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Summary

This paper presents a method for determining the relevant buses for reduced
models of power grid networks described by systems of differential-algebraic
equations and for constructing the coarse-grain dynamical power grid sys-
tems. To determine these buses, time integration of differential equations
is not needed, but rather, a stationary system is analyzed. However, unlike
stationary-system approaches that determine only coarse generator buses by
approximating the coherency of the generators, the proposed method analyzes
the graph Laplacian associated with the admittance matrix. The buses for the
reduced model are chosen to ensure that the graph Laplacian of the reduced
model is an accurate approximation to the graph Laplacian of the full sys-
tem. Both load and generator buses can be selected by this procedure since the
Laplacian is defined on all the buses. The basis of this proposed approach lies
in the close relationship between the synchrony of the system and the spec-
tral properties of this Laplacian, that is, conditions on the spectrum of this
Laplacian that almost surely guarantee the synchrony of the system. Thus,
assuming that the full system is in synchrony, our strategy is to coarsen the
full-system Laplacian such that the coarse Laplacian possesses good approxi-
mation to these spectral conditions. Accurate approximation to these conditions
then can better lead to synchronous reduced models. The coarsened Lapla-
cian is defined on coarse degrees of freedom (DOFs), which are associated
with the relevant buses to include in the reduced model. To realize this coarse
DOF selection, we use multigrid coarsening techniques based on compatible
relaxation. Multigrid is the natural choice since it has been extensively used
to coarsen Laplacians arising from discretizations of elliptic partial differential
equations and is actively being extended to graph Laplacians. With the selec-
tion of the buses for the reduced model, the reduced model is completed by
constructing the coarse admittance matrix values and other physical parame-
ters using standard power grid techniques or by using the intergrid operators
constructed in the coarse DOFs selection process. Unfortunately, the selection
of the coarse buses and the coarsening of the admittance matrix and physi-
cal parameters are not sufficient by themselves to produce a stable reduced
system. To achieve a stable system, system structures of the fine-grain model
must be preserved in the reduced model. We analyze this to develop a multigrid
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methodology for constructing stable reduced models of power grid systems.
Numerical examples are presented to validate this methodology.
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1 | INTRODUCTION

The emergent power grid is fundamentally changing the structure of the power grid network. Because of the incorporation
of new technologies and new market policies, analysis of the grid will require new techniques and tools. These new
technologies and policies can arise from a shift to renewable energy sources and from deregulation of the electric markets.
Implementation of these in turn will affect the dynamics of the grid and, thus, affect the stability of the system. Fortunately,
the incorporation of new technologies and policies can be included in the mathematical formulations of the grid. For
example, modeling renewable energy leads to stochastic models, and modeling deregulation leads to decentralized or
multicomponent systems. In this paper, we consider a computational method to handle one aspect of power grid analysis
of the emerging grid. This is the construction of coarse-grain reduced models for large parts of the grid. This aspect can
arise from the need to conduct quick real-time analysis of the grid, in order to take advantage of new system devices. It
can also arise from decentralization of the full network where different utility companies manage sections of the network
but with limited data on the state of the full grid. Constrained by limited data, it is argued that reduced models can be
used for sections of the network that the companies do not manage.

Model reduction is not new in the power grid community. Probably, the most commonly used method is to approxi-
mate the coherency of the generator dynamics when selected disturbances to the system are introduced (e.g., the works of
Chow et al.,! Kundur,> and Machowski et al.3). To obtain these approximations, the system of differential-algebraic
equations is integrated for a sufficiently long time for each disturbance scenario in order to determine the dynami-
cal response of the system. Time integration makes this method very expensive and it has been observed that different
coherent groups/patterns can be produced for different disturbance scenarios. Reduced model techniques have also been
developed from stationary systems. These methods are often based on aggregation of nodes and may have electric circuit
analogies. Two of these methods are Dimo's aggregation, which requires introducing fictitious branches possibly with
negative admittance weights (see the work of Dimo*; this is summarized in the work of Machowski et al.*) and Zhukov's
aggregation, which requires that the voltage and currents at the retained nodes be unchanged and that the injected power
at each aggregated node equals the sum of the injected power at the nodes making up the aggregate (see the work of
Zhukov?; this is summarized in the work of Machowski et al.?). One stationary system approach that is rather different and
of interest is Machowski's work.? This method approximates generator coherency using measures on coefficients that are
closely related to the graph Laplacian. We will give a brief description of this method later. Finally, in recent years, there
has been some development in SVD/eigenvalue or proper orthogonal decomposition techniques for model reduction of
power systems (e.g., the work of Barocio et al.®). These approaches can be viewed as projection methods that approxi-
mate the full system using the “dominant” eigenvectors of a sample covariance matrix from time snapshots of the system
dynamics. A disadvantage of these approaches is that they do not determine the most relevant buses of the system, which
has practical relevance in power grid analysis. A related disadvantage is that they do not address many of the fundamental
challenges in developing good coarse-grain models. One goal of this paper is to address some of these challenges.

In this paper, we develop a fast computational technique that also avoids time integration. The method is based on
some recent mathematical development on the synchrony of the grid.”? Instead of determining the groups of coherent
generators, we determine the buses that lead to good approximation of the synchrony of the full grid. To be precise,
we determine the buses, load, and generator buses that are most relevant for synchrony. The key behind this strategy
is that synchrony can be determined from the graph Laplacian associated with the admittance matrix. The selection
of the buses is then based on ensuring that the graph Laplacian of the reduced model is an accurate approximation to
the graph Laplacian of the full system, which in turn is based on accurately approximating spectral properties of the
full-system Laplacian. In particular, assuming that the full system is in synchrony, its graph Laplacian will satisfy certain
spectral properties. Construction of the reduced model will be governed by ensuring that Laplacian of the reduced model
accurately satisfies these spectral properties. Now, to achieve this, it is important that both the appropriate buses are
retained and the values of the reduced Laplacian matrix are appropriately formed. We will achieve these using multigrid
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coarsening techniques. However, it is unclear if the multigrid techniques designed for discretized scalar partial differential
equations (PDEs) will be sufficient. The Laplacians for the power grid networks have more unstructured sparsity patterns.
Thus, we will use some of the recently developed multigrid techniques for graph Laplacians.®!

We mention beforehand that the numerical experiments will involve power systems with network patterns given by
discretizations of PDEs, although the graph weights are random. One reason for this is the ease in constructing stable
large-scale power systems using these connection patterns. Another is that the goal of this paper is to demonstrate that
multigrid techniques can be used to construct reduced models for these dynamical systems. This is not obvious because of
the nonlinearity and nonelliptic characteristics of these systems. Furthermore, it is not obvious if a multigrid-coarsened
Laplacian is all that is needed to produce a stable reduced model. Thus, the first step is to determine the necessary multi-
grid and system components that must be satisfied to ensure stable and accurate reduced models. Hence, it is sufficient
to use these power networks for the numerical experiments. Employing the recently developed multigrid techniques for
graph Laplacians will ensure that all the parts of the new model reduction methodology are in placed to handle real power
systems, which we are currently in discussion with power grid engineers for obtaining. Application of the new methods
to these real systems will be described in a future paper.

Two of these necessary components in constructing stable and accurate reduced models, besides the selection of coarse
buses and formation of the coarse Laplacian, are carefully coarsening the physical parameters (e.g., inertial and damp-
ing coefficients, and mechanical powers) and preserving system structures of the fine-grain model. We will see that the
physical parameters can be coarsened using the intergrid operators produced in the coarsening procedure. We will also
see that coarse dynamical system should not introduce variable coupling other than through the coarsened Laplacian.

This paper progresses as follows. In Section 2, the classical power grid problem is reviewed and a fully differential model
to replace the system of differential-algebraic equations is described. We will assume that the classical model is used for
the whole grid, although extensions to higher-order models will be explored in the future. In Section 3, synchrony and the
graph Laplacian synchrony conditions will be presented. In Section 4, multigrid methods for scalar PDEs are reviewed,
particularly the strength of connection between nodes in PDE-based Laplacians and compatible relaxation to determine
a generalized strength for general graph Laplacians. Furthermore, the formulas for the intergrid operators are presented
since these operators will be needed to form the coarse-grain Laplacian operator. In Section 5, we combine the synchrony
condition, the multigrid techniques, and techniques for coarsening the power grid parameters to produce the reduced
models. We then analyze these models to determine principles that must hold to produce an accurate and stable reduced
model. Lastly, Section 6 will present some numerical results.

2 | MODEL REDUCTION OF THE POWER NETWORK

We assume that the full power grid network is composed of m generators and n buses of which (n — m) are load buses
and the remaining m buses are generator buses. Each bus is represented as a node on a graph, and the transmission lines
connecting the buses are the edges of the graph. With E denoting the set of edges, we use G(n, E) to denote this graph.
In addition, let Ny and N; represent the set of nodes corresponding to the generator and load buses, respectively. The
most general mathematical formulation that describes the dynamics of the power grid is the differential-algebraic system
defined on the graph as follows:

x=FXy) €y

0=G6xy), ()

where x contains the differential variables describing the dynamics of the generators and y contains the algebraic variables
governed by algebraic constraints, for example, the power-flow equations given by algebraic relations on the voltages and
currents through Kirchhoff's law.

The most basic model for (1), or the lowest-order model in the sense that only the rudimentary details of the physics
are included, is the swing equations or classical model. It has the form

Higl' + DiSi + Pe,i - Pm,i =0 i€ Ng, (3)

where, for generator i, unknown §; is the phase angle, H; and D; are respectively the inertial and damping parameters,
and P,; and P,,; are the electric power output and mechanical power. Introducing the speed/frequency w; = §;, the above
equation can be converted into the first-order system (1). Knowing the states 6; and w; at any time, we can assess the state
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of the power grid system at any time. Better assessment can be gained by using higher-order models that involve more
dynamic variables for some of the generators. These models will not be considered in this paper.
Turning to the algebraic constraints, the power-flow equations are based on the nodal network equations

I=YV, 4)

where I and V are the complex-valued currents and voltages at the n nodes and Y is the (n X n) complex-valued admittance
matrix describing the conductances and susceptances of the network. The power injected at node i is given by

Vil; i=Pi+V-1Q, (5)
where the asterisk denotes the complex conjugate, and the real (P;) and imaginary (Q;) components of the power are called
the active and reactive powers, respectively. Separating the admittance matrix into its real and imaginary components,
that is

Yij = Gij +v-1 Bij,
the power-flow equations can be expressed as

n
P =VGy+ Y, ViV [Bysin(sy) + Gy cos(sy)] (6)
J=Lj#i
n
Qi =-VBi+ ) ViV;[Gysin(sy) — By cos(3y)] , @
j=Lj#i

where V; is now just the voltage magnitude at the jth bus, G; j and B;; are the conductance and susceptance of the trans-
mission line connecting buses i and j given in the symmetric matrices G and B, and 6;; = (6; — 6;). The four types of
quantities in these equations are the active and reactive power, the voltage magnitude, and the phase angle. The buses
are categorized according to the specified quantities at the bus: a PV bus (usually a generator bus) has its active power
and voltage magnitude specified, a PQ bus has its active and reactive power specified, and a slack bus has its voltage
magnitude and phase angle specified. The unspecified quantities are determined by solving the power-flow equations.

The algebraic power-flow equations can be approximated with a differential system. One way to do this is to view the
algebraic variables as fast time-scale variables, which then allows us to express the algebraic equations as

€y = G(X,y),

for small ¢ > 0. Another way that leads to a more explicit form is to take a frequency-dependent model for the power
drawn at the load buses. Assuming that the conductances are negligible, the electric power is given by the formula

n
Pei= ) ViV;Bysin(;). ®)
j=1
The electric power drawn by load bus i can be expressed in a similar form. Now, assuming that the drawn load is frequency
dependent, for small frequency variations about a stable operating point that has drawn power P7 ., we have
Py = Pt(i)i + Digi, D; > 0. (9)

Equating P,4; with its series expansion, we have

ViV;By; sin(8y) = Py, + Did; (10)

n
j=1

(the negative sign arises because power is drawn out). Collecting (3), (8), and (10) gives the system

n
Hib; + Didi + Y aysin(d;) = Pni i €Ny (11)
j=1
0 J
Did; + Y aysin(@;) =P, i€N, (12)
j=1

where a;; = V;V;B;;. This system is known as the structure-preserving model for power grid networks since it involves
the complete generator and load structure in the model, as opposed to the network-reduced model that applies a Schur
complement reduction to eliminate the load nodes from the system. (This reduction is known as the Kron reduction in the
power grid and electrical engineering communities.) With the Schur complement reduction, the network-reduced model



LEE Wl LEY 50f27

involves only a system of differential equations with a denser Schur-complement admittance matrix. Not only does the
denser matrix destroy the structure of the original network, but also the loads do not participate in the network-reduced
model. One feature of the emerging power grid is the stochastic behavior of some loads. Thus, it may be beneficial to keep
some of the loads in the network.

Even for the lowest-order model, the structure-preserving model is too complex for analyzing realistic power grid sys-
tems. For example, because of the deregulation of energy markets, only part of the grid may be accurately known and
monitored. With this limitation, it is often argued by practitioners that a model reduction is adequate. For the deregula-
tion scenario, the reduction involves partitioning the grid into an internal subsystem that the utility company manages,
an external subsystem that it does not manage, and an interface subsystem. A higher-order model in fact can be used in
the internal subsystem. However, for the external system, a reduced classical model can be sufficient given the limited
data for this subsystem. A common methodology used in the power grid community for formulating the reduced model is
first to eliminate the load buses using a Kron reduction and then retaining only selective external generators. The retained
generators can be determined by grouping the generators into phase coherent sets, where phase angles §; and §; are said
to be phase coherent if

|8:(6) = 6;(D| a1 <€ 210 (13)

for some € and ¢y, where “mod 1” means that this relation holds within a constant determined by the initial conditions of
6; and §; (i.e., the two trajectories are almost parallel). By selecting one representative generator from each coherent set,
the set of external generators is effectively coarsened.

However, determining the coherent phases is nontrivial. As mentioned earlier, approaches for determining them gen-
erally require numerically integrating the dynamical system under different scenarios to observe the dynamical responses
of the generators. One method that avoids time integration is described in the work of Machowski et al.> This method
determines the coherent phases by perturbing the angle at one of the boundary interface generators and approximating
the change in the power output at the external generators. Simplifications of the system are assumed: the angles at the
other nodes are constant, all the voltage magnitudes are constant, and the mutual inductance G;; and damping D; are
negligible. The argument follows. Let 6, be the phase angle of an interface generator that is perturbed by Aéy. The active
power at an external generator i changes to

n
P;i(Ady) = ViZGii + ViViBy sin(6y — Ady) + Z ViV;By; sin(5y)), (14)
J=L#jk
so that, using (6) and the simplifications, the power change at generator i is

AP;(ASy) = ViV By [sin(Si) — sin(8i — Ady)]
~ ViVi Bk cos(8) Ady

= My Ady, (15)
where My, := ViViBix cos(5i). Since the damping is assumed negligible, the change in the active power leads to the
following change in the acceleration of the rotor:

. AP;(A i
Ad; = AP(A%) & &Aék. (16)

H; H;

Notice, however, that this change in the acceleration generally leads to an instantaneous change in ;, which would mean
that the angles at other nodes are not constant, which then implies that the active power P;(Adx) has a more complicated
form than (14). Nevertheless, assuming that this method is sufficiently accurate, two external generators are coherent if
the change in the rotor accelerations are similar: Generators i and j are coherent if

M., M;

Mk _ 2 7)

H, ~ H,
For practical purposes, this coherency condition only has to approximately hold. However, creating the coherent groups
of generators is still challenging. One way to partition the generators is to consider all generators i and j to be in the same
group S if

Mi M

. J
max — — min — | < pg, 18
iégx Hi /GIS Hj Pk ( )
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for a small p; > 0. In the work of Machowski et al.,> this measure is normalized as

My ; My
maxies? - mll’ljes—
1

o< (19)
ds = Pk
where
. . [ Mi; M
ds = min d;; dij =min{ —, —
(@L)HET ij | Hi H;

and T is a tree in S. A tree of edges is required because two generators can be strongly connected through a sequence
of edges rather than being directly connected. Notice that a group is adaptively constructed in the sense that, as new
generators are included in the group, measure (19) must be modified. This makes the algorithm nontrivial. Moreover,
notice that the groups are strongly dependent on the interface generator k. Thus, selecting a different interface generator
can dramatically change the partitioning. The work of Machowski et al.> does not describe the sensitivity of this interface
dependence and does not present a method that constructs one partition using all the interface generators. Moreover,
even with a partitioning, a systematic procedure for constructing the admittance matrix for the reduced model can be
difficult, particularly because a Kron reduction is performed before the partitioning, making physics-based constructions
of this admittance matrix difficult. Nevertheless, because the Mj,'s depend only on the susceptances and initial voltage
magnitudes, the algorithm does not require time-integration simulations.

To complete the construction of the reduced model, the inertia, damping, and mechanical power for the retained
generators must be formed. In the power grid community, the inertial and mechanical power are constructed with the
aggregation formulas

Hy= Y Hi  Pns= ) P (20)

ieS ies

2.1 | Comment

In this paper, we will assume that the voltage magnitudes are held constant in structure-preserving system (11)—(12). In
practice, this is reasonable since the algebraic power-flow equations first can be solved for the voltage magnitudes and
angles, with the resulting angles taken as the initial conditions for the structure-preserving differential equations and
with the voltage magnitudes held constant in these equations. These differential equations then are integrated up to a
fixed time, after which the power-flow equations are again solved for an updated set of voltage magnitudes and angles
and the integration process repeated. Because of the required small timesteps, the integration procedure can be more
computationally intensive. In this paper, the coarse-grain technique is specifically developed to improve this procedure.

3 | SYNCHRONY OF THE POWER GRID

The solution & of (11)-(12) is said to be phase cohesive if there existsa y € [0, ) such that
|6:(6) = 6;(0| <y V(. j) EE,t20.

The solution is also said to be frequency synchronized if all the frequencies 6; converge to a common frequency as t — co.
Following the work of Dorfler et al.,® a power grid system is said to be synchronized if it is phase cohesive and frequency
synchronized with y < % One can see that synchrony is closely related to phase coherency.

Moreover, synchronization is related to the stability of the power grid. Since the frequency of electricity must be the
same over the whole network (e.g., in North America, the common house supply of electricity is 60 Hz), all the generators
must oscillate at a synchronized frequency for the system to be stable. Now, it is clear from (11) and (12) that the bus angles
couple only through the network term Z;l:l a;; sin(6;;). Without this term, each generator oscillates at its own natural
frequency, implying that the generators are not in synchrony and so the system is unstable. The network coupling needs
to be sufficiently strong for a stable system to arise. Quantification of this coupling strength is revealed through the graph
Laplacian of the system, that is, the matrix L r with elements

—a;; i#j

Lry = ! o (21
24 L=17

where we have used subscript f to distinguish the Laplacian of the full system from the Laplacian of the reduced system.

Note that, because each bus is connected to only a small number of buses in a power grid, this graph Laplacian is sparse.
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Although properties of L have been known to reveal the synchrony of similar but simpler systems of differential
equations such as the Kuramoto model, which can be used to describe chemical and biological oscillators,'>!3 only
recently have extensions been derived for power grid networks.”® Let

Py, i €Ny
P, =
—Pgi, ieN

n
Zaij sin é;; = P; i€NgUN,. (22)
j=1
The solutions of this system are the equilibrium points of the structure-preserving system. Stable equilibrium points,
which describe the stable solutions of the dynamical system, are possible if the system satisfies a synchrony condition. To
describe this condition, let L; denote the pseudoinverse of L. If

where p = (P), |IX||g.c0 = maX jerlxi —x;|,andy < % then for almost all power grid networks, there exists a solution

6ij of (22) that satisfies

and consider the system

Lj,p”EOo <siny, (23)

|61 < ¥ V@i,j) € E
(see the work of Dérfler et al.?). This is a stable solution. Thus, condition (23) is the synchrony condition we will use.
Additional information can be extracted from condition (23). Consider the eigenvalue/eigenvector decomposition of L,

L, = USV'.

From (21), we see that L has zero row sum meaning that zero is an eigenvalue with the constant vector being the
corresponding eigenvector. Furthermore, vector Lj,p can be decomposed into an eigenvector expansion, with its dom-
inant components being the projections onto the eigenvectors corresponding to the smaller nonzero eigenvalues. For
a general p, to accurately approximate L}p in a reduced model, we require that the smaller eigenvalues/eigenvectors
of the coarse-grain Laplacian be accurate approximations to the smaller eigenvalues/eigenvectors of L. Denote such a
coarse-grain Laplacian by L. Because L. approximates Ly for the dominant modes and because the dominant compo-
nents of L;p consist of these modes, the synchrony of the full system ideally should be captured by the reduced model.
Hence, we have a strategy for choosing the buses for the reduced model; choose the buses that best ensures that the result-
ing L. accurately approximates Ly, particularly for the smaller eigenvalues/eigenvectors. Unlike other reduced model
methods, we will select both generator and load buses because both are relevant for accurately representing the full
power grid (e.g., the loads can affect the stability of the grid, especially in the modern grid). This coarse bus/node selec-
tion problem has been extensively studied in another context, that is, for developing fast solvers for discretizations of
elliptic PDEs. For these Laplacians, multigrid techniques for selecting the coarse degrees of freedom (DOFs) and con-
structing the coarse-grain Laplacian lead to a good approximation to the fine-grain Laplacian. Moreover, these techniques
allow the construction of not just one coarse Laplacian but also a hierarchy of coarser Laplacians, which can be use-
ful for observing the scale at which difficulties can arise. For Laplacians coming from more general graphs, multigrid
techniques are being actively investigated. We will employ some of these recently developed methods to determine the
coarse buses.

4 | MULTIGRID

One of the most efficient method for solving systems of equations described by weighted Laplacians coming from scalar
elliptic PDEs is multigrid. Multigrid achieves its efficiency by using a hierarchy of grids, where the computation on the
coarser grids costs only a fraction of the effort in computing on the original grid. Moreover, by carefully designing the
grid-level computation to handle only solution-error components on the scale of the level, the goal of the grid-level
computation is to resolve only grid-scale features. The solution/error components are then handled levelwise.

The two complementary components for a robust and efficient multigrid solver are the smoothing and coarse-grid
correction. The purpose of smoothing (e.g., a few sweeps of Gauss-Seidel or weighted Jacobi iteration) is to “smooth”
out the error in an approximate solution. For Laplacians arising from structured grid discretizations of scalar elliptic
PDE, smooth errors actually correspond to geometrically smooth errors. However, for general Laplacians, these errors
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correspond to the algebraic near-null space of the Laplacian. As for the complementary coarse-grid correction, this
process refers to the updating of the fine-grid approximation with the solution of the coarse-grid problem. The ideal
situation is to have the coarse-grid correction resolve error components that are not well handled by the smoothing
procedure. This is the essence of the so-called complementary smoothing/coarse-grid principle in constructing a good
multigrid method.

One of the challenges in developing a multigrid method that satisfies the complementary principle is constructing an
accurate coarse-grid problem. This, in turn, requires defining the coarse DOFs and the intergrid operators between the
coarse and fine levels. The coarse DOFs must be chosen to permit formation of accurate coarse-grid problems, or viewed
differently, weighted sums of the error at selected coarse DOFs must be able to accurately represent the error at fine DOFs
that are not sufficiently handled by the smoother. Hence, the selection of the coarse DOFs is intimately connected to the
effectiveness of the smoother, which is directly related to the Laplace operator. To select these coarse DOFs, a measure
based on the operator is needed. For discretized PDEs on unstructured grids, this measure is given by the strength of
connections between the DOFs and is determined from the coefficients of the Laplacian. For example, in a classical
Ruge-Stuben coarsening approach'* for discretized PDEs, the following strength of connection measure is used: DOF x;
is said to strongly influence DOF x; if

|Lf,ij| > Hl'll’cliX |Lf,ik| for0 <6 <1. (24)
i

The coarse nodes are essentially selected to be the DOFs that strongly influence the most number of fine DOFs (i.e., DOFs
that have not been selected to be coarse nodes) and form a maximal independent set. Since this selection is based on a
measure explicitly involving the coefficients of Ly, these coarse DOFs, together with other procedures in the Ruge-Stuben
multigrid method, can accurately represent the eigenvectors with smaller eigenvalues when the Laplacian comes from a
discretization of a scalar elliptic PDE.'413

For the graph Laplacians arising in power grids, other measures may be needed since the Ruge-Stuben coarsening
might not be able to detect the appropriate nodes for these matrices. An alternative method is based on compati-
ble relaxation,’ 11 which allows the selection of the coarse DOFs using approximations to the algebraically smooth
eigenvectors themselves. However, this selection procedure requires a more general “affinity” measure between the DOFs.

To describe this selection procedure, we use the fact that the coarse DOFs can be implicitly exposed through the per-
formance of the smoother itself. From the complementary principle, algebraically smooth error components that are
poorly handled by the smoother must first be representable on the coarser level. Thus, what remains after smoothing
can themselves expose candidates for the coarse DOFs, particularly small sets of them that can accurately represent the
poorly handled error. Specifically, consider solving a linear system Lyx = b using a smoother/relaxation scheme like
Gauss-Seidel. After a few sweeps of the smoother, the dominant component in the error of the approximate solution
consists of the desired “smooth” eigenvectors. Compatible relaxation exploits this fact. It applies the smoother to the
homogeneous problem

LfX =0 (25)

with exact solution x = 0 (choosing a particular b for the right-hand side would make x dependent on b, but the goal is
to approximate the eigenvectors with smaller eigenvalues). Starting with a random initial guess, after several smoothing
sweeps, the resulting approximation, which is also the error, will expose these eigenvectors. By repeating this process for
a collection of random initial guesses that are orthogonal to previously smoothed vectors, a good approximation to these
eigenvectors can be obtained. (To be precise, this procedure is not exactly compatible relaxation. In compatible relax-
ation, relaxation is applied only to subsets of DOFs to determine the ones that lead to slow convergence in the relaxation
scheme. By repeating this process, all the DOFs that lead to slow convergence are progressively determined. For power
grid applications, this meticulous method may be an overkill. Thus, we only consider relaxation on all the DOFs and do
not monitor the convergence of each or subsets of DOFs.)

From this collection of smoothed vectors, the coarse DOFs can be selected based on an appropriate measure. Two
measures that are of particular interest for power grids are given in the works of Ron et al.? and Livne et al.'%: Let {x! }f: L
be the set of smoothed vectors, let « and f denote two arbitrary components of the vector x! and define the node inner
product

K
— Il
(Xaa Xﬁ) - Zxaxp'
=1
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The measures are the distance and correlation-related quantities

duy = 1 (26)

max;—; . x X4 — xfj|

|0, %)
Cop = T———————- (27)
(Xa’ Xa)(Xﬁ’ Xﬁ)

Both have physical relevance in power systems (distance and correlation between buses can reveal coherency behavior).
For a given threshold 8, nodes a and f are said to be of close affinity if the selected measure is greater than this threshold,
for example, for c,5, we can choose 0.5 < 6 < 1. Nodes that are close have a better chance of being “aggregated” with
similar coarse nodes, which are referred to as seeds. As the strength of connection is used to determine the coarse nodes in
the classical Ruge-Stuben method, the affinity measure is used in an analogous way. In particular, as in the Ruge-Stuben
coarsening, a coarse node and all the fine nodes that it strongly influences are “fractionally” aggregated in the sense that
these fine nodes may be aggregated with several coarse nodes; the affinity measure will be used to fractionally aggregate
the fine nodes with the seeds. This will lead to an overlapping partitioning of the nodes in the sense that a nonseed node
can be part of several aggregates.

As developed in the work of Ron et al.,” to determine which nodes become the seeds, the affinity measure is used to
construct the projected volume of the resulting aggregate if a node was selected as a seed. To describe this, for each node
i, let N(i) be its neighborhood (i.e., all j € Ny U N; such that ij € E) and let v; be its volume, which is initially 1. With z
denoting either measure, the projected volume v; for node i is defined as

Vi =V; + Z v Zy .

ijeE ijeE Zjk
All nodes that have projected volumes greater than a factor of the average projected volume over the whole grid become
seeds. This is the first pass for determining the set of coarse nodes, which we denote by C. The second pass can convert
a nonseed node into a seed if its affinity measures to other nonseed nodes are relatively large or if its weighted graph
connections in Ly with nonseed nodes are relatively large: that is, for some threshold Q and for a nonseed i, if

2 econGy Zii <0 or 2jeconay Lris <o 28)

Zj eN() <ij Zj en Lr.ij

then move i to C. Interpreting, the first inequality holds if the z;;'s to its neighboring nonseed nodes, N(i)/(C n N(i)),
are large compared to the affinity measures to its neighboring C nodes, (C n N(i)). The second inequality has a similar
interpretation but in terms of the graph connections. Notice that the selected seeds are nodes themselves, and thus, they
physically represent buses.

After this second pass, all nonseeds form the Fnodes. Fori € F,ican be associated with several aggregates/seeds. The
maximal number of seeds that each nonseed is associated with is referred to as the caliber of interpolation. Given caliber /,
the seeds that i is associated with are determined by the maximal z;;,j € C, affinity to seed nodes, and maximal graph
connections Ly ;;,j € C with seeds.” Finally, denoting the seeds that an F node i is associated with by N€(i), the caliber
interpolation operator 7 is computed as

Ly ij/ Xenaq Lk i€ F,je Nai)
I, =41, j=iieC (29)
0, elsewhere.
With 7, the coarse-grain Laplacian is
L.=I'L/T, (30)
which is often referred to as the RAP (the triple matrix product of the restriction R, operator A, and interpolation P) or
Galerkin coarsening of L .

4.1 | Comments

a. An immediate conclusion for power grid applications can be deduced from (27). Assume that some of the rows of
graph Laplacian are strongly diagonally dominant. Then, relaxing (25) leads to quick convergence to zero for the
DOFs corresponding to these rows. Now, assuming that the probability distribution of x, has mean zero, then (27) is
an estimate of the correlation between nodes a and . For power grid systems, if « and f correspond to generators,
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then diagonal dominance means that these generators have weak correlation with other generators, that is, these
generators swing independently. On the other hand, strong correlation between groups of a's and f's reflects strong
coupling between these generators. Since the smoothed vectors are randomly selected, this sample correlation
measure will give a good estimate of the physical coherent groups.

b. Compared to other techniques for selecting the coarse generators, one of the advantages of the relaxation-based
method is that it uses the diffusivity of information to determine the important generators (see the work of Coifman
et al.!”, which describes diffusion for feature extractions in large data sets). That is, since the smoothing sweeps reveal
how information propagates through the graph, selecting the coarse generators using compatible relaxation reveals
the diffusion of electricity through the graph. Using several random initial vectors, we can capture the statistical behav-
ior of the electricity diffusion essentially with random power flows. This can lead to more accurate assessments of the
power grid network than traditional techniques. For example, unlike a graph node-degree approach (e.g., the work
of Wang et al.’®) that selects the relevant buses to be the ones that have the most number of graph links, the physical
conductance/susceptance coefficients of the admittance matrix together with the power flow behavior are used in the
relaxation-based method.

c. Assuming that the mean of the set {x' &, ateach node « is zero, c,p is the observed correlation of the phases at « and
p. Hence, in computing this measure, we also get an important practical monitor on the sensitivity of the buses to
each other.

5 | MULTIGRID FOR MODEL REDUCTION OF THE POWER GRID

The above multigrid procedure will be used to construct the reduced models. Although only a two-grid method is needed
for model reduction, incorporating more levels can expose the spatial multiscale nature of the synchronization. However,
this depends on the accuracy of the coarse graph Laplacians generated by the multilevel procedure and the construction
of the coarse damping and inertial coefficients. It further heavily depends on preserving the structure of the first-order
system. To see all of this, we first consider only a system of swing equations that may correspond to a Kron reduction of
the structure-preserving system. Linearizing the nonlinear components in (11)—(12), we have the matrix system

5 0 I 5 0
(o) = (o, cim, ) () = Cag, ) o
@y —Hfo—Hfo @f prf

where subscript f is used to denote the nontrivial fine-grain components that have to be coarsened and Hy and Dy are
diagonal matrices containing the inertial and damping coefficients, respectively. Since Hy and Dy are diagonal, the bus
coupling occurs only from the (2,1) row-scaled Laplacian term of (31). This is relevant because synchrony in similar
dynamical systems is known to occur if the coupling occurs only through the weighted graph Laplacian with these cou-
plings being sufficiently strong.'? If coupling arises through other terms in the differential equations or through a more
complicated network coupling that is not reflective of a graph Laplacian, obtaining synchrony can be very difficult. These
system structure facts will be used in constructing our coarse-grain models.

5.1 | Simplified system

For simplicity, assume that Hf = Dy = Ir. The solution of (31) can be expressed in terms of the eigenvalues and

eigenvectors of
0 I,
< -L; -1, > ' G2
Denoting the eigenvalue/eigenvector pairs of Ly by { u;, €;}, the eigenvalues/vectors of (32) are

1T

2

Aive: =
L,n+i . ..
l,}’l+lel

with corresponding eigenvectors < 1 ¢ )

The close relationship between the eigenvalues/eigenvectors of Ly and matrix (32) shows that the coarse-grain Laplacian
must sufficiently approximate L for the reduced model to be effective. Let T denote an accurate interpolation operator
constructed from L to interpolate the phases, and let J be the interpolation operator for the frequencies. Applying a RAP
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coarsening procedure to (32) using the block diagonal interpolation operator
60
0J

0 g
<—J’LfI—J‘J>' (33)

Since a good coarse-grid L. is 'L /I, we should take J = I. This is also reasonable since the phase and frequency should
require the same “spatial” interpolation as the frequency is the temporal derivative of the phase. With this choice, one

coarse-grain model that follows is
5 0 1'1 0
o ) = ; , o +1| . (34)
OF -I'L,I -1'1 @c I'py

However, (34) does not reflect the system structure of (31). In particular, since generally T'T # I., the equations for 8. do
not reflect the phase-frequency relation @ = 6. Furthermore, a nondiagonal 7'T implies that the frequencies and phases
couple in more ways than through the Laplacian, which as mentioned earlier, can lead to more complicated synchroniza-
tion or even instability in general. We thus introduce a coarse-grain model that preserves more of the structure of (31) but
is not a RAP coarsening of operator (32). First, for a given vector x, let diag(x) be the diagonal matrix with the values of
x along the diagonal, and vice-versa for a diagonal matrix E, we represent it as a vector e containing the diagonal com-
ponents. To keep the phase-frequency relation and to restrict variable coupling to occur only through the Laplacian, we
consider the coarse-grain model

gives the coarse-grid operator

5. 0 I. 5. 0
(3) = (o e o ) () (i, ) 69
e [diag(Z1)] " I'L,T —[diag(1'1,)|  diag(1'1,) e [diag(Z1/)] " I'p;

where 1y is the vector representation of Ir. To see the intuition behind the construction of this model, the (1, 2) block is
defined to ensure the phase-frequency relation w; = 6;. For the second row, consider the second row of (31). First, since we
need an accurate coarsening of L s, we take 'L T since 7 is constructed from L. To get a good coarsening of Hf = Irand
Dy = Irwhile preserving their diagonal structure to prevent variable coupling, we recall that Hy and Dy are respectively
the inertial and damping coefficients at the buses. A good way to coarsen the coefficients is to take a weighted average of
them in the aggregates. This can be achieved using I*. Converting the diagonal matrices to Hf = Dy = I to the vector
representation 1y, the coarse inertial and damping coefficients for this simplified system is 71 . Finally, taking the matrix
representation of these vectors, we have the coarse diagonal matrix diag(Z1,). Clearly this coarse-grain construction is
applicable to more general diagonal Hy and Dy, as we will see later (models (44) and (45)).

To illustrate the performance of these two models, we consider a system where the Laplacian is obtained from a bilinear
finite-element discretization of the Laplace operator but modified so that the weights of the graph are random. We apply
a six-level multigrid coarsening for constructing L, using compatible relaxation with affinity measure (27) (measure (26)
produces similar results) and caliber-4 interpolation. For the compatible relaxation, 20 weighted-Jacobi smoothing steps
and 20 test vectors are used with Q = 0.5 in (28), the threshold in the second pass of the seed selection. This coarsening
reduces the total number of nodes from 324 to roughly 30. The external force py is generated to have tenfold jumps at
time intervals 0.5 < ¢ < 0.6 and 4.5 < t < 4.6 to simulate faults. That is, we take p; to be a spatial sinusoidal wave
(sin zx sin #y) with tenfold jumps at the fault intervals 0.5 < ¢t < 0.6 and 4.5 < t < 4.6. Figure 1 is a plot of the
fine-grain model and coarse-grain model (34) for the coarse phases. Although the reduced model captures the location
of the “faults” and the eventual synchrony of the system, details of the dynamics are not captured. Figure 2 shows the
results for model (35), from which we see that the details of the dynamics are captured. Using fewer levels leading to more
coarse-grain DOFs gives more accuracy.

These results demonstrate that the system structures should be preserved as much as possible, which a RAP coarsen-
ing to operator (32) generally does not achieve. One more coarse-grain model to illustrate the importance of structure

preserving is
5 — 0 I. o 0
<(bc> B (—[le]_llthI —IC> (Coc> + < [Ztl]—lltpf > . (36)

This is obtained by applying the RAP coarsening now to the whole linearized dynamical system, where the fine-grid

unknowns are assumed to have the form
6\ _(10 IR
or ) \01 o]
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fine-grain model

-0.1 1 1 1 1 1 1 1 1 1 |
0 2 4 6 8 10 12 14 16 18 20
time
coarse-grain model
0.1

angle

| | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
time

FIGURE1 Tracking of coarse trajectories using six multigrid levels with caliber-4 interpolation with measure c, 4 to construct
coarse-grain model (34). The coarse-grain model contains only 32 buses, a reduction from 324 buses. Poor but stable tracking is obtained

1'76.\ _ 0 I'1 5. N 0 37)
I'Teo, ) \-1T'L;I -1'T ] \ @ I'ps

from which we obtain (36). Now the phase-frequency relation o = é is maintained and the coupling occurs only through
the 21 block. However, since I'T # I, the coupling pattern of [Z'T]™'I'LT is not the coupling pattern of a row-scaled

This gives the system

fine-grain model

0.05

angle
o

-0.05

0 2 4 6 8 10 12 14 16 18 20
time

coarse-grain model

0.05 -

angle

-0.05 -

| | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
time

FIGURE 2 Tracking of coarse trajectories using six multigrid levels with caliber-4 interpolation with measure c, 5 to construct
coarse-grain model (35). The coarse-grain model contains only 31 buses, a reduction from 324 buses. We see detailed tracking
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fine-grain model

0.05

angle
o

-0.05

0 2 4 6 8 10 12 14 16 18 20
time

coarse-grain model

angle

0 2 4 6 8 10 12 14 16 18 20
time
FIGURE 3 Tracking of coarse trajectories using six multigrid levels with caliber-4 interpolation with measure c, 4 to construct
coarse-grain model (36). The coarse-grain model contains only 32 buses, a reduction from 324 buses. We see poor tracking, in fact, instability

graph Laplacian. As mentioned earlier, this generally models a different dynamical system. Figure 3 shows that this
coarse-grain model is not even stable, that is, synchrony is not preserved.

5.1.1 | Comment

In principle, with regard to coarse model (34), one can choose a restriction R such that RT = I, as in, for example,
the work of Falgout et al.!® However, as mentioned in the work of Falgout et al.,'° R is generally not the restriction T,
implying a nonsymmetric coarse graph Laplacian would result from a RAP coarsening of the dynamical system.

5.2 | More complex system

The above technique can be used for more general inertial and damping coefficients, that is, applied to (31). However,
unlike in the simplified case, there is now not an easy relationship between the eigenvalues/vectors of Ly and the matrix
operator of (31). Thus, it is unclear without analyzing the matrix operator to determine if multigrid techniques applied to
L  will select coarse DOFs for good tracking of the trajectories. Rather than an explicit spectral analysis, we will examine
the iteration matrix for a time integration of the system to observe what components of the operator must be accu-
rately approximated. This will also expose scaled Laplacians that must be approximated well. First, consider a simplified
homogeneous system with no damping, uniform inertia (i.e., Hy = If), and integrated with an explicit one-step method

as follows:
j j-1
J —AtLs I J=
o) Ly Iy o
B 0 Ad, 1, 0\]' [ &
|, )+ (5 0] (2 @
&
:=[M+N]f< g),
7
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where M, N are the first and second matrices in (38), respectively. Because M and N commute, using a matrix binomial
expansion, we have

J .
MV =Y <’l ) M (39)
=0
with
(—1ym(Ar <Lf 0 ) r=om
0 L’f"
M= (40)
comama (0 ) i Came
_L;n+l 0

Expression (40) shows the relevance of powers of the Laplacian, which expectedly implies that the coarse Laplacian must
sufficiently approximate the fine Laplacian. However, this relevance does not mean that power iterations should be used
instead of relaxation sweeps for determining the coarse nodes. Since the coarse spatial grid can represent only algebraically
smooth functions, the coarse Laplacian should be constructed to ensure accurate approximation to smooth functions.
Hence, relaxation sweeps that expose the smooth modes rather than power iterations that amplify the oscillatory modes
should be used to measure the bus affinities for selecting the coarse nodes.

Turning to system (31), the explicit one-step integrator modifies (38) with

™ 0 AN Iy 0
=\ -amL, o “\ o (1 -am;'n,) )

Since these two matrices do not commute, a matrix binomial expansion cannot be used to simplify the iteration matrix.
[M + N}V will involve expressions containing powers of both M and N'. Hence, both of these block matrices must be
coarsened well, of which M is more difficult since N is a diagonal matrix. We have

-

-1 m
H;'L,) 0

m
0 (H;lLf)
M =4 . (41)
0 (H;lLf>

1 m+1
-(1;'L,) 0

(=D™(An™ <

r=2m

(=D™(Ar)2mH r=2m+1.

showing that powers of a nonsymmetric row-scaled Laplacian arise. This then raises the question of whether the multigrid
techniques applied to Ly would detect the appropriate coarse nodes for a good representation of Hjle . In turn, this
leads to questions on compatible relaxation for nonsymmetric matrices. We will address the nonsymmetry by scaling the
dynamical system and will see that reasonably coarsened Hjjl and L for coarse-grain systems that preserve structures of
the fine-grain system is sufficient enough.

1
First, consider the new variable @, = H ;. The linearized dynamical system becomes

_1
2

' 0 H 0
<gf>= 5 e <2f>+<H_§ > (42)
s -H,'L; -H/'D/H° ! s Pr

(H;lLf)m 0
_1\ym 2m 1 _1\m
(=D)"™(A) o (H LH )

and

(—1)m(At)2m+1
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1 1 _1\™" 1
H 2<Hf2Lfo2> H: 0
(—1)m(Arm L g
0 <Hf L/H, >
= (43)
1 1 m
0 Hf2<Hf2Lfo )
(=D"(Ary>mt . N ’
—<Hf L/H, > H: 0

The powers now occur in a symmetrically scaled Laplacian. This means compatible relaxation with basic iteration

_1 _1
schemes can be used for determining the affinity between buses for this system, albeit applied to the matrix H ; ‘LyH 7 ’.

1 1
(A similar expression involving (H;E L fH;E )™ can been used in (41), but scaling the dynamical system introduces other
formulations that may be useful. Nevertheless, it implies that relaxation can be used to determine the bus affinities
in (41).)
Second, given that relaxation can be used to detect the coarse nodes for general system (31), we introduce the following
reduced models for (31) and its scaled form (42), which are derived in a similar fashion as in reduced model (35):

<ch> - <—[diag (I[]f:)f)]_llthZ —[diag (I[hf)I]c_ldiag (Tdy) > <ch> * ( [diag (I[l:)f)]_lllpf ) ’ (44)
. 5. 0 [diag (7h,)]
<w> ~ | -[diag ('h,)| * 2L, T —[diag (1'h,)| > diag (1'd;) [diag (Z'h,)]:
0
(‘?’Cﬁ> * ( [diag (Ithf)]_%lipf > ' (45)

1

Here, to determine the bus affinities, relaxation can be applied to H;EL fH;E, but the weights in interpolation 7 are
determined using only the values of L. This is a compromise between constructing a coarse-grain model with an ideal
multigrid method that determines the coarse DOFs and interpolation weights based on the matrix (i.e., based on the
complementary principle) and constructing a practical method that only approximates an ideal multigrid method but
preserves the structure of the dynamical system. In addition, note that, to coarsen the inertial and damping coefficients
(important in both M and N'), a delicate weighted averaging procedure is needed. Standard arithmetic, harmonic, and
geometric averaging of these coefficients over the coarse aggregates is not as effective as the averaging effected through
I' constructed from L. That is, T achieves the delicate ratio of how each coarse variable contributes to a fine variable.
Equivalently, Z' achieves the appropriate weighted averaging of fine-grid values to produce a coarse-grid value. Hence,
I'h; andZ'd, can be used for the coarse inertia and coarse damping.

Using the first block of equations in (44) and (45), the dynamical systems corresponding to these systems are respectively

0 = @ + [diag (I'h;)] " {I'L, 16, + diag (1'd,) 6. — I'p,}

. a : (46)
=@, +H; {L:; + D:6; — p.}
0 = é. + [diag (I'h,)| 2 {T'L,I8. + diag (I'd;) 5. — I'p,} @
L 7
:= @+ H, > (LS, + D8, — pe .
Comparing these to the fine-grain system
o +H L8, + Dby —ps} =0, (48)

we see that (46) and (47) are structurally similar to (48). For comparison, consider the scaled system

. 0 I -

(o) |- [ g +(2)
&, -1 [HszfoZ] I, —|diag (Ith,)| diag (Z'd,) [diag (Ih/)]* |\ @

0
+<@@upmﬁqw> (49)
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_1 _1
with 6 = H§6, ® = Hém, 1, generated from H sz H fz, and 7, based on some type of weighted averaging. Its
corresponding dynamical system is

b+ 1! [H;%LfH;%] 1,8, + [diag (Th)] ? { diag (23d,) [diag (Zth,)] 25, - Iip, | =0

from which we see that the terms cannot be factored as in (48). Further note that scaled system (49) is valid only when
H; = Isince the nonlinearity in the dynamical system occurs in 8, for which the scaling 6 = H: 8 is generally invalid.

5.3 | Systems with generators and loads

The above model reduction technique can be applied to systems with generators and loads, that is, to system (11)—(12).
Distinguishing the generator and load values with subscripts ¢g and I, the linearized system is

: 0
Or1 | = _Df,lLfJg _Df,lLfll 0 S |+| ~PriPral. (50)
@rg —H Loy —H Lyg —H D;g [\ @19 H Prm

We will assume that most of the buses are generators, which can represent the scenario where most of the loads have been
removed through network reduction while the major ones and the ones with sources of uncertainty have been retained.
Because the drawn load is a small frequency perturbation of p"f, ,» we will assume that the damping at the loads is very
large to ensure a small perturbation. The reasoning behind this can be seen from (12):

.~ X aysinsy) - Py,

6 = . ieN

D;

to ensure that a small frequency perturbation D; should be large. This means that the oscillations in these phases damp
down quickly. The large dampings also pose a problem in constructing the coarse damping coefficients for coarse gen-
erator buses that have been “aggregated” with load buses. Because the damping coefficient for a coarse bus is formed by
weighted averaging the values of the buses that have been aggregated to form this coarse bus, the large damping from the
loads will overdamp a coarse generator bus. The simple remedy we take in this paper is to omit the damping contribu-
tions from the loads when forming the damping for the coarse generators. This seems to be sufficient for the examples of
this paper, but a more meticulous approach will be examined in the future.

6 | NUMERICAL EXPERIMENTS

Constructing large stable dynamical systems can be difficult. One way to construct stable systems is through semidis-
cretizations of time-dependent elliptic PDEs. This is the approach we take. In particular, the graph patterns in the
admittance matrix will be taken from discretizations of scalar PDEs and systems of PDEs. However, assuming that con-
ductances are negligible, the values in the admittance matrix will be random and positive. Depending on whether the
graph pattern is derived from a scalar system of PDEs, each bus will have between three to nine connections (scalar case)
or six to 18 connections (system case). To complete the construction of the dynamical systems, we randomly draw the
inertial and damping coefficients from uniform distributions defined over positive subintervals. Because of the different
random features in the setup, each experiment will represent a different scenario, although all the scenarios should result
in qualitatively similar trajectories. Furthermore, the compatible relaxation procedure will involve 20 weighted-Jacobi
smoothing steps and 20-30 test vectors with Q = 0.5 in (28) in the second pass of the seed selection. The simulations will
be time integrated up to 20 seconds with At = 0.01 using an explicit fourth-order Runga-Kutta scheme, with the same
forcing used in the experiments in Section 5.1 with faults occurring at intervals 0.5 < t < 0.6and 4.5 < t < 4.6. Finally,
for comparison, only the trajectories of the coarse buses generated from the full-system dynamics and generated from the
reduced-system dynamics will be plotted.

We also mention that the sizes of the fine-grain models are small compared to the steady-state elliptic problems
multigrid methods are often applied to. However, the goal of these experiments is to show that a carefully constructed
multigrid can be applied to time-dependent dynamical systems. Coarse-graining complex networks has been an active
area of research in the physics community during the past decade. Furthermore, with respect to practical power grids,
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large networks are of the order 100,000 buses, and hence, one may question whether coarse-graining is really needed in
the power grid community. However, the time steps must be very small to ensure that the dynamics are captured. Thus,
reducing the size of the network can greatly reduce the simulation time. This is particular true for more detailed models,
which will involve more variables of interest at the nodes, and for real-time analysis and parametric studies (uncertainty
quantification) in decentralized systems and deregulated electric grids.

Only Generator Buses with Nonuniform Inertia and Damping. Our first set of experiments involves systems
consisting of only generators but with nonuniform inertial and damping coefficients. These coefficients are drawn from
uniform distributions over [0.1, 50.1] and [0.1, 10.1], respectively. (Larger intervals can be chosen, but the stability of the
constructed dynamical system must be guaranteed.) We first consider experiments using affinity measures ¢, 4 and d, s
of (26)—(27) for reduced model (44). Caliber-4 interpolation and seven multigrid levels are used to reduce the number of
buses by a factor of 15-20, and the coarse inertial and damping coefficients are computed using the restriction operators
generated by the multigrid procedure. Figures 4 and 5 show the results. We see that good and rather similar tracking is
achieved by both measures, so that both measures are effective. More accurate tracking can be achieved by using less
multigrid levels but at the expense of retaining more buses in the reduced model.

The 1next selt of experiments involves scaled model (45). We also consider the coarse DOFs selection using relaxation

on H;E L ,«H;E in the affinity measure, although the interpolation weights in 7 involve only the values of L. Because the

affinity measures ¢, g and d, » give similar results, only results for ¢, 4 are given. Again, the coarse inertial and damping

coefficients are constructed using the restriction operators generated by the multigrid coarsening. Figure 6 shows the

tracking of the phases using relaxation on Ly to determine the coarse DOFs, and Figure 7 shows the tracking using
1 1

relaxation on HJ:E L fH/:E. Good results are obtained for both approaches, even for a coarsening from 1,568 to 53 buses.

Now, consider reduced model (49), which does not preserve some of the structures of system (31) where scaling 6 =
H: & is invalid. The coarse inertial and damping coefficients are constructed using weighted volume averaging. Figure 8
illustrates the poor coarse-grain tracking and, in fact, unstable coarse-grain system. Moreover, the fine-grain trajectories
are dissimilar to the trajectories in the other reduced models, which is due to the invalid scaling.

Finally, to show that the coarsening of the inertial and damping coefficients is more appropriately computed using the
multigrid restriction operators, we consider model (45) but with these coefficients constructed with volume averaging.
Figure 9 illustrates the results, which are very different from the plot in Figure 6 where these coefficients were constructed
with the restriction operators. Although the tracking is poor, the system does appear to be slowly stabilizing as it evolves.

fine-grain model
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FIGURE 4 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and c, s measure (27) to construct
coarse-grain model (44). The coarse-grain model contains only 49 buses, a reduction from 784 buses. Detailed tracking is obtained
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angle

FIGURE 5 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and d, ; measure (26) to construct
coarse-grain model (44). The coarse-grain model contains only 39 buses, a reduction from 784 buses. Detailed tracking is obtained
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Generator and Load Buses with Nonuniform Inertia and Damping. The next set of experiments involves both
generator and load buses. The inertial and damping coefficients for the generators are drawn again from uniform dis-
tributions over [0.1, 50.1] and [0.1, 10.1], respectively, but the damping in the loads are drawn from [10, 1010]. The first

FIGURE 6 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and c, 5 measure (27) to construct
coarse-grain model (45). The coarse-grain model contains only 43 buses, a reduction from 784 buses. Detailed tracking is obtained
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FIGURE 7 Tracking of coarse trajectories using eight multigrid levels with caliber-4 interpolation and c, ; measure (27) to construct

coarse-grain model (45) but using compatible relaxation on H;E L fH;E to determine the coarse DOFs, although the interpolation is formed
with L ¢ only. The coarse-grain model contains only 53 buses, a reduction from 1,568 buses. Detailed tracking is obtained. DOFs = degrees

of freedom
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FIGURE 8 Tracking of coarse trajectories using five multigrid levels with caliber-4 interpolation and c, 5 measure (27) to construct
coarse-grain model (49) with volume averaging to construct the coarse damping and inertial coefficients. The coarse-grain model contains
only 41 buses, a reduction from 324 buses. Not only is poor coarse tracking obtained, but also significantly different fine-grain trajectories are
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FIGURE 9 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and ¢, ; measure (27) to construct
coarse-grain model (45) with volume averaging to construct the coarse damping and inertial coefficients. The coarse-grain model contains
only 51 buses, a reduction from 784 buses. Poor tracking is obtained

example takes the first two-thirds of the buses to be generators. Caliber-5 interpolation is used, although caliber-4 gives
similar results and six multigrid levels are used to reduce the number of buses from 648 to 56. Of these 56 coarse
buses, the coarsening process selected 38 generators and 18 loads. Figure 10 shows the trajectories of the coarse bus
phases. From the fine-grain plot, we can distinguish the load trajectories from the immediate damping of oscillations.
From the coarse-grain plot, we see good tracking, clearly giving the qualitative feature of the dynamics. However, there
are more oscillations in some of the coarse-grain trajectories, which is partially due to omitting the damping contri-
butions of the load buses to the coarse generator buses. Figure 11 illustrates the trajectories when the load damping
does contribute to the coarse generator buses. Although this leads to better tracking when the generators are consecu-
tively in order, load damping contribution can lead to overdamping when the generators are randomly dispersed over
the network.

The next set of experiments in fact takes the generators to be randomly dispersed over the network. This random disper-
sion leads to a changing ratio of the number of generator-to-load buses on the finest level. Figure 12 shows the tracking
when the damping of the loads contribute to the damping of the coarse generators. We see that this contribution leads to
overdamping even though there is roughly 4 times more coarse generator buses (45 to 12). Figure 13 shows the tracking
when the damping of the loads do not contribute to the damping of the coarse generator buses. The oscillatory features
are now more pronounced. Both approaches capture the global features of the dynamics.

The above experiments for the generator/load system used affinity measure d, g. Figure 14 shows the results when
Cqp is used. Although the global dynamics are captured, there are more oscillations than when d, 4 is used. This extra
oscillatory nature is a result of the extra coarse generator buses and fewer load buses selected by the ¢, s measure than
the d, s measure (i.e., 55 coarse generators/18 coarse loads compared with 35 coarse generators/23 coarse loads). Since
the differential equations for the load buses have large damping terms, less oscillations will occur in the dynamics of the
load angles.

Statistics for Random Realizations. We now consider sets of experiments, each consisting of 500 realizations, with
randomly selected event conditions and graph weights. Although this is a small number of realizations for the number
of random variations, the results still demonstrate the overall performance of the coarse-grain technique. With respect to
the event conditions, we apply two faults that begin at times randomly selected from {1.5,2.5,3.5,4.5,5.5} seconds and
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FIGURE 10 Tracking of coarse trajectories using six multigrid levels with caliber-5 interpolation and d, ; measure (26) to construct the
coarse-grain model for (50). The fine-grain model consists of 432 generators and 216 loads consecutively ordered; the coarse-grain model
consists of 38 generators and 18 loads. Good tracking is obtained
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FIGURE 11 Tracking of coarse trajectories using six multigrid levels with caliber-5 interpolation and d, ; measure (26) to construct the
coarse-grain model for (50). The fine-grain model consists of 432 generators and 216 loads consecutively ordered; the coarse-grain model
consists of 32 generators and 19 loads. Mild overdamping occurs because the damping of the load buses contributes to the damping of the
coarse generator buses
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FIGURE 12 Tracking of coarse trajectories using six multigrid levels with caliber-5 interpolation and d, ; measure (26) to construct the

coarse-grain model for (50). The fine-grain model consists of 484 generators and 164 loads; the coarse-grain model consists of 45 generators

and 12 loads. Strong overdamping occurs because the damping of the load buses contributes to the damping of the coarse generator buses

each lasting for 0.1 second. Furthermore, since the initial conditions are constructed by solving the randomly weighted
Laplacians for the initial external force, the initial conditions are essentially random. Finally, for the generator and load
cases, the locations of the generators are also randomly selected.
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FIGURE 13 Tracking of coarse trajectories using six multigrid levels with caliber-5 interpolation and d, ; measure (26) to construct the
coarse-grain model for (50). The fine-grain model consists of 476 generators and 172 loads; the coarse-grain model consists of 35 generators
and 23 loads. Fair tracking is obtained
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FIGURE 14 Tracking of coarse trajectories using six multigrid levels with caliber-5 interpolation and c, ; measure (27) to construct the
coarse-grain model for (50). The fine-grain model consists of 479 generators and 169 loads; the coarse-grain model consists of 55 generators
and 18 loads. Fair tracking is obtained

The results of these experiments are displayed using the following relative error quantities computed by a simple
quadrature rule:

\/ Jo Wko.s = Gicl? dt \/ Jo Wko.s = Gicl? dt

max := max min = micp
i€ T ., ie T o)
J S, At J S, At
T 2 T 2
/0 [k, r — Sicl? dt /0 [6kqi),r — Sicl? dt
mean := mean;ec std := stdiec -

Tco T2
Vo 8, 4t Vo 8, at

where C is the set of coarse bus indices, k(i) is the fine bus index corresponding to the coarse index i, mean is the mean of
the relative errors over all the selected coarse buses, std is the standard deviation of the relative errors over the selected
coarse buses, and T is the upper limit of the time integration of the dynamical system.

A relevant comment must be made about these and other quantitative measures. In power grid simulations, as well as
many other dynamical system simulations, a reduced model is considered accurate if it captures the qualitative behavior
of the dynamics, not the quantitative accuracy of the dynamics. Thus, these error measures may not do justice to a reduced
model that accurately captures the qualitative behavior of the dynamics, as observed in the eye-ball norm. This may be
different for some SVD/eigenvalue reduce model techniques, which simply truncate the eigenfunction expansion and
integrate a transformed dynamical system in terms of the eigenfunction expansion. For linear systems, these techniques
can give good quantitative accuracy, where such measures then would be appropriate. However, in this paper, we are
interested in selecting the buses that lead to good reduced models since the buses are physical objects that the power grid
engineers can retrofit.

The first set of experiments use coarse-grain model (44) with nonuniform inertia and damping coefficients drawn from
uniform distributions over [0.1, 50.1] and [0.1, 10.1], respectively, and involving 784 generator buses. Caliber-4 interpola-
tion and seven multilevels are chosen, which lead to coarse problems involving about 50 buses. Figure 15 illustrates the
mean, mean + std, max, and min for the 500 realizations using affinity measure c, 5. We see that the mean is roughly
about 0.4. However, the size of the standard deviation indicates that this large mean error may be due to a few trajecto-
ries (e.g., the trajectories corresponding to max. As mentioned above, even though these quantitative measures are large,
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FIGURE 15 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and ¢, s measure (27) to construct

coarse-grain model (44)

good tracking of the qualitative behavior may still be occurring. Figure 16 illustrates the trajectories for one realization
with mean = 0.37 and std = 0.25. From this plot, we do see that the qualitative behavior of the dynamics are tracked well
even though the mean is relatively large.

Figure 17 shows the statistics using affinity measure d, ;. Now the mean is roughly 0.5 and, again, the standard deviation
indicates that this may be due to the errors in a few trajectories. Figure 18 is a sample realization with mean = 0.53 and
std = 0.27, although the qualitative behavior of the dynamics are tracked well.

The last set of experiments are conducted for model (50) with the generators and loads randomly dispersed over the
network. The size of the fine-grain network is 800 buses, the damping coefficients of the finer loads do not contribute
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FIGURE 16 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and c, s measure (27) to construct
coarse-grain model (44). The statistics for this realization are max= 3.85, min= 0.15, mean= 0.37, and std = 0.25
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FIGURE 17 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and d, ; measure (26) to construct
coarse-grain model (44)
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FIGURE 18 Tracking of coarse trajectories using seven multigrid levels with caliber-4 interpolation and d, s measure (26) to construct
coarse-grain model (44). The statistics for this realization are max= 1.45, min= 0.18, meanl = 0.53, and std = 0.27

to the damping coefficients of the coarse generators, caliber-5 interpolation with affinity measure d, 4 is used, and six
multilevels are applied. Figure 19 shows the statistics: the mean is roughly 0.9 and the standard deviation indicates that
the error is large for a few trajectories. Figure 20 is a sample realization with mean = 0.87 and std = 0.85, although the
qualitative behavior of the dynamics is tracked but not as well as the generator-only cases. These results again motivate
further investigation and development of methods to coarsen the damping coefficients of the fine load buses to contribute
to the damping coefficients of the coarse generator buses.
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FIGURE 19 Tracking of coarse trajectories using six multigrid levels with caliber-5 interpolation and d, ; measure (26) to construct the

coarse-grain model for (50)
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FIGURE 20 Tracking of coarse trajectories using six multigrid levels with caliber-5 interpolation and d, ; measure (26) to construct the
coarse-grain model for (50). Fine grain: 592 generators, 208 loads; coarse grain: 47 generators, 24 loads; statistics: max= 4.73, min= 0.16,
mean = 0.87, and std = 0.85
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7 | CONCLUSION

In this paper, we have presented a multigrid methodology for developing stable reduced models for power grid dynamical
systems, which are characteristically different from equations that are traditionally handled by multigrid. One crux of this
methodology is to exploit the graph Laplacian of these systems. Recently developed multigrid methods for graph Lapla-
cians are then employed to determine the coarse DOFs and to form the coarse Laplacian for the reduced models, and the
generated restriction operators are used to restrict the inertial and damping coefficients. However, these procedures alone
donotlead to stable reduced models. In addition, some of the system structures of the fine-grain systems must be preserved
in the reduced models. Numerical experiments were conducted to validate the effectiveness of this methodology.

Immediate future directions of the research include testing this methodology on real large-scale power grid systems
and exploring techniques for restricting the load damping coefficients to coarse generator buses.
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