-

ranging (3.1) and taking the logarithm of the resultant, we get

In f({Zr HA®) = In f({Zg A A7) 4+ In f(A) — In fFA{Zr }, A7) (3.10)

We then substitute into (3.10) the closed-form expressions for the prior PDF A ~ A (po, ¥o) and
posterior PDF (A|{Zj}, \*) ~ N (pir a+, Xr 2+ ) along with the likelihood function in (3.2). We then

arrive at the following analytical closed-form expression for the log-evidence:

M +1)

~ « P 1 1 _ m
in £(Z} ¥ = ~E In(2m) — [ = 00— ) T2 0 - o) - P 1oy
M
M+1 1 N ~ \Tw—1,~ ~ p
_ 5 In ‘25’ -3 kz_o(z[k] — Z[k]) Zg (Z[k] — Z[k}) + B In(27)
1 1 Ty—1
50 S e 5O e TN = ), (3.11)

where Zg), pir a+, and Xz y« depend on the value of A*. Note that (3.11) holds for any value of A.

3.2.3 Update Strategy

Various optimization algorithms (e.g., gradient-based, quasi-Newton, and derivative-free methods)
can be employed to iteratively select candidates for \* toward the optimizer Ay, of (3.9). For

example, adopting gradient-ascent leads to the following update formula:

Alevry = Moy T 70 Vs In f ({25 Ay, » (3.12)

where 7y is a learning rate (gradient-ascent step size) and Vi« In f({Zj }|A*)] Ny is the gradient
of the objective In f({Z}|\*) evaluated at A&). A major advantage of the proposed framework
is that the objective function in (3.9) and its gradient can be computed in closed form, enabling

greater scalability. Particularly, we completely bypass all numerical approximations of the gradient
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involving, e.g., finite differences, which would be computationally impractical for high-dimensional
A*. Next, we discuss details with respect to analytical computation of the gradient and iterative

updates of candidate models.

Remark 1 (Analytical Gradient Computation). The ith entry of the gradient vector in (3.12) can

be computed analytically by differentiating (3.11) with respect to A7 as

RS 1 D)
ax*lnf({z WX =5 D 2w (S + 3¢ D@ — F) — 5T (Ew aA%)

k_O

-1
aﬂw A* 1 )T 82:Tr,/\"

- (>‘ = Hrx )Tzﬂ- 1)\* 8)\* §(>‘ = Hr\x ON* ()‘ - Mm/\*)a (3'13)

where Z)« ) is obtained by observing the derivative of (2.19) with respect to A} at time instant k,
given by

Zar k] = ax kA + bax k) (3.14)

with

axe k] = Zas Ky O = —Zos A (3.15)

The expression for bAE(’[k] is derived by applying the product rule and recognizing that Z;Hk] =
Zi,[k} e;, where e; is the ith basis vector. Also, Zi/\;,[k} represents discrete data points of zyx, the
partial derivative of z} with respect to A7, at time instant k. See Appendix C.2 for details on how

to obtain z3},.. Furthermore, we can differentiate (3.4) and the inverse of (3.5) with respect to A}

to get
Ot A+ M 8“1: T w1 0w [2) DR
Pr = wo e TG — bi) 0T T ) + e Sy ke (3.16)
7 k= (2 (2
O _ o 1;; _ 3%}
) k=0 z
Finally, recognizing that
agw Ax 82;1)\*
= = =Y =Y, 1
ON; Mgy T (3.18)
we can substitute (3.17) into (3.18) and use the resultant to further simplify (3.16). [

Remark 2 (Normalized Quantities). In our problem setting, the inferred parameters and associated
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gradients may differ by several orders of magnitude. In order to promote numerical stability, we

make use of normalized parameters and gradients defined as, respectively,

1

Xo=0 2 (Npy — o),

_ 1 S
VarInf ({Z HA) Iy, =20 2 Vardnf ({Zg HA") [y, »

in updating A* through a given optimization solver, e.g., gradient ascent in (3.12).

(3.19)

(3.20)

Example 7 (SMIB: Second-order Trajectory Sensitivities). In this example, we refer to the SMIB

system from Example 1 and demonstrate how second-order trajectory sensitivities 27, . (k] in (3.15)

are computed at time instant k. We obtain the second-order trajectory sensitivities of f(z,y,u;\)

along the nominal trajectory (z*,y*, u*; \*) by using (C.6), where

prL= % £ = % e = % (3.21)
2y yyr = oy*’ YA, T 3)\;’ :
ofr ofx ofx
f;:p* = ail‘i? f;y* = Tyﬁ) f;)\: = 87)\:3(7 (322)
K
afy af5 ofy
* A * A * A
L= I L= ’ =2 3.23
N g Iy By o Y (3.23)
and each derivative term above evaluates as
* * * * 0 * 0
yo* = fyw* = fyPe* = fyD* = ) fyH* = " y
_0 _2H*2
. . . 0 0 . 0 0
f:rS* = fxw* = foe* = ) f:cH* = wD* |
00 0 Si=
. 0 0 . 00
me* = ) f)\é* = )
0 ST 0 0
. 0 0 . 0 0
f)\Pe* = " ) f)\w* = weD* " )
_2HS*2 0 _2;{*2 —3
it 0 0 it 0 0
ADE T (o —ws) ol AT (PP — D* (" —ws)— Po*) (w0 —cws)
| 2H*2 L H*3 2H*2
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We obtain the following second-order trajectory sensitivities of g(x,y) along the nominal trajectory

(z*, y*,u*; \*) by using (C.7), where

which evaluate as follows:

Grsr = {E)‘?" sin 0* 0} )

@ngwzgm=@m=@<ﬂ

* * * * *
gy§* = Gywr = Gyper = Gyg* = GyD* = Oa

Do+ = P = Grper = Gomr = Ap+ = {0 O] .

(3.24)
(3.25)

(3.26)

We obtain the following second-order trajectory sensitivities of h(z,y) along the nominal trajectory

(z*, y*,u*; \*) by using (C.5), where

oh’;

h* * — x
e ox*’

oh’

h* * — Y
yx 81’* ’

. _om
Az ox*’

are evaluated as follows:

0 0
h;a* == h;w* == h;’PC* == h’;H* == h;D* ==
0 0
* * * * * O
y(s* — hyw* — hype* - hyH* — h/yD* — ;
0
* * * * * 0 0
AS* — h‘/\w* = h)\Pe* = h)\H* — "AD* —
0 0

.

hL. =2 , =2
W gyt N T N
. On: _ On
hyy* = 3 AT Ao

oy* Yh ONF

NLCL) G RN
W gy TN T oy
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We then substitute these derivatives into (C.9)—(C.10) and obtain the second-order sensitivities of

the nominal trajectories with respect to A} collected in z},.. |

Example 8 (SMIB: Optimization Algorithm to Compute A};). Continuing from Example 7 above,
we demonstrate the application of the optimization algorithm described in Section 3.2. We further
visualize the results. Omnce we compute i+ and 3.y« using (3.4) and (3.5), respectively, as
explained in Example 6, we choose an arbitrary A\ = 1.25\"%¢ and evaluate the objective function
in (3.11) and the gradient in (3.13). MATLAB native fminunc function uses the negative objective
function from (3.11), the choice of X&) from (3.19), and the normalized gradient from (3.20) to
compute the next X& +1)- We quit iterating once the stopping criterion ||>\& )~ A&)H <107%is
met.

The algorithm converges to the optimal nominal parameter value of A7 after 17 iterations, and

in even fewer iterations if the termination criterion is relaxed. In Fig. 3.2a, we plot the trajectory

*

taken by A7 opt*

(0

parameter values listed in Table 2.1 due to inherent model discrepancy [30] as the optimization

to reach the optimal value A Note that we do not expect convergence to true
routine explores the space of approximate linearized models whereas the measurement data arise
from a nonlinear system. In Fig. 3.2b, we plot the convergence of objective function towards its
maximum value. Its value does not change much in the last 5 iterations as we approach Af,.. In

Fig. 3.2c, we plot the gradient vector approaching zero as we reach the maximum of the objective
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Figure 3.2: Example 8: Optimization trajectory for nominal parameter value \*.
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function, which is the expected behaviour at an extremum. In Fig. 3.3a, we plot the trajectory

taken by pr + and its associated X \». The mean value converges towards the true parameter

*

value A" The diagonal insets in Fig. 3.3b show the marginal PDF for A posterior with \* = opt-

The bottom left inset shows the pairwise marginal PDF for A posterior with A* = Af.. In this
example, the acquired measurements lead us to conclude that the inferred parameters H and D
are nearly uncorrelated. In Chapter 4, we will present numerical results that demonstrate various

levels of correlation amounts different parameter pairs in a larger test system with higher-order

dynamic models. [}

Example 9 (SMIB: Effect of Different Number of Measurements and Noise Level on Posterior).
Here, we repeat the simulation setup in Example 8 with different number of measurements M and
observe the corresponding effect on parameter inference. We run a time-domain simulation for
t=1, 2, and 4s to get M = 30, 60, and 120, respectively. We run the optimization algorithm for
these three cases and show the pairwise marginal and marginal posterior PDFs for A in Fig. 3.4a.
Changing M does not have a significant impact on the posterior mean or covariance as all three
posterior marginal PDF's share similar characteristics.

Next, we repeat the simulation setup in Example 8 with different noise levels and observe their
effect on parameter inference. Let & ~ N(0,,,%¢) denote the reference noise from Example 6.
We reduce the standard deviation of noise to half, i.e., { = 0.5 ~ N(0,,,0.255¢) and run the

optimization algorithm. Then we double the noise level, i.e., § = 2§, ~ N (0, 4%¢) and repeat the
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Figure 3.3: Example 8: Optimization trajectory for A posterior.
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process. We plot the pairwise marginal and marginal PDFs for the A posterior in Fig. 3.4b. The

uncertainty associated with the inferred parameters increases as the noise level increases. |
! 1
' 1
: b, M =30 1 B> & = 0.58
i M, M =60 ! H,s € = &o
1 B M =120 i Py s € =26,
1 - )\lrue 1 - - _)\truep(
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Figure 3.4: Example 9: Pairwise marginal PDFs and marginal PDFs for A posterior for different (a) number
of measurements M and (b) noise level &.
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Chapter 4

Case Studies

This chapter demonstrates the effectiveness of the proposed Bayesian inference approach along
with the modelling framework via numerical case studies involving the 3-bus test system from
Example 3, the WECC 9-bus and the NE 39-bus test system (see, e.g., [26]). The 3-bus case
study details results of the proposed approach, and the NE case study demonstrates scalability.
Time-domain simulations of the DAE model in (2.1)—(2.3) that include dynamics arising from two-
axis generators, governors, and exciters are performed using PSAT [26]. Synthetic measurements
are collected from the simulation at discrete intervals of At = 0.0333s, within the capability of
current measurement technology [4]. In accordance with [28,29], we assume that measurements of
bus-voltage magnitudes, rotor frequency, and active- and reactive-power injections are subject to
additive Gaussian noise with 0.05%, 0.01%, and 0.1% standard deviation, respectively, and all with

Zero mearn.

4.1 3-Bus Test System

For each generator ¢ = 1,2 in the system shown in Fig. 2.2, we infer its inertia constant H;, damping
constant D;, droop constant Rp;, and governor time constant Tp;. Suppose the load at bus 3
increases from 2.35p.u. to 2.85p.u. just after time ¢t = 0s and then decreases to 2.1 p.u. at time
t = 4s. Measurements are acquired from ¢t = 0s to t = 8s. We assume measurements of generator
terminal voltage magnitude V;, rotor speed w;, and active- and reactive-power injections P; and Q;
are available at: i) bus 1 only with output vector z = [Vq,w1, P, @Q1]T (m = 4), and ii) both buses

1 and 2 with output vector z = [Vi, Vo, w1, ws, P1, P2, Q1,Q2]T (m = 8).
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4.1.1 Choice of \*

We minimize the negative of the objective in (3.9) with the MATLAB native fminunc function,
which uses a quasi-Newton method. The initial A* is set as )\?0) = 0.9\ where AU denotes
the true measurement-generating parameter values in the nonlinear DAE. In each iteration ¢, the
optimization routine provides an updated candidate )\&), with which we perform time-domain sim-
ulation of (2.1)—(2.3), (2.13)—(2.14), and (C.9)—(C.10). The value of the objective is evaluated
analytically in each iteration ¢ via (3.11) in conjunction with the posterior mean and covariance
in (3.4) and (3.5), respectively, as well as the approximate output z resulting from the simula-
tion. Also, instead of relying on fminunc to approximate the gradient vector via numerical finite
differences, we compute its value analytically using (3.13) along with pertinent trajectories and
trajectory sensitivities provided by the simulation. We then pass the gradient vector to fminunc

so as to inform the direction for the next update )\& +1) The optimization routine searches for

?£+1) — /\’(*Z)H < 1076, and at this point, we return

the optimizer until the stopping criterion ||\
Aopt = )\& 1y Both measurement scenarios converge within 24 iterations, and in even fewer itera-
tions if the termination criterion is relaxed. Fig. 4.1 shows updates in nominal parameters. Note
that we do not expect convergence to true parameter values listed in Table A.1 due to inherent

model discrepancy [30] as the optimization routine explores the space of approximate linearized

models whereas the measurement data arise from a nonlinear system. Fig. 4.2 shows the analytical

*

gradient values in (3.13), which are close to zero. Although they are non-zero at A%,

the change
in parameters is small enough to warrant exiting the optimization algorithm. In the top-right inset
of Fig. 4.3b, we plot the convergence of the objective function in (3.9) for the two measurement

scenarios. The objective function increases very little, indicating we are close to a maximum.

4.1.2 Inference on )\

We prescribe Gaussian prior A ~ N (po, o) regardless of the value taken by X&), where o, =
L.5ATe ¥, = 0.52diag(A"¢)2. In Fig. 4.3a, we plot pairwise prior marginal PDF contours of A
and the marginal PDF of each parameter to be inferred; there is no correlation between the param-
eters. The time-domain simulation of (2.1)—(2.3) and (2.13)—(2.14) with each updated candidate
)\&) yields trajectories of a()\&)) and b()\&)), with which we construct the approximate output

zZ(A, )\&)) in (2.19). We then take the value of 2z at each time instant £ = 0,..., M to compute the
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Figure 4.1: 3-bus test system: convergence of A* to A5y

mean fir, s, and covariance Y Moy of the posterior in closed form via (3.4) and (3.5), respectively.
In Fig. 4.3b, we plot pairwise posterior marginal PDF contours of A and the marginal PDF of
each inferred parameter, with A* = A% ;, for the two measurement scenarios. We observe that the
m = 8 scenario yields narrower posteriors (i.e., lower uncertainty), which is expected since the
measurements for the m = 8 scenario contain those for the m = 4. The true parameter values are
within 3 standard deviations of p, Aot for all parameters in both cases. We also observe differ-

ent degrees of correlation amongst different parameter pairs. For example, {Rp1, D1}, {Rp2, D2},
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Figure 4.2: 3-bus test system: convergence of gradient vector VA*lnf({E[k]}P\*)b\&).

{Tcu1, D1}, and {Tep1, Rp1} appear to have strong positive correlations; { D1, H1} and {Rp1, H1}
carry strong negative correlations; and {Tc g2, H1}, {Tcom2, D1}, and {Toma, Rp1} are nearly un-
correlated. When compared to the prior standard deviations, the posterior marginal PDFs achieve
2 to 3 orders of magnitude reduction of uncertainty for both the m = 4 and m = 8 scenarios as
a result of inference from the noisy measurements. We also note that some true parameter values

are quite close to the centres of the corresponding posterior marginal Gaussian distributions, but
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Figure 4.3: 3-bus test system: pairwise marginal PDFs and convergence of objective function.

others appear further away. This is unsurprising due to two factors: i) inference is conducted with
only a finite number of noisy measurements, and ii) there exists inherent model discrepancy [30,31]
with the approximate linearized model.

To further demonstrate the accuracy of the inferred parameter values, we sample A from the
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resulting Gaussian posterior N (g, Nopo 2o, )\Spt) and perform time-domain simulation of (2.1)—(2.3)
100 times for the m = 4 scenario. We plot the trajectories resulting from each set of parameters
sampled from the posterior PDF along with the actual output induced by the true parameter values
as well as the recorded noisy measurement data in Fig. 4.4. The simulated output generated from

the posterior closely matches the actual output without the noise, providing strong evidence that

the inferred parameters are accurate in that they could have induced the measurement data.

Remark 3 (Computational Burden). In each iteration ¢, with the updated nominal parameter
value )\&), the proposed Bayesian framework performs a single time-domain simulation of (2.1)—
(2.3) and (2.13)—(2.14) to obtain the approximate linearized model around the nominal trajectory
induced by )\&), with which we compute the posterior mean and covariance in closed form. In this

way, we completely bypass MCMC sampling of the nonlinear DAE model or surrogates thereof. B

4.2 WECC 9-Bus Test System

For each generator i = 1,2,3 in the WECC 9-bus system shown in Fig. 4.5, we infer parameters

H;, D;, Rp;, and Trp; assuming measurements V;, w;, P;, and @Q; are available for all generators.
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Figure 4.4: 3-bus test system: comparison amongst output trajectories that are obtained from noisy mea-
surements, simulation of nonlinear DAE model with the true parameter values, and simulations of the
nonlinear DAE model with parameters sampled from the posterior PDF.
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Figure 4.5: One-line diagram for WECC 9-bus test system.

A uniform increase in all loads of 20% is applied just after t = 0s, and synthetic measurements are
acquired from ¢t = 0s to t = 3s. We utilize the same procedure as detailed in Section 4.1 to obtain
the optimal nominal parameter value of A7 after 52 iterations. Given A7, and Gaussian prior

N (L5271 0.52diag(A™1¢)?), we compute the Gaussian posterior N (i rx

opt ’

Em)\;pt) via (3.4)—(3.5).
In Table 4.1, we report the true measurement-generating parameter values and the mean of the

posterior marginal PDF corresponding to each parameter.

Fig. 4.6 shows the nominal parameters A* converging to Aj;. The sudden change in parameter
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Figure 4.6: WECC 9-bus test system: convergence of \* to Al.
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Figure 4.8: WECC 9-bus test system: pairwise parameter correlation.

values correspond to the increase in in the objective function in Fig. 4.7. In Fig. 4.8, we make use
of the posterior covariance matrix ¥, Ay tO visualize the degree of pairwise correlation between
different parameters. While most parameter pairs are weakly correlated, we observe strong positive
correlation for { Do, H1}, {Rp1, D1}, and {Temy, D;} for each generator ¢; and strong negative cor-

relation for {D1, H1}, {D2, Ha}, {Tcma, Rp1}, and {Teoms, Rp1}- In Fig. 4.9a, we plot a histogram

Table 4.1: WECC 9-bus test system: true parameter values A™"° and posterior mean o 35

. HZ‘ (S) Di (p.u.) RDi (p.u.) TCHi (S)
Generator ? )\true ’um/\gpt )\true :“ﬂ)\épt )\true MW,ASN )\true IMW,)\ZN
1 23.64 23.5706 10 9.7951 | 0.03 0.0300 1 0.9528
2 6.4 6.3908 10 10.3993 | 0.03 0.0298 1 1.0437
3 3.01 3.0046 10 10.2817 | 0.03 0.0305 1 0.9755

33



)
W~

# of Parameters
=

# of Parameters
(3]

(=)
(=)

2 3 4 5 2 3 4 5 6
UWAEI,(/ HaAs, x1073 # of Standard Deviations
(a) (b)

Figure 4.9: WECC 9-bus test system: histograms illustrate the number of parameters out of a total of 12 for
which (a) normalized posterior marginal standard deviations and (b) the number of standard deviations
between the posterior mean and the respective true parameter values, lie within certain ranges.
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of the standard deviations of the posterior marginal PDFs normalized with respect to the corre-
sponding mean values, demonstrating low posterior uncertainty. Also, Fig. 4.9b shows a histogram
of the number of standard deviations between the posterior mean and the respective true parameter
Atrue,

values. We observe reasonably good agreement between the posterior coverage compared to

again keeping in mind finite noisy observations as well as the linearized model approximation.

4.3 New England 39-Bus Test System

For each generator i = 1,...,10 in the NE test system shown in Fig. 4.10, we infer parameters H;,
D;, Rp;, and Tog; assuming measurements V;, w;, P;, and @Q; are available for all generators. A
uniform increase in all loads of 10% is applied just after ¢ = 0s, and synthetic measurements are
acquired from t = 0s to t = 2s. We utilize the same procedure as detailed in Section 4.1 to obtain

the optimal nominal parameter value of A7 after 11 iterations. Given A}, and Gaussian prior
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Figure 4.10: One-line diagram for NE 39-bus test system.
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Table 4.2: NE 39-bus test system: true parameter values A™"® and posterior mean Ho N5

Generator i true H’L (S) trlu)ei (p'u.) trf;Di (p.u‘) tru];CHi (S)

A PrNepe | A Haag, | A HrNsp | A Hr Nt
1 0.1114  0.11095 10 10.002 | 0.04 0.039976 | 0.5 0.49960
2 0.08035 0.07964 10 9.9964 | 0.04 0.039984 | 0.5 0.50088
3 0.09495 0.093523 | 10  10.014 | 0.04 0.040001 | 0.5 0.50166
4 0.07585 0.075475 | 10  10.003 | 0.04 0.039990 | 0.5 0.50073
5 0.06895 0.068751 | 10  9.9825 | 0.04 0.039936 | 0.5 0.50175
6 0.0923 0.091737 | 10 10.013 | 0.04 0.039985 | 0.5  0.50198
7 0.07005  0.06902 10 9.9844 | 0.04 0.040013 | 0.5 0.49974
8 0.06445 0.064233 | 10 9.9774 | 0.04 0.039948 | 0.5 0.50009
9 0.0915 0.090849 | 10 9.9861 | 0.04 0.039931 | 0.5 0.50065
10 1.3263 1.3255 10 10.045 | 0.04 0.040058 | 0.5  0.49558

N (L5271 0.52diag(A"¢)?), we compute the Gaussian posterior N (i r«

opt ’

Eﬂ)\épt) via (3.4)—(3.5).
In Table 4.2, we report the true measurement-generating parameter values and the mean of the
posterior marginal PDF corresponding to each parameter. Fig. 4.11 shows the objective function
increases by a very small value when A\* converges to Af;.

In Fig. 4.12a, we plot a histogram of the standard deviations of the posterior marginal PDFs
normalized with respect to the corresponding mean values, demonstrating low posterior uncer-
tainty. Also, Fig. 4.12b shows a histogram of the number of standard deviations between the
posterior mean and the respective true parameter values. We observe reasonably good agreement
between the posterior coverage compared to AU again keeping in mind finite noisy observations
as well as the linearized model approximation. In Fig. 4.13, we make use of the posterior covariance

matrix X oy, tO visualize the degree of pairwise correlation between different parameters. While

most parameter pairs are weakly correlated, we observe strong positive correlation for {D;, T }
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Figure 4.11: NE 39-bus test system: convergence of objective function.
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and {D;, Rp;} for each generator i. Strongly correlated parameters are often associated with iden-
tifiability challenges (e.g., both parameters can simultaneously increase/decrease and still appear

plausible as the measurement-generating setting). In our problem context, it may suggest the need

for additional measurement data or observation under different disturbance scenarios.
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Figure 4.13: NE 39-bus test system: pairwise parameter correlation.
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Chapter 5

Conclusions

This thesis proposes a method to find accurate power system parameters for model calibration. In
particular, we focus on parameter inference, where we compute the entire probability distribution
of parameter values that could have induced the measurement data. The proposed analytically
tractable Bayesian framework infers dynamic power system parameters conditioned on noisy mea-
surements obtained at generator terminals. In Chapter 2, we outlined pertinent models for the
power system and noisy measurements, and also described the inference problem. In Chapter 3, we
found the best linearized model by formulating the optimal model selection problem, computing
the value of this metric for a given candidate model, and proposing new candidate models within
the optimization routine. The DAE modeling, first- and second-order trajectory sensitivities, and
Bayesian concepts were demonstrated with SMIB examples throughout Chapter 2 and Chapter 3.
In Chapter 4, we applied the proposed Bayesian framework to two benchmark test systems—the
WECC 9-bus 3-machine and the NE 39-bus 10-machine systems—to demonstrate the effectiveness
and scalability of the proposed method.

Existing parameter inference methods in the literature, such as MCMC and PCE surrogate
modelling, are computationally impractical for large-scale power systems models consisting of many
nonlinear DAEs. Our work advances over the previous by considering the full DAE model describing
generator dynamics coupled across the transmission network. The explicit inclusion of the network
enables parameter inference at buses without sufficient local measurements. We demonstrated this
aspect and other key features along with algorithmic scalability with case studies involving a SMIB,

a 3-bus system, the WECC 9-bus, and the NE 39-bus test system. The posterior marginal PDFs
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achieve 2 to 3 orders of magnitude reduction of uncertainty when compared to the prior standard
deviations as a result of inference from the noisy measurements.

We constructed an optimal linearized model that maximizes the probability of measurement
data amongst candidate linear models. The linear models enable closed-form evaluations of the
posterior, model evidence, and their gradients, so the proposed method scales Bayesian inference
to higher dimensions than PCEs. Although the model evidence is generally difficult to estimate,
we computed its value analytically in the space of linearized models along with Gaussian conjugate
priors. We also derived the analytical gradient of model evidence along the trajectory of lineariza-
tion, so as to facilitate gradient-based optimization methods to find the evidence-maximizing linear
model. The posteriors for all linear models considered in the procedure, including the Bayesian-
optimal one, are Gaussian due to conjugacy, where the mean and covariance can be obtained in

closed form.
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Appendix A

3-Bus Test System

A.1 System Parameters

Transmission Lines. The line impedance z19 = 0.01450.085, 293 = 0.02+30.161, 213 = 0.014750.092.
The shunt admittance yig = 70.088, y% = 50.153, and y% = 70.079.

Initial Steady State. V101 = 1.0420°, Vos/B0y = 1.0254 — 0.148°, V3/03 = 0.994/ — 7.65°,
S1 = 1.597 4 j0.452, Sy = 0.791 — j0.279, S3 = —2.35 — 50.5.

Parameters related to the machine, turbine-governor, and excitation system are reported in

Table A.1. The saturation function Sg(Eq) = 0.0039¢55E5¢ for both generators.

Table A.1: Parameter values for dynamic model of 3-bus system shown in Fig. 2.2.

Machine Data
T Téo H D X4 Xy X)) X(’] Ry
Bus 1| 896 0.31 8 10  0.146 0.0969 0.0608 0.0608 0
Bus2 |58 060 3.01 10 1.3125 1.2578 0.1813 0.1813 0
Unit S S S p.u.  p.u. p.u. p.u. p.u. p.u

Turbine/Governor Data Excitation System Data

Ten Tsv Rp Ty Tg Tr Ka Kgp Kp
Bus1 | 0.5 0 0.04 0.2 0314 035 200 1 0.063
Bus2 | 0.5 0 0.04 0.2 0314 035 200 1 0.063
Unit S S p-u. S S S p.u. p.u. p.u.
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A.2 Model Details

The dynamic state variables for each machine ¢ are

Y

and algebraic state variables are
y=Ua Io Inp Ip Vi Vo V3 61 6 6",

and inputs are

u=ws Po1 Poo Vit Vier|"

The differential equations f(x,y,u;\) for each generator i = 1,2 are

TéO'E;i = —E,; — (Xai — X3;)1ai + Eyai,

7

éOiEéli = —Ey + (Xgi — Xgi) Lgi

b = 1207 (w; — wy),
2H;

S

TgiBtai = — (Kpi + Sp(Etai)) Erai + Vi,

Wi = T — (X — Xg) ailyi — Egilyi — Egilai — Di(wi — ws),

Kp;
Tri

TFini =—Ry; + Eta;,

. K i K p;
TaiVini = Vi + KaiRyi = =5 = Epai + Kai(Veess = Vi),
2

1
Rp;

TeuiTy = Poi — Tari — (Wi — ws) .

The algebraic constraints g(x,y,u; A) include the stator algebraic equations for generator i = 1,2:

0= Eélz — V; sin(éi — 01) — RsiIdi + X(/ﬂ'Iqi,

0= E:;z — Vz COS(di — 92) — Rsini — Xclh-lqi,
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the network algebraic equations for generator ¢ = 1, 2:

3
0=1,V; Sin(di — 92) + Iqui COS((sz' — 91) + P, — Z ViVi.Yi COS(@i — 0 — Oéik)y
k=1
3
0 = IgiVicos(8; — 6;) — I Visin(6; — 6:) + Qs — > ViViVigsin(6; — 6 — cvir),
k=1

and the network algebraic equations for the load bus i = 3:

3
0=F — Z ViViYir cos(0; — O — aup),
k=1
3
0=0Q;— Y ViViVigsin(6; — 0k — cir),
k=1

where Y = |Ypus|, @ = £Yhus and Yy is the admittance matrix.

44



Appendix B

Bayesian Conjugacy for

Linear-Gaussian Models

In Appendices B.1 and B.2, we simplify the notation and use ap, by, fir, and Xz, but with the

understanding that they all depend on a particular given nominal trajectory A*.

B.1 Linear-Gaussian Posterior Mean and Covariance

Consider a linear model calibration problem:
/Z\[k} = a[k]/\ + b[k} + f[k], (B.1)

where Zj;; € R™ is the vector of noisy measurements at observation time j, A € R? is the model
parameter, ajy € R™*? and by, € R™ result for a given linearized model (i.e., created from a given
A*), and &y € R™ is an assumed additive Gaussian noise &) ~ N(Om, X¢)) with ¥e € R™*™
being a diagonal noise covariance matrix for the measurements at time k (we assume noise to
be independent across components of & and across k). When Gaussian prior A ~ N (g, Xo) is
employed (here pp € RP and ¥y € RP*P), then we have a conjugate system where the posterior is

also Gaussian:

FOZw ) o< FNF{Z HA)

— 2 Ej5ol Fexp {500 o) TS5 - o)}

1
2
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M
_mo L L 1A
X H(QT() 2 | ] > exp {—2(Z[k] — a[kﬁ\ — b[k])ng I(Z[k] — a[kﬁ\ — b[k])}

[

M
1 1~
o GXP{ S(A = 10) " Sg H (A = po) —5 > Gy — apgA — b)) "¢ g — apgA — b[k})}
k=0

1 - _ _
~3 [/\TZO X — ZATZO Lo + MEZO Lo
M
~ Ty—1/2 = Ty—1 T T y—1
+ Z ((Z[k] - b[k]) E{ (Z[k] - b[k]) - 2(Z[k] - b[k]) Zg a[k])\ + A a[k]Eg a[k])\) ] }
1 M
x exp{ 3 [)\TE A =22T8 o + > ( () — b)) " tapA + )\Ta[Tk}Zgla[k})\ﬂ }
k=0

1
QIAT<E +Za’[k]2 Ay /\—”T( oﬂ0+zak1 3 Zk_bH))]}’

k=0
(B.2)

where the first equality is the product of Gaussian prior and Gaussian likelihood PDFs, the second
proportionality omits the constants in front of the exponentials and turns the product of expo-
nentials into sum of its arguments, the second equality then expands out the products, the third
proportionality omits the new multiplying constants that resulted from the constant terms inside
the exponential, and the last equality factors the A’s to arrive at a quadratic and linear term (of \)
inside the exponential (note that (Zj — b[k])TEgla[k}/\ = /\Taﬁ]Zgl(E[k] — byy) since the transpose
of a scalar is equal to itself, and Egl is symmetric). Without having extracted the mean and
covariance, we already see this is a Gaussian PDF since it is an exponential of a quadratic.
Knowing the posterior is a Gaussian, we can write out its PDF in terms of its mean u, and

covariance X :

FOE)) = @n) 88, exp [—1@ TR m]

X exp [ ()\TE X — /\TZgluﬂ + ,uWE Mw)]

MM—* l\D\

X exp [ (AT - QATE;MF)] . (B.3)
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Comparing (B.2) and (B.3), matching the quadratic term yields

M —1
Y= <261 + Z a[Tk]Zgla[k]> , (B.4)

k=0

and matching the linear term yields

)L’Lﬂ':zﬂ'

M
St + Y aly ST By~ b[kp] . (B.5)
k=0

B.2 Linear-Gaussian Log-Evidence

The log-evidence is
~ o [z
i) =1n |7
=Inf(A) + In f({Z }A) — In f(A{Z 1)

1 1 _ m(M + 1
= P (o) — Lol - SO a0) "5 (A ) - Y

5 In(27)
M
M+1 1 - 1/~
— =[Sl = 5 D> G — aA — bp) B¢ (E — agA — by)
k=0

1 1
+ %111(277) 5 ISl + 50— ) TS A ). (B.6)

This expression should hold true for any choice of A; one natural choice is to use A = \*.
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Appendix C

Log-Evidence Gradient for Linearized

DAE

In Appendices C.1 and C.2, we make all the \* notation explicit.

C.1 Log-Evidence Gradient with respect to Nominal Trajectory
)\*

T
Consider the gradient operator V« = {8()9\*’ %, . 0?\*} , the kth component of V« In f({Z}x) }|\*)
1 2

P

is then

M
0 ~ * 0 1 P~ =~ o\ Ty—1 /2 =~ * 1 —1
WIH f(Z[k]‘)\ ) = W [ — 5 E (Z[k} - Z[k]()\; A )) 25 (Z[k] - Z[k}(/\;)\ )) - 5 In ‘Em)\*‘

M ~ T -1
1 aZ[Ic] 1 T\ /i~ ~ 1 azw,)\*
= 5 g ( 8)\: (Eﬁ + 25 )(Z[k] — Z[k) ()\; /\*)) — §T1" Eﬂ',)\* a/\:
ox\. X\ I
)\T ™A A )\T A e — ATZ_l* 122,99
O oxnp M X T OAL

8M7r A 1 1 T 82;1)\* T 1 8M7F A
ON; Zw,,\*lhr)\* + 5%,,\*87)\2%,» + iﬂﬂ,,\* T By

M ~ T 3
1 8Z[k] -1 TN~ _ 1 azm/\*
=3 et ( N > (B + 5 ) G — 2 (A A7) = 5T EW’A*TA;

ox-! o
T Y m,A* Tw—1 9Hm 2>
(N — gor ) — (A — U ) T2, o
a)\}: ( lu 7)\) ( lu’ 7)\) 777)\ a)\z

(A — b ar) (C.1)
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where in the first equality we substituted the log-PDF expressions similar to (B.6) but used

—iIn|S | =1ln Py %+|- From here, the needed derivative calculations are the partial derivatives
of Zj), Z; o and fir y« with respect to A7: from (3.14),
02w _
o ALK = akz,[k})‘ + bA:,[k] = Zi)\:,[k]A - Zi\;,[k]/“
(2
from (B.4),
M
W)\*—Zol—‘rzar[’l];z) a/
- M 5,T
0% _ 8% £ tag + aly gt O (©2)
ONF — ox; ¢ i g N’ '

and from (B.5)

Hr x* = ETK’,)\* [ 0 :U’O + Za[k Z[k] b[k])]

a/u’ﬂ’,)\* o azﬂ,)\*

N 0N [0Ho+za[k]f 2k —b[})]

M ([ dag, b
K] T (2 AR e i
Z(W ¢ (G — b)) — ay = )]

+ Eﬂ',)\*

I3 *
— ON}
azﬂ' JA*

8)\: 7|—)\*IU‘7T A*

da 7 Ob
K] T (5 _ k]
+ S %(a» ¢ (Gim = b)) — apySg " m)] (C.3)
where
8E7TA* az;{\*
8)\; = —Yr 8)\7* PO (C.4)

can leverage (C.2).
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C.2 Evaluating 27,.

In this section, we compute 23, (k] at each time instant £k = 0,..., M. To obtain the second-order
trajectory sensitivity 23,., we will find it useful to define 2%,, and y3},. as the partial derivatives of
x} and y3, respectively, with respect to A7. Then, applying chain rule to differentiate (2.14) with

respect to A7, we get

Ziar = (Rogpe@X€i + hoyyiei + hoe )2} + hpaXys
* * * * * * * Kk
+ (hjgeaiei + hyyeyies + hyya )y + hyyia

where, in general, the notation A, refers to the partial derivative of gradient vector h}; with respect
to the vector or scalar variable b, and e; is an appropriate sized basis vector with Os in all entries
except the ith one with 1. The partial derivatives in (C.5) can all be computed in analytical closed
form. Furthermore, we have nominal trajectories 23 and y3 resulting from nominal parameter value
A*. Thus, to evaluate (C.5), we need only to solve for sensitivity trajectories .%j{)\z and y}\)\;. To do

so, we take the derivative of (2.9) and (2.10) with respect to A} to get

i3ne = (frarmhei + fryyhei + fine o) + ook
+ (fyer@hei + [y vaei + foxe VA + fo ¥
+ feswhei + fipvne + fias (C.6)
0 = (grer2X€i + Gy Yaei + Gor )TX + Go2hnr
+ (9o TN T Gy YNE T Gyns YA + GyYanr

+ o TrEi + GhyYrei + g}k\,\;, (C.7)

where, in general, the notation f (g¥,) refers to the partial derivative of gradient vector f} (g;)

with respect to the vector or scalar variable b. We further rearrange (C.7) to get

Yarr = —(g5) " (5o 2Rei + g5y viei + Gras )TN + Goriae
+ (gyar € + Gyyryrei + Gyas YA

+ Qo€+ GrgYaei T Ganr ) (C.8)
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where we have persisted with the assumption that the power-flow Jacobian matrix g; is invertible

along the nominal trajectory. Finally, by substituting (2.12) and (C.8) into (C.6) and (C.5), we get

the following linear time-varying system describing the evolution of z3,.:

x;\)\: = Flwz)\: —+ FQ(L’;\ —+ Fg,

* * *
Z)\)\: = Gl.f)\)\; + GQ.%')\ + G3,
where

Fy= fr—frlgs) as = A%,
Fy = frp-aXei + foy-viei + fine

— (fymaXes + [hpuiei + Fone)(9y) " 05

— [5(95) " (Ghar e + Gy vies + Gins)

+ [ (a3) " gyarwrei + gy vies + gpne)(g5) 05
Fy = flpea)ei + [Nyhei + fins

— fy(a) N (Bathei + Byyie + Tias)

— (fywalei + fpviei + fine)(g) ' 93

+ [y (a) " (gper e + gy vies + gons)(95) 105,
Gy =l — hy(gy) g = C*,
Gy = W)€ + hpyeyiei + Py

— (Bypeaies + hypyies + by ) (95) " g

— hy(95) " (GhorThei + Gy vies + Gins)

+ B (g5) " (gpertxei + Gy vies + gors)(95) " 07
G3 = hyp-a)ei + hiynyiei + My

— hy(9y) " (GharThei + g3y vhei + ghns)

— (Bypealei + hypeyier + hipye ) (g5) ' 03

+ hi(gy) " (ggarwiei + gy vier + gyne) (95) "3
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Simultaneous time-domain simulation of (2.1)—(2.3), (2.13)—(2.14), and (C.9)—(C.10) yields the
nominal trajectories taken by the system outputs collected in z*, their sensitivities to parameters
collected in 23, as well as their second-order sensitivities with respect to A7 collected in z3,., which

is acquired at time instant k to help evaluate (3.14).
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