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Symbolic Regression for Data-Driven Dynamic
Model Refinement in Power Systems

Andrija T. Sarié

Abstract—This paper describes a data-driven symbolic regres-
sion identification method tailored to power systems and demon-
strated on different synchronous generator (SG) models. In this
work, we extend the sparse identification of nonlinear dynamics
(SINDy) modeling procedure to include the effects of exogenous sig-
nals (measurements), nonlinear trigonometric terms in the library
of elements, equality, and boundary constraints of expected solu-
tion. We show that the resulting framework requires fairly little in
terms of data, and is computationally efficient and robust to noise,
making it a viable candidate for online identification in response
to rapid system changes. The SINDy-based model identification
is integrated with the manifold boundary approximation method
(MBAM) for the reduction of the differential-algebraic equations
(DAE)-based SG dynamic models (decrease in the number of states
and parameters). The proposed procedure is illustrated on an SG
example in a real-world 441-bus and 67-machine benchmark.

Index Terms—Power system, dynamic model,
identification, nonlinear dynamics, symbolic regression.

system

I. INTRODUCTION

DENTIFICATION of a dynamical system from data

(recorded measurements) has been an important problem
in mathematical physics, with a long history in power systems
[1]-[5]. Many techniques in system identification, including dy-
namic mode decomposition (DMD) (for example, [6]), equation-
free modeling (for example, [7]), cluster reduced-order models
based on the probabilistic transition between various system
behaviors (for example, [8]) and many other algorithms are
designed to handle high-dimensional data. DMD in particular
has strong connections to nonlinear dynamics through Koopman
operator theory (for example, [9]).
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Once parameters of a dynamic model have been optimized
to match recorded responses (or data generated from a more
detailed model), there typically exists a difference (or error) be-
tween the model prediction and the target waveform. A question
of great interest then is if there exists a structure in the error that
can be utilized to possibly improve the model while maintaining
the practical identifiability that is critical for model utility. If the
original model has established physical plausibility, it makes
sense to try to append it, possibly with portions that capture
additional features. These new facets are preferably also based
on physics to maintain the model’s overall interpretability and
portability [10].

One promising idea for deriving and appending possibly
nonlinear models is symbolic regression, and the sparse identi-
fication of nonlinear dynamics (SINDy) based solution method
[11]-[13]. It operates in the space of mathematical expressions
and attempts to find the best fit for data while balancing re-
quirements for accuracy and simplicity (e.g., a small number of
terms in an expression). The candidate mathematical expressions
belong to families that are typically pre-selected and include
standard types often found in physics-derived engineering mod-
els like constants, polynomials, trigonometric terms, etc. It is, of
course, evident that the space of candidate models is very large
regardless of the parametrization selected, and that any solutions
found will likely be non-unique and possibly locally optimal.

Our starting point is the equation-based modeling framework
[13]. The authors leverage the fact that most dynamical systems
of engineering interest have relatively few nonlinear terms, each
belonging to a known family (e.g., polynomials), to devise a
data-driven algorithm for the SINDy. One key idea is to rely
on sparsity-promoting techniques throughout the model devel-
opment so that the result balances accuracy with the number
of terms included. Control inputs were added to the algorithm
in [14].

One problem that is well suited to this framework is the
transient stability of large power systems, because it focuses
on system-wide behavior, and de-emphasizes component-level
accuracy. In transient stability, the dynamic behavior stems
mostly from component dynamics, which is typically described
by models that have a limited number of entries on the right-hand
side. The size of the network matters, of course, but since
dynamic components are connected in nodes, their behavior is
altered by (algebraic) variables at the point of connection (such
as voltages, angles, and active/reactive powers). Hence the over-
all model preserves sparsity. We intend to use past the physical
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understanding of key phenomena to restrict and customize the
set of building blocks that need to be included in the regression.
This paper advances a Galerkin-type regression method [11] for
identification of non-linear dynamics in SINDy with actuation
(measurements) and physical equality and boundary constraints
to identify system-wide aspects of dynamic components (in
our case on an SG example). Motivated by the structure of
the typical power system equations, the library of dynamical
elements in SINDy is extended with mixed products of linear
and trigonometric functions of states, algebraic variables, and
external signals (measurements).

A large body of references on power system dynamics [1]-[4],
including our preliminary work [5], [15], has concluded that
many common models of power system transients have good
physical justifications, but tend to be practically unidentifiable
from commonly available measurements. We use MBAM to pre-
screen and modify dynamic models, making them practically
identifiable before we attempt sparse identification via SINDy.

Main contributions (compared with our initial work reported
in [15]) may be summarized as:

® Respecting the structure of the typical power system equa-
tions (on the analyzed SG’s test example), the library of dy-
namical elements in SINDy is extended with typical mixed
nonlinear (trigonometric) multiplications of measurement
and state/algebraic variable functions (Section III-B).

e The SINDy algorithm with measurements, equality, and
boundary constraints of the expected solution is proposed
in Section III-C.

e Based on the conclusions of [15] that the SG’s model iden-
tification is not a straightforward task, several optimization
tools are investigated for the solution of the specified
bound-constrained least-squares optimization model.

e Optimization of differences between measurements and
calculated time responses for a single SG with a reduced
vector of states, subjected to the differential and algebraic
equations based constraints.

¢ Integrated DAE- and MBAM-based dynamic model reduc-
tion with SINDy-based model identification (Section V).

e Gray-box integration of physics-driven model (DAE-
based for reduced dynamic model) and data-driven
model (for differences between available measurements
and calculated transient responses for reduced dynamic
model).

e Application on a realistic example (441-bus real-world
power system, compared with the IEEE 14-bus example
in [15]).

The outline of the paper is as follows: Section II provides the
problem formulation; Section III describes the SINDy algorithm
with extended the library of dynamical elements, as well as
with external measurements, equality, and boundary constraints;
in Section IV the MBAM-based algorithm for dynamic model
reduction is described; Section V integrates the SINDy and
MBAM (parameter identification and dynamic model reduc-
tion, respectively); the proposed algorithm is applied to an SG
example in Section VI; Section VII presents conclusions. The
Appendix contains basic SG’s equations and parameters adapted
for SINDy-based model identification.
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II. PROBLEM FORMULATION

The DAEs-based form of power system dynamic model used
in transient stability is

&= f(z, 2p,1) (1)
0= g(x,z2,p,t) (2)

where x is the vector of (differential) state variables, z are the
algebraic variables, p is the vector of parameters, and ¢ is the
(scalar) time variable.

System measurement vector is assumed to be of the form

y = h(z,zp,t) 3)

System identification is the standard approach to find the best
parameters to minimize discrepancies between measured (y)
and corresponding calculated (y°) time responses

p = argmin||y — y°[3 @
P

subject to (1)—(3).

For analyzed SG test examples, details of differential (f),
algebraic (g), and measurement equations (h) in (1)—(3), re-
spectively, are given in Appendix A and in [5].

III. SPARSE IDENTIFICATION OF NONLINEAR DYNAMICS
(SINDY) ALGORITHM

The SINDy algorithm identifies possibly fully nonlinear dy-
namical systems [in our case, functions f in (1) and g in (2)] from
the available data set [in our case, functions h in (3)]. It is the
counterpart of ideas on dictionary learning and dictionary-based
regression that are widely used in compressed sensing literature
[16], [17] and relies on the fact that in this application, we expect
the right-hand side of (1) and (2) to be (very) sparse.

A. Basic SINDy Algorithm [11]-[14]

Formally, the dynamic model may be written in the following
form

X=0(X)E ®)

where © (X)) is a library of dynamical elements (see Section III-
B for more details), E is (K x N, )-dimensional matrix, K is
the total number of constant, linear, and non-linear functions,
and N, is the total number of state variables in X .

We collect a time history of the total N, state variables x(t)
in (5), sampled at time series ¢y, ..., ¢, ..., tn,, as (V¢ X Ng)-
dimensional matrix

X:[ml--- Ty - me]
1 (t1) - xp(t) - N, (t)
=| z '(tt) xn.(tt) xNz. (te) (6)
T (.tNt) Tn, (.tNt) TN, '(tNt)

where IV, is the total number of time points.
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Matrix = in (5) is sparse for most dynamical systems (includ-
ing power system dynamics). For identification of =, the sparse
symbolic regression may be applied.

Each of the IV, column equations in (5) is determined by the
sparse K -dimensional vector of coefficients &,,, corresponding
to the n-th column of X (X ») and E(&,,) which can be found
using a sparse separate regression algorithm [13], as

sn=w§mnMXXﬁn—XwB+xﬂaml

n

n=12..N, 7

where X,, = x,, = x,, (t) represents n-th column (time re-
sponse of n-th state variable) of X in (6).

Calculation of derivatives @, (¢) in (7) numerically from ., (t)
by the 4-th order central difference [18, p. 272]) is

— 2y (tig2) +8%p (tey1) =81y (tr—1)+ 2y (ti-2)
12At '

Ty (t—2) =

t+1,2,N, — 1, N, ®)

where At =t; — t;_; is the sampling interval.

The penalty term || - |1 in (7) promotes sparsity in the vector
£,,. Note that the convex norm ||€,,]|; in (7) replaces the non-
convex (pseudo)norm |[|€,,||o (the number of non-zero entries
of the vector £,,). The parameter X in (7) is selected to identify
the optimal model that best balances low model complexity with
accuracy. A coarse sweep of A is performed to identify the rough
order of magnitude, where terms are eliminated and where the
error begins to increase [19].

B. The Library of Candidate Dynamics for Power System
Based Equations

The selection of the library of candidate dynamics is a crucial
choice in the SINDy-based algorithm(s).

Note that in a power system case several characteristic exam-
ples may appear (we are limited here only to the analyzed SG
parameter identification example):

® mixed nonlinear (trigonometric) multiplications of mea-

surements and state/algebraic variables, y; sin(x; — zj)

[for example, (‘qu_—,mi‘)Vsin(é — 6)—see Appendix Al;

® mixed nonlinear (({rigonometric) multiplications of states
and state/algebraic variables, x; sin(x; — zj,) [for exam-
ple, ‘;—,eizsin(é — f)—see Appendix Al.

To simpﬁfy the presentation, in this section we assume
that only state variables-based dynamics (1), ©(X) in (7),
will be identified. This assumption will be relaxed later in
Section ITI-C with additional identification of algebraic variables
and measurements, or (X, Z,Y).

A library of K candidate constant, linear and non-linear
functions ©(X) of the columns of X in (6) may consist of
polynomial and trigonometric terms, as well as their products,
and symbolically may be written as

O(X) = [Const X X? sin(X) Xsin(X) ---] (9)

where ©(X) is (IV; x K)-dimensional matrix and any term in
(9) introduces the appropriate number of column-vectors.
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For example, two typical terms in (9) are as follows:

X2
[z} (t) @1 (t) @2 () a3 (t1) %, (t)
| Bt w ) m ) o 23t) o 2k, (B)
22 (tn) 1 () 22 () - 22 (tw,) - 2% ()

X sin (X))

i T (tl) sin (SCl (tl)) X (tl) Sin[(l'z (tl)]

— | an (B)sin (a1 (B) w1 (8) sin s (8)]

L (t,) sinfs (b)) 1 (En,) sin [12 (t,)]

T2 (tl) sin (l‘g (tl)) TN (tl) sin [Jsz (tl)]

2a (1) sin (22 (1)) x (b sin [2x, (£)]

o2 (b)) sin (22 (tn,)) - @ (b)) sin [z, (En,)]

The library of dynamical functions [@(X) in (7)] may be
simply extended to support other nonlinearities (for example,
saturation, exponential terms in dynamic load models, etc.).

A detailed mathematical proof of convergence of the SINDy
algorithm may be found in [20].

For more details about the SINDy algorithm application and
its convergence on the simplified SG’s test example, please
see [15, Section V]. These results show a clear discrepancy in
some cases. We see several reasons for the inconsistency when
using the basic SINDy formulation (from Section III-A), as used
in [15]:

1) we determine the right-hand side through numerical differ-
entiation (8), which, despite our effort to use numerically
sound procedures, inevitably introduces errors;

2) the “true” system used in identification is a system of
DAEs (1)-(3), while the basic SINDy algorithm assumes
pure differential system; while many power systems are
believed to be described by index-1 DAE (we do not check
this condition);

3) ref. [20] uses the O-(pseudo)norm do characterize the
support of the solution, while we use the 1-norm (this
is standard in practice);

4) the model we are considering is inherently stiff numeri-
cally, as the coefficient €2;, in differential equation ford (the
derivative of the rotor angle transient response) is several
times larger than the other coefficients, and there exists a
weak functional coupling of the differential equation for )
with other differential equations [see (A1) in Appendix A].

Based on the above conclusions, in the next section we
propose a modified formulation (11)—(13), which works much
better on power system problems, but most likely has different
convergence conditions.
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C. The SINDy Algorithm With Constraints and Measurements

The SINDY algorithm from Section III. A may be generalized
to include fully nonlinear dynamics in additional functions [g
in (2) and h in (3)], algebraic variables (z), and actuation
(measurements) (y), respectively, since this merely requires
building a larger library ® (X, Z,Y) of candidate functions,
that additionally includes the (/V; x N.)-dimensional matrix of
time-dependent IV, algebraic variables (Z) and the (N, x N,))-
dimensional matrix of time-dependent NV, measurements (Y"),
as in (5) and all mixed cases among X, Z, and Y (notice
that a total number of columns in (X, Z,Y) is typically
K > N, + N, + N, due to include the mixed product of vari-
ables and measurements of state and algebraic variables)

(X ZY]=0O(X,Z,Y)Eqs.y (10)

P— =

where Eg -y = [BEz B2 By .
In this case, the optimization problem (7) with additional
equality and boundary constraints may be rewritten as

¢, =argmin [©(X,Z,Y),&, - [X ZY] [5+2%&]:

n

n=12 -, (Ng+N,+N,) (11)

subject to:
g(X,Z,)Y)=0 (12)
g < g, <6 (13)

where in (12) we include the equality constraints from (2) and
(3). Please note that formulation (11)—(13) differs from the
original SINDy formulation (7), so its convergence conditions
[20] are explored via numerical experiments later.

Lower and upper bounds in (13) are used to enforce that
some entries of &,, in the predefined intervals around physically
reasonable values [see (A3) and (A4) in Appendix B for details].

The optimization problem (11) and (12) may be transformed
to the unconstrained problem using an augmented formulation,
where the constraints are imposed via Lagrange multipliers (to
simplify the formulation, the A term is omitted), as

Nz+N.+N,
€= Z (argmin||®(X,Z,Y)§n_ [XZY]TL§>
n=1 s

+¢'9(X,2,Y) (14)

The optimal solution (&) is a solution to the Karush-Kuhn-
Tucker (KKT) equations [11, eq. (2.10)].

Note that the measurement vector (y) may contain state
variables (), algebraic variables (z), and their nonlinear com-
binations (for example, measurement P, (t) in function h; for
practical aspects, see Section VI-A).

IV. THE MANIFOLD BOUNDARY APPROXIMATION METHOD
(MBAM) FOR DYNAMIC MODEL REDUCTION

The MBAM is a parameter reduction algorithm that uses
information geometry methods, i.e., application of differen-
tial geometry to statistics [21]-[23]. The basic idea is that a
parameterized model is interpreted as a manifold of potential
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predictions. Distances on the manifold are induced by distin-
guishability of model parameters from data using information
theory. If different parameter values lead to nearly identical
predictions, they correspond to nearby points on the manifold
and, conversely, parameter values that lead to very different
predictions are distant on the manifold.

Many models have bounded manifold. Boundaries corre-
spond to limiting cases of parameter values such as relevant
time scales going to zero as in singular perturbation. Parameters
are practically unidentifiable if their predications are statisti-
cally indistinguishable from their limiting cases. When many
parameters are unidentifiable, the manifold has a low effective
dimensionality because it is narrow in several directions. MBAM
aims to approximate a thin manifold by a portion of its boundary
by identifying the statistically optimal limiting cases. These
approximations reduce the number of parameters in the model
while also reducing the computational complexity [24]. For
example, approximating a differential variable by an algebraic
constraint as is commonly done in singular perturbation. Be-
cause MBAM identifies those approximations that are optimal
for a particular measurement process, it is a data driven-driven
approach that allows us to complement SINDy inferred models
with simplified, physics-guided equations.

V. INTEGRATION OF SINDY AND MBAM ALGORITHMS

A flow-chart of the proposed algorithm for the integration of
MBAM-based model reduction and SINDy-based model identi-
fication is shown in Fig. 1, where particular steps are described
in more detail in the sequel.

In the initial step (Step I, Fig. 1) data-driven input measure-
ments [y(¢)] and initial parameter vector (p) are provided.

Please note that SINDy and MBAM algorithms require that
state derivatives [#(t)] and algebraic variables [z(¢)] be cal-
culated. If the state or algebraic variables are not measured
directly [part of y(¢)], then we require at least a local inverse

[283] = h '[y(t)] be available for initial state and algebraic
variables (Step 2, Fig. 1) [for example e[ (¢) and e}, (¢) in (A1)],
where the time responses from () are later used for calculation
&(t), by (8). These variables are recalculated in Step 4.

In Step 3, we apply the MBAM method to the physics-based
dynamics in (1)-(3).

Let there be the fixed, physics-based part of the model [states
x p—for example, three- or four-order SG’s dynamic model in
Appendices A, B]

iF = .fO (wF7zl7p7t) (15)
0= gl (l’F,ZI,p,t) (16)
Yy = h’(mFaz/?pvt) (17)

where in some cases the set of algebraic constraints (g) (2) may
be extended to g’ (16) with an augmented vector of algebraic
variables (z’)—for typical example see (A4). However, the
solution of (15)—(17) may turn out to be unfeasible, meaning that
the reduced model is unable to satisfy the equality constraints
(2) and the available measurements (3) for the full DAEs-based
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Step 1:
- Data-driven input measurements ().
- Initial parameters of the dynamic model
(vector p).

Step 2:
Calculation of initial transient responses of state
and algebraic variables [[ﬂ = h o).
N|
v
Step 3:
MBAM-based model reduction to fixed part,

. X .
separation to x = [ XF], and calculation of
r

Xz = folxr,2',p,0).
Step 4:
SINDy-based re-optimization of fixed part,
X = folx5,2',p,t).
Step 5:

SINDy-based correction of fixed part
the dynamic model Xr = folxz,2,p,0) + fl(xm,xgif_t)
(vector p) from &', Xra = f2(Xpa, X5 ) + f3(Xpa, ©)
by (26). l

T Step 6:
SINDy-based optimization of reduced part
(optionaly)
xr = fO (xr'J Z’,p, t) + fl('xra:xslf!t)
xra = fZ (xrm xfﬂhf:t) + f3 (xran t)

Step 8:
Update parameters of

Step 9:
Final model identification

Fig. 1. Integration of MBAM-based model reduction (SectionIV) and SINDy-
based model identification (Section III-C).

model. This may be improved in Step 4, when SINDy will
reconsider the MBAM identified fixed part of the model, and
in the optional Step 6 when the MBAM-reduced part of the
DAEs-based model is reconsidered.

For single SG we may additionally minimize the dis-
crepancies between measurements (y) and their functions
[h(zp, 2, p,t) in (17)] in the point of connection to the power
system [for example, for active, Py (t) and reactive, (), (t) power
generations]. Therefore the transient analysis (15)—(17) is rede-
fined as in Step 4d later.

Step 4 (Fig. 1) is performed by the following sub-steps:

Step 4a: Calculation of initial conditions of state (x() and
algebraic variables (z() from available measurements (y) by
the extended power flow equations [25, Section 15.1.2].

Step 4b: Numerical calculation of @ (t) by (8). Calculation
of non-measured algebraic variables from z’(¢) [in analyzed
MBAM-based reduced SG test example, the calculation of the
algebraic equation for e; in (A4)].

Step 4c: SINDy-based model identification (E, .+ ,) of Ny
fixed differential equations, N, algebraic equations, and N,

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 36, NO. 3, MAY 2021

measurements by the optimization model

€, = argmin|[|©(Xp, Z")Y), £, —

n

+}"2H£7L||1; n = 17 27

(Xr 2’ Y] I3

) (N.LF + Nz/ + Ny)

(18)

subject to
g (Xp,Z' pt)=0 (19)
g g, <™ (20)

Step 4d: Minimization of weighted square differences (Dif)
between measured time series [y(t)] and ones calculated by
fixed part of the identified reduced model (superscript ‘c’) in
Step 4c, (E4Oy), for t > t, (the initial condition excluded), is
proposed as (to simplify notation, the time dependence of all
variables is suppressed)

. . —_— 2
Dif = argmin ||lw (y — E,40,) |5 (21)
x5 ,2'°

subject to

2°=5,0, (23)
where

w vector of weighting factors for an-
alyzed measurements;

Er 2y = |Eer By Ey| matrix of calculated parameters
for the regression model identifi-
cation in Step 4c, and

Ozr, O, Oy vector of functions in a library of

K candidate constant, linear, and
non-linear functions (with time
response values) @ (X p, Z'Y)
(Step 4c).

For a practical example of the proposed optimization (21)-
(23), please see (21a), (22a-c), and (23a) in Section VI-B.

Notice that in the equality constraints (23) are excluded ones
from the measurement set {in analyzed SG test example, the
measurements of active, P,(t) and reactive, Q),(t) powers are
part of equality constraints [g in (2)] and measurement set [k in
31}

Step 4e: Based on the optimized fixed part of the state (22)
and algebraic variable time responses (23), calculation of the
differences between initial (for full model) state and algebraic
variable time responses (from Step 2) and ones calculated by the
reduced model, respectively as

z (t) = p (t) — x5 (t)

Z/dif (t) — (t) _ pc (t)

(24a)
(24b)

Step 4f: Parameters of the regression model are functions of
the parameter vector (p) as a set of non-linear equations

. =1f (p)7 (25)
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n=1, 2,..., (Ngr + N, + N,) where the number of non-
zero elements in the above equations is larger than the number
of elements in vector p.

The optimal parameters are calculated by

p = wrgmin €~ f (p) I3 (26)
where the elements of vector £ are only non-zero elements from
&,,’s (matrix = composed with column-vectors &,,).

These parameters are used for checking the convergence
criterion in Step 7, Fig. 1.

Next, we consider the case when the initial DAEs-reduced
model f in (15) is not satisfactory and want to use data (via
extended SINDy) to improve it (Step 5, Fig. 1). Let there be the
suited model (states ) and the additional data-driven part

ip = fo (xr.2',pt) + f1 (Tra 2§ 1) QD)
where for nonlinearities of various type one function from f is

Fri(@pa, zE 1)

ng nep  MNa

dif dir

= o + E BiFmTE, + E E BiFa,mnTFanT Ly,
m=1 m=1n=1

NFa

ng
+ Z ’Ysz(w%‘lfn)Q + Z ’Yiana:QFan T+
m=1 n=1

NFa NFa

+ Z 5ian Sin(mFan) + Z €ian COS(xFan) + - 5
n=1 n=1

i=1,2,... ,npa 28)

and np, is the number of additional state variables (in x g,) to
the fixed part (in ).

We find a’s, 3’s, 7’s, s, €’s, ...,by SINDy-based optimiza-
tion, and x are a new model

Tp _ dif 7
|:-7.3F(L:| - f(wFawFaawF = apat) (29)
or
iF :.fO (:L.Faz/vpat)+f1 (wFaa:E%ifat) (27)
Era = fo (wra @i’ t) + f3(@ra,t) (30)

which can be MBAM-ed again, possibly repeatedly.
Optionally, Step 6 may be applied to optimize the reduced
part

3D
(32)

T, = .fo ((l:hZI,p, t) + .fl (fﬂmawfif,t)
Trgq = f2 (mra7mgif7t> + .f3 (mravt)

The convergence criterion in Step 7 is that the difference of
parameters (calculated in Step 4g) in two subsequent iterations
becomes less than the pre-specified threshold.

VI. APPLICATION

We consider transient stability-related DAE-based dynamic
model (1)—(3) in a Matlab-derived simulation environment. The
proposed algorithm was tested on a real-world test system
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(Electric Power Industry of Serbia; a part of the ENTSO-E
interconnection) with 441 buses, 655 branches (lines and trans-
formers), 67 SGs (37 of four-order dynamic models and 30 of
six-order dynamic models), with automatic voltage regulators
and turbine-governor dynamic models. The dynamic model has
797/1284 differential/algebraic variables.

Our Matlab-based environment allows for a variety of state
variables (x), algebraic variables (z), and measurements (y) for
all SGs to be calculated (by transient analysis tool) and used for
simulations and verification of the proposed algorithm:

e state variables [vector (t) in (1)-(3)]:
rotor angle, §(t) and speed, w(t);
transient voltage in g-, e} (¢) and d-axis, €; (t);
sub-transient voltage in g-, e;’ (t) and d-axis, €/j(t).
algebraic variables [vector z(¢) in (1)-(3)]:
bus voltage magnitude, V' (¢) and angle, 0(t);
exciter’s output voltage, vy (t) and turbine-governor’s me-
chanical power, P, (t);
recorded measurements [vector y(t) in (3)]:

e state variables for rotor angle, §(¢) and speed, w(t);

e algebraic variables for bus voltage magnitude, V' (¢) and

angle, 0(t);
* algebraic variables for exciter’s output voltage, vs(t) and
turbine-governor’s mechanical power, Py, (t);

e mixed variables for active, P, (¢) and reactive, Q,(t) power

generations.

Notice that the above described full DAE-based dynamic
model is used to prepare the measurement sets in buses with
connected SGs. The proposed algorithm for SG’s model iden-
tification is based on measurements in SG’s point of connec-
tion {Py(t); Qq(t); V (t); 0(t)}, measurements of exciter’s out-
put voltage and turbine-governor’s mechanical power, {vs(t);
P,,(t)}, and DAE-based dynamic model of single SG, described
in Appendices A and B. Influence of the full power system
dynamic is represented by measurements in point of connection.

The proposed methodology is verified on the SG example in
bus 35001 (JHDJERG1—SG 1 in hydropower plant “Djerdap
I”’), with detailed input data given in Appendix C. Transients are
prepared by the three-phase short circuit on the SG’s connection
point, cleared after 250 ms, for full DAE-based dynamic model.

A. Nonlinear (Trigonometric) Terms in Right-Side of DAEs

This group of tests is performed with the four-order dynamic
model of the SG example (see Appendix A). Measurements
Py(t), V(t), and 0(t) are recorded in the SG’s point of con-
nection (obtained by simulations with PSAT-based full dynamic
model of the power system [25]). For these tests, the reactive
power measurement (), (t) is not included directly to (Al),
where this assumption will be relaxed later in Section VI-B
for the bound-constrained least-squares optimization (11)—(13).
Note that measurement Py (¢) may be calculated and included
directly into differential equations [as a function of measure-
ments V(t), 0(t), and state variables e; (), e};(t)—see (A2) in
Appendix A]. However, in this case, quadratic sine and cosine
terms need to be included in the SINDy’s model library, with
additional terms to be identified—see Appendix B. This means
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TABLE I
EXPECTED MODEL IDENTIFICATION (MATRIX Em, z,y) FOR LINEAR AND NONLINEAR (TRIGONOMETRIC) TERMS IN RIGHT-SIDE OF DAES

k ) @ e el R|V]e
Const. | —0,wq = 2501 = —314.159 | (P, + Dwy)/2H = 0.281 v /Tho = 0.436 0 0jo]o

s 0 0 0 0 0lofo

w Q, = 2150 = 314.159 —D/2H = —0.152 0 0 0lofo

e 0 0 — x4/ (Tjoxy) = —0.516 0 0lofo

ey 0 0 0 —xg/(Tgox)) =—9250 [0]0]0

P, 0 —1/2H = —0.080 0 0 1{ofo

v 0 0 0 0 o[1]o

] 0 0 0 0 0fo]1
Vcos(6 — 0) 0 0 (xg —x3)/(Tjoxg) = 0.360 0 0(0]0
Vsin(s — 6) 0 0 0 (g = %)/ (Thoxi) =4.250{ 0 [ 0| 0

that first set of tests for verification of software for basic SINDy
formulation (Section III-A) is performed with measurement
P,(t) and neglected the equality constraints (A2) and (12). This
assumption will be relaxed in Section VI-B. Exciter’s output
voltage in (Al), is set to be constant, vy = 1.4998 pu. For
turbine-governor’s mechanical power in (Al), we also use a
constant value, P,,, = 1.6 pu. Relaxation of these assumptions is
straightforward [measurements v (t) and P, (¢) simply extend
the measurement vector (y)-see Section VI-B].

In this case, there are four derivatives of state variables (vector
&) and three measurements (vector y) (4, w, €y €gr Pys V,
and 0, respectively) and K = 10 elements in a library of
candidate nonlinear functions in ®(X,Y, Z) (10) {Const.; ¢;
w; e;; el;y Py V303 Veos(d — 0),and Vsin(d — 6) }—for details,
see Appendix B. Expected model identification [matrix Ez .
in (10)] for linear and nonlinear (trigonometric) terms in the
right-side of the DAESs is shown in Table I.

Based on the analysis in Section III-B, we investigate the fol-
lowing software tools for the specified equality un-constrained
(12) and non-bounded (13) identification problem (10):

1) SINDy solvers from [13] and [20].

2) Lasso software with/without a warm start [26].

3) Constrained Lasso, with [27]:

a) gp_solver.
b) gp_solver with Isqsparse MEX for FORTRAN code
from GUROBI.
¢) using the alternating direction method of multipliers.
4) Constrained linear least-squares optimization (Matlab’s
Isqlin function).

5) Regularized Ridge regression [28].

Note that in the analyzed case, [X Z Y] is (208 x 7)-
dimensional matrix and O(X,Z)Y) is (208 x 10)-
dimensional matrix, where & = 1,2,--- K = 10 is the total
number of constant, linear, and non-linear (mixed trigonometric)
terms in right-side of DAEs, N, + N.+ N, = 7, and
Ny = 208.

Results in the form of (10 x 7)-dimensional matrix Eg, » ,
where K = 10 is the total number of constant, linear and
non-linear (mixed trigonometric) terms used in right-side of
DAEsand N, + N, + N, = T is the total number of analyzed
state variables (IV,), algebraic variables (V) and measurements
(IVy), obtained by the previously mentioned software tools, are
shown in Table II.

‘We may conclude that used solvers are inefficient for specified
SG’s equality un-constrained and non-bounded model identifi-
cation. This condition may be improved by fixing, for example,
the parameter €, in the equation for & (A1), but similar problems
remain (see clarification in Section III-B).

Based on the previously derived conclusions, the optimiza-
tion problem with additional constraints (11)—(13) is specified.
The optimization criterion (11) and equality constraints (12)
may be transformed into an augmented formulation (14), with
lower/upper bounds (13). This problem is adopted for the bound-
constrained least-squares optimization [29]

(33)

minimize | Az — b||3
xT
subject to

lxx=<u (34)
where I and w are vectors of lower and upper bounds with the
same dimension as vector x, respectively.

Note that this solver is not sparse oriented. However, sparsity
[term A2||&x || in (11)] is controlled by the boundary constraints
(13).

Results of the SG’s equality un-constrained and non-bounded
model identification in the form of (10 x 7)-dimensional matrix
E4,2,y are shown in Table III, where all parameters (including
Qy,) are optimized. Comparing with expected values in Table I,
these results are much better than those in Table II. The average
mean square error (M SFE) between measurements and calcu-
lated time responses by the identified modelis M SE = 0.0132.

The computation time for the SG’s model identification is
approximately 2.1 s (independent on the operational condition),
recorded on the machine with performances: Intel(R) Core(TM)
17-6860HQ CPU @ 2.70 GHz, 64-bit Operating System, 32 GB
RAM. This computation time suggests near-real-time feasibility
of the proposed model identification.

Influence of noise input data to SG’s model identification is
shown in Table IV for several characteristic intervals of random
errors in input transient series [X ZY ], (11), in a library
of dynamical elements © (X, Z,Y),, (11), and in parameter’s
lower/upper limits €21 /€2 (13). Also, in the last column of
Table IV are shown the results for missed damping term (D) in
the library of candidate dynamics (influenced terms are shown
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TABLE II
SG’s EQUALITY UN-CONSTRAINED AND NON-BOUNDED MODEL
IDENTIFICATION (MATRIX 2~ o) BY DIFFERENT SOFTWARE TOOLS
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TABLE III
SG’s EQUALITY UN-CONSTRAINED AND BOUNDED MODEL IDENTIFICATION
(MATRIX E ~ 4), OBTAINED BY THE CVX SOFTWARE [29]

SINDy algorithm [13] k 5 B e e, | B |V | #
k § @ e el Py 4 0 Const. |-314.162| 0.281 | 0.436 0 0 0 0
Const. -265.442 | 8.511 |-25.564|-65.576| 0 0 0 6 0 0 0 0 0 0 0
) 0 0 0 0.674 0 0 0 w 314.156 | —-0.152 0 0 0 0 0
W 265.447 |-7.738| 23.006 | 62.011 0 0 0 eg 0 0 -0.514 0 0 0 0
eq 0 -0.408| 1.251 1.931 0 0 0 e, 0 0 0 —-9.249 0 0 0
e, 0 —1.290| 4.656 | 5.426 0 0 0 7 0 —0.080 0 0 1.000 0 0
7 0 0 0 -0.210| 1.000 | O 0 Vv 0 0 0 0 0 1.000 0
%4 0 0 0 -0.453 0 |1.000f O & 0 0 0 0 0 0 1.000
7] 0 0 0 0 0 0 |1.000 Vcos(6 —6) 0 0 0.360 0 0 0 0
Vcos(5 — 6) 0 0 0 0.186 | 0 0 0 Vsin(é — 0) 0 0 0 4250 | © 0 0
Vsin(8 — 6) 0 0 0 |-0322]| O 0| o
. Lasso softw.are [26] . TABLE IV
k 5 » e e, By 4 0 SG’S UN-CONSTRAINED AND BOUNDED MODEL IDENTIFICATION (NON-ZERO
Const. 0 0 0 0 0 0 0 ELEMENTS IN MATRIX Eg ~ ) UNDER NOISE INPUT DATA AND WITH MISSED
s 0.147 —0.051| 0244 0.501 0 0 0 DAMPING TERM (D) IN THE LIBRARY OF CANDIDATE DYNAMICS, OBTAINED
BY THE CVX SOFTWARE [29]
W 266.130 [—4.949| 2.749 |385.622| O 0 0
ey 0277 [-0.187] 0 0 o[ oo — o T sor T oo T Miveed
7 asic case * () =+ () + () 1SS€
el 0241 [-0.881| 1.363 | 1235 | 0 0 0 (Table 11I) damping
7] 0 0 0 0 0971 0 0 term (D)
14 00551 | 0 0 0 | 0 109711 0 —0, 314.162 | 314.162] 312.679] 312.567| —314.162
o 0 0 0 10240 0 | 0 0971 Q, 314.156 | 314.156 | 314.156 | 314.156 | 314.156
Veos(6 = 6) g 8 8 8 g 8 g (P + Dwg)/2H | 0281 | 0281 | 0281 | 0281 | 0.128
Vsin(6 — 6) : : —D/2H —0.152 | —0.149 | -0.150 | —0.140 0
Constrained Lass%g)}gtﬂrqv];irAeT\(IMa(tilal; s qpaiﬁ}lzvggl\mt;lsqsparse MEX for —1/2H 20,080 | —0.079 | 0079 | —0.078 Z0.080
- _ oc on BD [ ]P —— v/ Tho 0436 | 0436 | 0436 | 0436 | 0436
g @ g €q g — x4/ (Tioxl) -0.514 | -0.513 | -0.513 | —0.513 | -0.514
Const. | -314.128 0211 ] 0268 | 1222} 0 | 0 | © Cea —x)/ (Taoxa) | 0360 | 0359 | 0359 | 0359 | 0360
g 0 0 | 0061 | 0916 | 0 | 0 | 0 —xo/(Tooxy) | —9.250 | —9.197 | —9.150 | —8.806 | —9.250
w 314.145 [-0.129] 0 [-0669] 0 | 0 [ 0 (ra =)/ (Tooxy | 3250 | 4250 | 4250 | 4250 | 4230
ey 0 0 [-0476]-0527] 0 [ 0 [ 0
0 MSE 0.0132 0.0151 | 0.0193 | 0.0365 0.0136
ey 0 0 0 [-3.063] O 0] o0
7] 0 —-0.053| —0.168 | 0.058 [ 1.000| O 0
4 0 —0.050] 0203 | 0.052 [ 0 [0.999] 0 TABLE V
] 0 0 0 0.196 0 0 10915 SINDY-BASED SG’S EQUALITY CONSTRAINED AND BOUNDED MODEL
Vcos(s — 8) 0 0 0.196 | —0080| 0 0 0 IDENTIFICATION FOR MBAM-BASED REDUCED THREE-ORDER SG MODEL
- 0064 0127 0 0 0 FROM (A3), (A4) (MATRIX B, ./ ) AFTER STEP 4C (FIG. 1), OBTAINED BY
Vsin(6 — 6) . —-0.055 . —0.098 THE CVX SOFTWARE [29]
Regularized Ridge regression [28]
k J @ % eg | B | V] 9O B ® | e e | B | Q | v | Pm
Const. 0 0 0 0 |1.61410.982]0.188 Const. S14162[ 0151 0 | 0 | 0 [ 0 [0
5 0 0 0 0075 | 0 0| 0 5 0 0 o T o T o T o To
w 0.515 0 0 0.111 0 0 0 1) 314.156 |-0.154| O 0 0 0 0
el 0 0 0 0 o[ oo o 0 IR EREEERK
ey 0 0 0 0.067 0 0 0 eq 0 0 [-9342] 0 0 0 0
P, 0 0 | 0076 | -0.080|0.240] 0 | 0 ] 0 0 0 Jo0joj]ojo
v 0 0 0 0 0 |0.086] 0 9 0 0 J 0 J 0 )00 o
7] 0 0 0 0 0 0 To072 vy 0 0 0 [0297] 0 0 |1.000
P 0 ]0079] o 0 0 0 1.000
Vc<.)s(6 —-0) 0 0 —-0.066 | 0.060 0 0 0 Vsin( —6)° o o T2 o 0 5 5
Vsin(8 — 6) 0 0 [ 0067 [-0.079] 0 0] o Veos( —6) 0 5 o Tom0T o o T o
Vegsin(s — 0) 0 |-0404] o 0 [5043] o [ 0
Vegcos(§5 — 6) 0 0 0 0 0 |[5145( 0
in shadowed cells). These results verify the robustness of the Vegsin(é - 0) 0 0 1 0 | 0] 0 |388] 0
h Velcos(S — 6) 0 |0302] o 0 |-3838] o [0
proposed approach. V2sin(d — B)cos6—0)| 0 | 0103| 0 | 0 |-1307] 0 | 0
V2sin(§ —6)sin(6 —6) | 0 0 0 0 0 |-3762] 0
V2cos(8 — 8)cos(8 — 6) 0 0 0 0 0 |-5.043| 0

B. Integration of SINDy and MBAM Algorithms

Measurement set [y(¢)] is obtained by the six-order state
{added sub-transient dynamics by e; and e to (Al)—see [24,
eq. (15.19)]} and two-order algebraic (A2) SG’s dynamic model,

* Notice that in trigonometric terms the measurements of voltage magnitude, V' (¢) and
phase angle, 0(t) are included
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Fig.2. Measured and identified SG’s transient responses of state variables (J, w, and e’d), state variable reduced to the algebraic variable (e;), and measurements

in function both state and algebraic variables [active (FP,) and reactive (Q4) powers] after fault clearing (top panels) and their differences (bottom panels).
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with added a random measurement noise. This DAEs-based
SG’s dynamic model is reduced in Step 3 (Fig. 1) by the MBAM
algorithm to [for clarification, see (A3) and (A4)]:
e three differential equations (6, w, and e’d),
¢ one differential equation transformed to the algebraic equa-
tion (e;; T, — o0) [5],
® measurements of exciter output voltage (vy) and mechan-
ical power from turbine-governor (F,,), and
e two retained algebraic equations (P, and Q,),

or
= {Ben}s
g = {e; Py Qq}
2= Ve’
y={PyQquV;b;vs P}

with seven parameters: ), 2H, 2/, x’q, x4, q, and T

The proposed integration requires less data (transient re-
sponses of reduced three-order SG dynamic model) and in-
put parameters [23], which has conceptual and computational
advantages. Differences in transient responses between mea-
surements and calculated values for the reduced-order dynamic
model are estimated by a fully data-driven SYNDy model (the
results presented later in Table V).

The expected SG’s equality constrained and bounded model
identification (11)—(13) (Step 4c, Fig. 1) with many more nonlin-
ear (trigonometric) terms in the right-side of DAEs for MBAM-
reduced model may be simply identified from (A3) and (A4),
similarly as in Table I.

SINDy-based SG’s model identification after MBAM-based
dynamic model reduction (Step 4c, Fig. 1) is represented by a
matrix E, , o, with K = 18 constant, linear, and non-linear
(mixed trigonometric) terms in the right-side of DAEs. Input data
for SG’s model identification is described by the measurement
set (with additional noise) Y = {P,(t); Qq(t); V(¢);0(¢);
v (t); Py (t)} [note that the algebraic variables (z) are part of
the measurement vector (y)]. The optimal solution, obtained
by the CVX software [29], is shown in Table V. Please note
that our procedure identifies the “right-hand” side of DAEs,
and not individual original parameters (as with standard system
identification procedures—for example, in [4]).

Measurements {described by the measurement set [Y (¢)] in
(21)} and MBAM- and SINDy-based identified SG transient
responses of state variables (0, w, and €/;), algebraic variable (eg),
and mixed variables [active () and reactive ((),) powers], after
fault clearing, and their differences are shown in Fig. 2. These
transients are obtained by minimizing the weighted differences
between measured and values calculated by a fixed part of the
reduced model (21), subjected to differential (22) and algebraic
constraints (23) (Step 4d). In our case, this optimization is
described as in (21a), (22a-c), and (23a) (to simplify notation,
the time dependence of all variables is suppressed).

Please note a large discrepancy for e; in Fig. 2, because the
exciter’s output voltage [v(t)]is very different for two dynamic
models [for example, vsg = vy (t = 0) = 3.168 pu for the
sixth-order dynamic model, compared with v;o = 1.4998 pu
for the fourth-order dynamic model (Section VI-A)]. However,
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Dif [pu]
~N w - o [=>]

i
T
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Time [s]

Fig.3. Optimization criterion [Dif (¢), ¢ > o] after minimization of weighted
differences between measured values [Pg(t) and Q4 (t)] and those calculated
by fixed part of the reduced model, subject to differential and algebraic equations
based constraints.

e, (t) identifies the variable as largely unaffected by tunable
model parameters (sloppy) and validates MBAM suggestion to
relegate it to algebraic variables. The voltage angle at the point
of connection varies considerably during this transient (more
than half a radian), meaning that a traditional single-machine
infinite-bus-type identification is unlikely to succeed.

min Dif

d,w,e

= w1 (Pg - 51275‘/@;5111 (5 — 9) — 51575‘/6&008 ((5 — 9)
— &16,5V%sin (6 — 0) cos (6 — 0) )2
+ w2 (Qqg — &13,6V el cos (6 — ) — &1a.6V eysin (6 — 0)

— &17,6V %% (5 — 0) — 15,6V c0s? (6 —0))°  (2la)
subject to differential equation-based constraints (22)
§=¢&1 +6&1w; (22a)

w="~& 2 +E&aw+ & aPm +&122Vesin (6 —0)
+ &15.2Vehcos (6 — ) + 162V ?sin (0 — 0) cos (6 — 0)

(22b)
¢y =8 eyt E0aVsin (6 —0), (22¢)
and algebraic equation-based constraint (23)

€y =Es3 vy + E11,3Veos (0 —0), (23a)

where w; = wy = 1.0.

This optimization problem (21)—(23) is solved by Matlab-
based ‘fmincon’ solver (to determine the fitting values for alge-
braic equations) and ‘ode45’ integrator (for transient responses
of differential equations). The calculated optimization criterion
(Dif) is shown in Fig. 3.

Results of MBAM- and SINDy-based identification by only
one additional state variable [ &, = x4 in (27), (29), and
(30)] for differences of retained state variables (fixed part) and
measurements in the function of both state and algebraic vari-
ables from Fig. 2 (bottom panels) are shown in Table VI. These
differences are completely data-driven (without exact mathe-
matical description) and formal polynomial and trigonometric
identification terms are assumed.
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TABLE VI
MBAM- AND SINDY BASED IDENTIFICATION (MATRIX Em’zzyy) OF STATE
VARIABLE DIFFERENCES (9, w, AND eii), ALGEBRAIC VARIABLE DIFFERENCES
(elq) AND MEASUREMENT DIFFERENCES (Py AND () 4), AS A FUNCTION OF
STATE AND ALGEBRAIC VARIABLES, OBTAINED BY THE
SINDY ALGORITHM [13]

k Sdif (;.)dif (e"/i)dif (elfl)dif %dif Q_gif
Const. | 75.501 |-128.478 | —1.406:10° | =1.601-10° | —3.886-10° | —460.745
5 0 0 0 0 4.094 0
w ~150.980 | 260.093 | 2.867-10° | 3.210-10> | 7.749-10° | 929.792
e 0 0 —14.149 ~7.788 | -28.1950 | -7.951
el 0 0 0 0 “1.541 0
5xa1 0 0 0 0 0 0
WX 1.000 0 0 0.592 0 0
i a1 0 0 0 0 0 0
ehXar 0 0 0 0 0 0
52 0 0 0 0 —3.421 0
w? 75479 | -131.615 | —1.457-10> | —1.607-10° | —3.860-10° | —468.273
(e))? 0 0 19.912 15.950 56.381 18.919
(eh)? 0 0 0 0 0.633 0
x2, 0 0 ~0.879 0 0 0
sin(xa,) 0 0 0 ~0.563 0 0
cos(xq1) 0 0 —1.738 0 0 0
TABLE VII

SG’s MODEL IDENTIFICATION (NON-ZERO ELEMENTS IN MATRIX Ez ~ 4)
FOR REDUCED PART, OBTAINED BY THE CVX SOFTWARE [29]

Coefficient State/algebraic| Expected | Identified
variables values values
—xa/ (Tgoxq ey -14.655 | —14.604
1/Th eq 11.905 12.021
(x5 —x3)/ (Thoxi) | Veos(s—6) | 2.750 2.751
—Xq/ (Tqo%q) eq -39.290 | -39.073
1/Tqo ey 23.809 23.895
(xg — %)/ (Tooxiy| Vsin(s-6) | 15480 | 15.490

In the reduced part of the dynamic model (31), there are the
following sub-transient state variables in g- and d-axis

1 N /o AW /A
Fo €y = _Tlé’o ( eg teg (af, —al) zd)
r o o ’ A
€ = 77, (—ed + eq+ (wg — 2q) iq)
. e!—Vecos(6—-0) . Vsin(6—6)—e/,
— . — 2 \" ) —d
where ig = “4——7——— i, = (gg,, )

Results of the mo(ziel identification for reduced state variables
(Step 6 in Fig. 1) after fault clearing are shown in Table VII.
Time responses of state variables (9, e;, and €/;) and algebraic
variables (V' and ) are ones from the optimized fixed part (Step
4,Fig. 1). Measurements and identified SG’s transient responses
of state variables in reduced part (eg and ¢/}) after fault clearing
are shown in Fig. 4.

VII. CONCLUSION

This paper aims to demonstrate the relevance of the sparse
identification of nonlinear dynamics (SINDy) algorithms for
data-driven identification of dynamic models used in transient
stability of large power systems. We extended the SINDy fam-
ily of candidate expressions to include products of state and
algebraic variables and trigonometric functions of state and
algebraic variables, including couplings with exogenous signals
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Fig. 4. Measured and identified SG transient responses of state variables in
reduced part (e} and €)) after fault clearing.

(measurements). The proposed methodology generates models
that are sparse by design and aims to identify only a few addi-
tional “active” terms in the dynamic response. For that reason,
the methodology tends to require fewer data to achieve a good
performance than other leading machine learning techniques and
seems to be largely immune to overfitting. The proposed model
identifies strongly nonlinear systems from local measurement
data only, and the model identification is fast enough to dis-
cover models in real-time (where the transient responses may
be generated continuously by the load/generation increments
due to the daily load/generation profiles). The ability to identify
effective models from small amounts of data is a very valuable
feature in time-critical scenarios, such as in the case of model
variations that could render the power system unstable.

APPENDIX
SG’s Models and Input Data

A. The Four-Order Model

The four-order differential (motion and electrical) and two-
order algebraic dynamic model (armature resistance r, is ne-
glected) of SG respectively are [25]:

0= (w—uwp)
. 1
w=5g (Pn—P;—D(w—wo))
f= é’q—T_ga (—€l, — (zqg — 2y ia + vy) (AD
ey =, (—eu+ (wg — ;) ig)
Py = Vsin (8 —0) ia + Vos (85 — )i
g:>{Qg: Veos (8 —6)ig — Vsin (6 — 0) 1, (A2)
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5 = Qb (OJ — OJO)
. 1 Vey o Ve, 2 (1 1) o
w=55 (Pn— —=2sin(6d —0) + —2cos(d — 0 V(———,)smé—e cos(6—0)— D (w—uw )
oo d =gt (P = Shsin(6—0) + Fteos (5 0) + V2 (& — £ )sin(0 - O)cos (6 0) = D(w—wo)) (x5
o1 Tq 1 (mq*m’q) :
e, ==+ | —Zte L Vsin (6 — 0
d T[’I0 ( xl, d + @ ( ))
e — Ty +MVCOS(5_9)
q 7 x4 f T4
Ve, . ' .
g = Py=-—2sin(6—0)— V;dcos (§—0)—-V? (Ii, — g%,) sin (0 — ) cos (6 — 6) (A4)
d q d q
Vel Ve!, . V2 . 9 V2 2
Qg = ! cos (6 —0)+ o sin (6 — 6) — arsin (6—0)— ar Cos (6—0)
where [9] H. Arbabi and I. Mezi¢, “Ergodic theory, dynamic mode decomposition

B.

ey — Veos (6 —0)

iq

g
. Vsin(6—0)—¢€,
g = -

Tq
r=[we, eﬁi]T

Vot

The MBAM-Reduced Three-Order Model

The MBAM-reduced three-order SG’s differential and three-
order algebraic dynamic model [denoted as the fixed part in (16)
and (17)] is represented by (A3) and (A4), shown at the top of

the

page, respectively. where g’ is the extended set of algebraic

constraints.

C.

Q
12.
0.2
0.4
v

[1]
[2]

[3]

[4]

[6]
[7]

[8]

SG’s Input Data

S, = 190 MVA; V, = 15.75 kV: f 50 Hz
2n f 1007 314.159; wo= 1 pu; 2H
467 MWs/MV A; D 1.9 pu; Ty = 6.5 s; Téo =
s; Ty = 0.084 s; ;’0 = 0.042 s; 24 = 0.655 pu; x4 =
87 pu; x; = 0.196 pu; xfz 0.263 pu; ) = 0.159 pu;
= 0.159 pu.
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