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a b s t r a c t

The need for accelerating power grid simulation through high performance computing (HPC) has
long been recognized, and prior efforts have been devoted to developing one-off parallel comput-
ing applications for particular power grid functions. Non-transferable software codes and duplicated
implementations in these prior efforts are a major barrier to more widespread HPC adoption in power
grid applications. Modern HPC hardware and architecture require significant computing expertise for
application development. The GridPACKTM software framework described in this paper provides an HPC-
compatible software structure to access modern parallel solvers and HPC-ready modules for common
components in power grid simulation applications. GridPACK hides the HPC details and enables power
system developers to focus on applications instead of computational details. Several example applica-
tions of GridPACK are presented to demonstrate the capabilities of GridPACK and the performance of
HPC simulations with large power grid networks. Examples discussed include: a dynamic simulation
application capable of running a 17,156-bus Western Electricity Coordinating Council (WECC) system in
a computational speed faster than real time (e.g., under 30 s for a 30-s simulation), a static contingency

analysis application using a task manager, and a dynamic contingency analysis application utilizing two
levels of parallelism. These example applications illustrate GridPACK’s capabilities to support different
types of simulations within a unified framework and to support reuse of transferable software codes
across power grid applications. The computational results indicate strong performance improvements
for power grid simulations with GridPACK.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

Despite the complexity of the modern power grid, commer-
ial software for simulating its behaviors is mainly designed for
equential computation on single-processor workstations. High
erformance computing (HPC), which is capable of tackling much

arger problems and solving them in much shorter time, has made
ew inroads into power grid simulation for real-world applica-
ions. A main reason that HPC is not more widespread in power
rid simulation is that the complexity and cost of developing par-
llel algorithms and implementing them in parallel software are

igh. The need for high performance computing has been rec-
gnized for decades, and many researchers have devoted efforts
o this topic. These prior efforts examined the HPC topic from

∗ Corresponding author.
E-mail addresses: shuangshuang.jin@pnnl.gov (S. Jin), Yousu.chen@pnnl.gov

Y. Chen).

ttp://dx.doi.org/10.1016/j.epsr.2016.06.024
378-7796/© 2016 Elsevier B.V. All rights reserved.
individual application perspectives without a systematic view on
how applications can benefit from a common set of software
modules. For example, references [1–5] discuss parallel implemen-
tation of a state estimation application; [6–9] introduce massive
static contingency analysis that utilizes a dynamic load-balancing
scheme, and [10–14] discuss multiple implementations of dynamic
simulation. As a result, each of these efforts required significant par-
allel programming skills as well as power engineering expertise,
and the resulted outcome is a one-off implementation. The bar-
rier to adopting these HPC applications is high. We recognize that
developing HPC-based power grid applications typically requires
strong parallel programming skills that are outside the focus of
most power grid modelers and power grid modelers are more inter-
ested in developing their modeling capabilities than improving
performance using complex programming techniques. It is there-

fore highly desirable to provide a common set of reusable parallel
software modules on a unified framework supporting multiple
applications and thus to lower the barrier to the adoption of HPC
for power grid simulation.

dx.doi.org/10.1016/j.epsr.2016.06.024
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2016.06.024&domain=pdf
mailto:shuangshuang.jin@pnnl.gov
mailto:Yousu.chen@pnnl.gov
dx.doi.org/10.1016/j.epsr.2016.06.024
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Power system applications typically contain many common
omponents such as the formulation of an admittance matrix (i.e.
-bus matrix) [15], or contain component simulations that couple
ith each other. In addition, some common functions such as solv-

ng the power flow equations or integrating differential-algebraic
quations for dynamic simulation, are used across multiple appli-
ations. For example, power flow solution is an important part
f contingency analysis, dynamic simulation, and other applica-
ions. Reproducing these functions in different applications leads
o duplication of efforts and reduces programmers’ productivity.
fforts are underway to promote software reuse and simplify the
rocess of developing parallel software codes for grid applications.
he GridPACK, as a result of such efforts, provides open-source
oftware for use by the power grid community to accelerate the
doption of high performance computing.

The goal of GridPACK is to simplify the task of developing par-
llel software for power grid applications that can run on high
erformance architectures. GridPACK accomplishes this goal by
ncapsulating many function modules of power grid computation
n high level abstractions that hide from users the details of data
ommunication and distribution, which are necessary for paral-
el software implementation. Application developers can focus on
he physics and mathematics of framing and modeling their prob-
ems, without being overwhelmed by the bookkeeping required to
istribute data over multiple processors and to access it in a dis-
ributed context. These abstractions also make it simpler for users
o access high performance computing libraries, as well as promot-
ng software reuse and reducing the costs of software development
nd maintenance.

This paper will describe the development and performance of
everal power system applications to illustrate the functionality
nd benefits of GridPACK. The rest of this paper is organized as
ollows: Section 2 provides a brief description of GridPACK. Section

discusses the example implementation of several applications
sing GridPACK. Section 4 concludes the paper with a discussion of
uture work.

. Brief overview of GridPACK software framework

The applications described later in this paper have been devel-
ped using the GridPACK software framework so they can run on
PC platforms. GridPACK is designed to provide foundational func-

ionality tailored for power grid simulation while also maintaining
he flexibility to support a wide variety of applications. The frame-
ork contains modules for creating distributed representations of
ower grid networks, supporting distributed matrices and vectors,
upplying linear and non-linear solvers, and mapping data between
etworks and matrices. In addition, GridPACK provides support for
any additional computing functions, such as input/output mod-

les, task management, error handling, and software profiling.
The framework is written in C++ and makes use of its

bject-oriented programming features. This enables GridPACK to
ncapsulate much of the bookkeeping associated with parallel pro-
ramming in high-level modules, as well as promoting software
euse. Both the inheritance functionality and the software template
eatures of C++ are used extensively in GridPACK.

GridPACK has been successfully used in developing software
odes for power grid applications such as power flow solution,
ynamic simulation, state estimation, contingency analysis, and
eal-time path rating calculations. Many of these applications use
he same core functionality and libraries, demonstrating the key
oal of developing GridPACK in the first place. Furthermore, soft-

are codes written for one application can readily be reused in

ther applications. One example is the code for computing the
-bus matrix. Y-matrix appears in almost all power grid simulation
pplications and most implementations can share a common set of
Research 141 (2016) 22–30 23

Y-bus matrix codes. With the GridPACK framework, improvements
to the Y-bus matrix module in one application are automatically
accessible and transferable for other applications.

The GridPACK framework is given in Fig. 1, with major modules
indicated. The object-oriented programming principle is exten-
sively followed in GridPACK implementation. Objects in this
GridPACK context are defined as the components in a power grid
such as buses, branches, and generators, such that it is a natural
and easy way to provide and maintain input data to power grid
applications. A brief description of the major modules in GridPACK
is given below. More details of the overall design of the GridPACK
framework and its modules are described in [16].

2.1. Network

The network module is a template class that allows users to
include arbitrary models for the power grid bus and branch com-
ponents in the network. Depending on the application, the bus
and branch components can generate appropriate equations for
power flow formulation, state estimation, and dynamic simulation,
etc. The network module supports distribution of the power grid
network over multiple processors through a partitioner. The parti-
tioner divides the network in such a way as to maximize the number
of connections between the buses allocated to the same processor,
as well as minimizing the number of connections between buses
allocated on different processors. This way minimizes the computa-
tional overhead introduced by data exchange between processors.
The existing partitioner is based on the Parmetis partitioning soft-
ware [17].

The network module also manages data exchanges between
ghost buses and ghost branches (which are copies of buses and
branches that are located on other processors, but are connected to
locally-owned buses). Finally, the network module provides access
to buses and branches on each processor. These capabilities are
essential in defining the properties of the power grid model and
implementing it on a parallel computer.

2.2. Mappers

One of the more complicated aspects of writing parallel codes
for power grid applications is generating distributed matrices from
a network that has been partitioned over multiple processors. The
mapper modules and the matrix-vector interface in the network
components are designed to simplify this task. Each bus and branch
in the network is responsible for describing its contribution to a
matrix or vector. This is achieved by implementing functions in the
components that describe how many matrix elements each bus or
branch is contributing, as well as functions that return a list con-
taining the values of these elements. These functions also provide
information on how the matrix elements are arranged. For exam-
ple, a bus that contributes a square block to the diagonal of a matrix
will return the dimensions of the block.

The mappers use the information returned from the buses and
branches to build a complete distributed matrix. The mappers loop
over all components on each processor and query the functions
describing the number of elements and their values. This informa-
tion can be used to determine the dimensions of the matrix and
the locations of all matrix elements. The user is only responsible for
supplying the matrix elements contributed by each network com-
ponent. The index calculation for building the complete distributed
matrix is handled by the mappers.
2.3. Math

The math module is responsible for supporting the creation and
manipulation of distributed matrices and vectors. It also supplies
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Fig. 1. A schematic diagram of the GridPACK software framework. Framework modules are colored green, user-supplied modules are colored blue. User modules that can
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he linear and non-linear solvers used by applications to implement
heir solution algorithms. The math module is currently built on
op of the PETSc library [18], but it is designed to support a uniform
nterface that can be implemented using other libraries. Switching
etween different libraries would not require any changes to the
pplication code, but could be accomplished by linking to a version
f GridPACK that was built using different configuration options.

The matrix and vector classes in GridPACK are currently imple-
ented on top of the corresponding classes in PETSc and work

eamlessly with the PETSc linear and non-linear solvers. The dif-
erent solvers available in PETSc are all accessible through their
un-time options database. This simplifies user programming con-
iderably since there is only one linear and one non-linear solver
lass in GridPACK. All the different solver options can then be
ccessed by specifying different options in the input deck. This
akes the implementation of different solvers and preconditioners

xtremely straightforward.

.4. Application Modules

Several common applications that have been written using Grid-
ACK have been recast as modules and included in the GridPACK
oftware package. These application modules are designed to be
alled as parts of other programs and allow developers to string sev-
ral different types of calculations together. They are also useful for
etting up contingency-type calculations where multiple instances
f the same type of calculation are run concurrently. These types
f calculations are supported by the network clone function, which
llows users to copy a network for one application (e.g., power flow)
o a network for another application (e.g., dynamic simulation).
he availability of application modules simplifies the task of cre-
ting more complicated workflows in which the results of one type

f calculation are fed into the input of another calculation. Exam-
les include different types of contingency analysis, initialization
f dynamic simulation using either power flow or state estimation
alculations, and a real-time path rating calculation that combines
power flow, contingency analysis, dynamic simulation, and voltage
stability analysis into one workflow. Existing modules in GridPACK
include power flow, state estimation and dynamic simulation. As
more applications are developed using GridPACK, they can be con-
verted to modules as well.

3. Examples of applications

This section discusses the parallel implementation and per-
formance of example power grid applications using GridPACK,
focusing on the broad categories of dynamic simulation and static
and dynamic contingency analysis functions.

3.1. Dynamic simulation

Dynamic simulation is a core function in power system model-
ing and has the ability to evaluate transient trajectories that occur
when there are abrupt changes in the system. It is important to
understand these dynamic fluctuations, since instantaneous val-
ues of system variables can differ substantially from the values
that are obtained during steady-state operation; parameters that
may  lie within safe operating ranges during steady-state operation
can exceed safety margins under dynamic conditions. GridPACK
has implemented a dynamic simulation module [19] that is capa-
ble of simulating the response to disturbances in a speed faster
than real time for large-scale power systems (e.g., 30-s simula-
tion accomplished in less than 30 s). Results shown below are
for the 17,156-bus Western Electric Coordinating Council (WECC)
system of North America, using typical 5-ms time steps without
model reduction. The code was run on Constance supercomputer
located in the Pacific Northwest National Laboratory’s Institutional
Computing (PIC) facility. The Constance supercomputer comprises

about 300 Haswell nodes with an Infiniband QDR interconnect;
each node is a dual socket with 16 AMD  Interlagos cores per socket;
and each core runs at 2.1 GHz with 64 GB of 1600 MHz  memory
(32GB/socket).



S. Jin et al. / Electric Power Systems

F
m

3

t
b

f
t
i
t
t

d
a
b
T
b

variables and control block diagram of the exciter and governor
ig. 2. Flowchart of dynamic simulation with “full Y-bus” matrix and modified Euler
ethod integration.

.1.1. Algorithm
The Y-bus matrix is a very sparse matrix representing the elec-

rical connections between buses and describing the relationship
etween the voltages, currents, and power flows in a power system.

Most of today’s existing commercial software uses the original
ull Y-bus matrix in dynamic simulation computations. Consis-
ently, in this GridPACK application, the “full Y-bus” algorithm is
mplemented using the modified Euler method for time integra-
ion to create a parallel dynamic simulation module. Fig. 2 shows
he main flowchart of the “full Y-bus” algorithm.

Given the property that the network module of GridPACK
istributes the power system network over multiple processors
nd provides access to buses and branches on each processor,

uilding the “full Y-bus” matrix in parallel is straightforward.
his is accomplished by generating the equations for the bus and
ranch components in the network using the mapper module.
 Research 141 (2016) 22–30 25

The mapper extracts contributions to the Y-bus matrix from each
bus and branch component (or object) and then assembles them
into a fully distributed matrix that can be used in subsequent
calculations. This process substantially simplifies building the
matrix, since it eliminates the need for users to determine how
to partition the matrix across processors, as well as the need to
determine the global indices of each matrix element.

The modified Euler method is used to compute the system state
variables at each step through time integration of differential equa-
tions. The differential equations describe the system dynamics of
generating units and controllers, and they are naturally decoupled,
suitable for easy distribution to different processors of the high
performance computing resource. For example, the equations of a
generator are distributed to the processor which contains the bus
this generator connects to, given that the buses have already been
distributed when the network is partitioned by GridPACK.

The implementation of the dynamic simulation application
using the “full Y-bus” method uses a mixed strategy, where part
of the algorithm is run in parallel and part of the algorithm is run
sequentially. The target calculation for the dynamic simulation is to
run a 30-s simulation of a fault on the 17,156-bus 1906-generator
WECC system in less than 30 s. After carefully evaluating avail-
able linear solvers, a direct linear solver with fast lower and upper
(LU) triangular decomposition was chosen to solve the network
equations Y*V = I, where V is the voltage vector and I is the vector
representing current injections to the buses. This LU solver, running
sequentially on a single processor, exhibits the fastest performance
with the same level of accuracy for this WECC system. Three setups
of this solver, representing the pre-fault, fault-on and post-fault Y-
bus matrices, are created within the application. If no non-linear
loads are included in the model, these Y-bus matrices are constant
during the simulation. Therefore, once a solver is set up in Grid-
PACK, only the right-hand-side I vector needs to be updated at each
time step.

The solution of the network equations at each time step takes the
distributed right-hand-side I vector and performs an “all-gather”
command. This “all-gather” command gathers the right-hand-side
data held locally on each processor and creates a replicated version
of the full right-hand-side vector on each processor. The matrix has
already been replicated on each processor when the solver is origi-
nally set up and does not need to be updated again during the course
of the simulation. Each process then solves the algebraic equations
and copies the portion of the solution vector that is locally owned
back into a distributed copy of the solution vector. The ability to
configure the linear solver to run in this way has been added as a
run-time option to the linear solvers in GridPACK, so there is no
need to make any adjustments to the actual application code to
access this functionality.

3.1.2. Validation
A WECC 179-bus system is run to compare the accuracy against

the commercial PowerWorld Simulator (PWS). This model rep-
resents a simplified structure of the WECC system, consisting of
179 buses, 29 generators, 104 loads, 40 fixed shunt elements, 203
transmission lines, and 60 transformers. The Generator model is
a GENSAL generator model (Salient pole generator represented by
equal mutual inductance rotor modeling), with an exciter model
EXDC1 (IEEE (1980) DCI excitation system model with added
speed multiplier) and a governor model WSIEG1 (IEEE steam tur-
bine/governor model with deadband and nonlinear valve gain
added). Table 1 shows the type of 494 state variables being sim-
ulated in this model. (More detailed information about the state
models can be found in [20]). The system is simulated for 20 s with
a time step of 5 ms.  A fault that induces a line trip between two
buses is added at 1.00 s and cleared at 1.05 s.
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simulation application on GridPACK.

p
G
w
f
s
i
m
c
a
o
w

t
r
t
m
c
r
a
m
i
R

T
S

Fig. 4. Comparison of generator rotor angle on the faulted bus of the WECC 179-bus
system between dynamic simulation using PowerWorld simulator and GridPACK.
Fig. 3. Input deck for dynamic 

Fig. 3 shows the input deck for the configuration options of
erforming this specific dynamic simulation using GridPACK. The
ridPACK module used for reading input decks is designed to work
ith XML-formatted inputs and supports a simple hierarchical data

ormat [21]. This format is compatible with many other types of
oftware tools, and also provides great flexibility and extensibil-
ty. New features can be easily added without requiring significant

odifications to the input format or existing parsers. Note that the
hoice of solver is specified in the PETScOptions block (lines 25–29)
nd can be changed by modifying these lines without changing any
f the underlying source codes. This enables users to experiment
ith a variety of solvers.

Figs. 4 and 5 show a comparison between the dynamic simula-
ion using the GridPACK and PowerWorld simulators for generator
otor angle and speed on the faulted bus of the WECC 179-bus sys-
em. The pre-disturbance and during-fault periods showed perfect

atch between the two curves, indicating the network interface
alculation of generator models and network solutions are accu-
ate. The difference is accumulating after the fault is cleared. There
re a few factors identified, indicating (1) in GridPACK imple-

entation, we are using modified Euler method for numerical

ntegration while PowerWorld uses forward Euler and 2nd order
unge–Kutta methods; (2) the saturation function of nonlinear

able 1
tate variables being simulated in the WECC 179-bus system.

State variable Generator Exciter Governor

1 Rotor Angle VE X1 gov
2  Rotor Speed Terminal Voltage X2 gov
3  Transient Q Axis Eq X3 exc X3 gov
4  Transient D Axis Flux X4 exc X4 gov
5  Subtransient Q Axis Flux X5 exc X5 gov
6  X6 gov

Fig. 5. Comparison of generator rotor speed on the faulted bus of the WECC 179-bus
system between dynamic simulation using PowerWorld simulator and GridPACK.
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Table  2
Total computation time of the 30 s simulation of WECC 17,156-bus system.

Time spent (s) 1p 2p 4p 8p 16p

Total time 64.47 46.85 33.82 26.82 24.80
Initial power flow 6.53 8.26 6.9 6.62 6.65
Dynamic simulation time

integration
56.16 37.37 26.32 19.86 17.96

Linear solver in Modified Euler
prediction step

3.76 5.74 6.38 6.73 7.39
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Linear solver in Modified Euler
correction step

3.75 5.69 6.35 6.64 7.30

locks in generator, exciter and governor models may  be differ-
nt between GridPACK and PowerWorld; (3) the precision of the
odes is different–GridPACK is using double precision while Pow-
rWorld uses single precision. In the future work, we  plan to reduce
he difference by consulting with commercial vendors. We  envision

 close match after the implementation details are made consistent
ith PowerWorld.

.1.3. Performance
A WECC system consisting of 17,156 buses and 1906 in-service

enerators (30,496 state variables) is simulated in GridPACK with
 fixed time step of 5 ms  for 30 s. A 3-phase-to-ground fault occurs
t 1.0 s and is cleared at 1.05 s on a major transmission line during
he simulation. The total computation time of the simulation with
ifferent numbers of processors is shown in Table 2. The scaling
ehavior of the GridPACK-based dynamic simulation application
or the WECC system is shown in Fig. 6. The figure shows the total
imulation time and time breakdown by algebraic solution using
he linear solver, integration of differential equations, and one-time
ower flow calculation for initializing the dynamic simulation. The

ntegration time includes the linear solver time. The time for the
ower flow calculation also includes the time to read the network
onfiguration file and to distribute the data across processors.

Typically, it takes 150 s or more to run a 30-s WECC-size no-fault
imulation using commercial tools on a workstation with 2.4 GHz
uo Core and 4GB of RAM. In the GridPACK implementation, the

otal simulation time has a minimum at 16 processors and takes
bout 24 s, which is about 6 s faster than real time. The integra-
ion time only takes 17 s. The linear solver is very fast on one
rocessor and takes 7 s. On two processors, the linear solver time

umps up to 13 s and then slowly rises. The initial jump reflects the
ost of replicating the right hand side vector on all processors and

hen copying the solution back to a distributed vector. Additional
ncreases reflect the cost of communicating over more processors.

The gap between the time spent in the solver and the time
pent in the integration loop decreases steadily up to 16 processors,

ig. 6. Performance of dynamic simulation application for the 17,156-bus WECC
ystem.
Fig. 7. Difference between time spent in integrating dynamical equations and time
spent in linear solver.

showing that the non-solver portions of the time integration loop
are highly scalable. This gap represents the time spent in functions
such as calculating the Norton impedance, which are completely
decoupled from each other and require no interprocessor commu-
nication.

The difference between the time spent in integrating the
dynamic simulation and the time spent in the linear solver is plotted
in Fig. 7, which shows near perfect scalability up to 16 processors.

The linear solver calls are not parallelized and do not scale, but
even with the overhead of the “all-gather” operation, they are faster
than any parallel solver for problems of this size. As shown in Fig. 7,
the remaining parts of the algorithm mostly consist of loops over
network components that do scale quite well, since the number
of network components per processor is proportional to the size
of the network divided by the number of processors. Overall, the
combination of using a very fast sequential solver, coupled with
parallelizing the non-solver portions of the calculation in GridPACK,
is enough to achieve faster-than-real-time performance on 8–16
processors.

3.2. Static and dynamic contingency analysis

Contingency analysis is an important function in power system
operation and security analysis. It is used to check physical lim-
itations and electrical stability security constraints in a number
of scenarios with power system component failures, i.e. con-
tingencies. Contingency analysis takes input from the results of
state estimation, which is formulated around power flow equa-
tions. Power system operation is trending towards maximizing
utilization of existing infrastructure with leaner stability margins.
Because of this, contingency analysis is becoming increasingly
important in modern power system operation.

Contingency analysis has two categories: static contingency
analysis and dynamic contingency analysis. In general, static con-
tingency analysis only considers the system’s behavior in a certain
snapshot under different contingencies. It requires solving a large
set of power flow equations, which is typically achieved by solving
linear equations iteratively based Newton’s method. Because solv-
ing such linear equations for current realistic models is not very
scalable as shown in the dynamic simulation example, a sequen-
tial solver is typically applied. But the parallelism comes from the
fact that contingency scenarios can be distributed across multiple
processors so they can be performed simultaneously. This is the
task-level parallelization GridPACK is capable of.
Dynamic contingency analysis is used to study system’s behav-
iors over a certain period of time under different contingencies. It
requires the solution of a large set of dynamic simulation problems,
one for each contingency, to determine the dynamic stability of the
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A logarithmic plot of the time GridPACK required to simulate
1024 contingencies using the WECC system is shown in Fig. 9. This
plot shows good scalability out to about 128 processors, and then
starts flattening out. The overall solution time improved from 2 h
ig. 8. Two-level parallelism concept. Individual tasks are distributed to groups (fir

ystem. As discussed in Section III.A, parallel computing can reduce
he computational time for individual dynamic simulation runs. At
he task level, dynamic contingency analysis is parallelized in the
ame way as static contingency analysis. The following subsections
escribe the GridPACK task manager module that is designed to
anage tasks across multiple processors.

.2.1. Task manager and two-level parallelism
The contingency analysis functions are built with the help of

 task manager module implemented in the GridPACK frame-
ork to support load-balanced task distribution and two-level
arallelism. The task manager is designed to assign tasks to pro-
essors based on the availability of processors and is implemented
ia a global atomic read-modify-write operation [6,7]. It can be
sed to efficiently manage large-scale, scenario-based simulations
here minimum communication is required among processors,

.g., “embarrassingly parallel” simulations.
Contingency analysis consists of a set of simulations for rel-

tively independent scenarios. The computational process of
ontingency analysis can be sped up in two approaches: the task-
evel parallelization as mentioned above, and the parallelization of
ndividual simulation as described in Section III.A. Combining these
wo approaches is referred to as two-level parallelism. GridPACK
upports this type of programming through two mechanisms. The
rst is through the availability of the task manager module. The
econd implementation is a result of how all GridPACK modules
re based, either explicitly or implicitly, on a communicator that
efines a group of interacting processors.

Fig. 8 shows a schematic diagram illustrating the concept of two-
evel parallelism supported by GridPACK. At the top level, individual
ontingencies are distributed to different groups of processors. At
he lower level, each contingency is further parallelized among

ultiple processors. This can be accomplished easily by splitting
he global communicator for the system into smaller groups, and
hen creating separate GridPACK applications on each subgroup. If
he application already exists, then it is usually straightforward to
evelop the small amount of driver codes necessary for the contin-
ency analysis application.

Two-level parallelism can be applied if individual contingency
imulations are themselves scalable. This is the case for dynamic
ontingency analysis with multi-level parallelism. The power flow
pplication is much less scalable, so static contingency analysis
ased on power flow analysis makes use of a single level of paral-

elism in this study. For reasons outlined in Section III.A, individual
ower flow calculations are run on a single processor.

The GridPACK task manager has a relatively simple interface
nd has only one or two important operations. The first is to spec-

fy the number of tasks to be executed. The second is a function,
alled nextTask, which returns an integer index for the next task.
he value of the index runs between 0 and N − 1, where N is the
umber of tasks. The atomic read-modify-write operation in the
el of parallelism) and run in parallel within the group (second level of parallelism).

task manager guarantees that all task indices will be selected at
least once and only once. The index is then translated into a unit
of work. Any processor can call the nextTask function and receive
the index of the next task on the task list. Processors that complete
their tasks will immediately ask for another task, rather than wait-
ing for processors that have selected slower tasks to complete. This
results in automatic load balancing and minimizes processor idle
time.

In GridPACK, a variant of the nextTask function that enables
multi-level parallelism contains a parallel communicator defining a
group of processors. All processors in the communicator receive the
same task index. A parallel application can then be launched on this
group of processors. The nextTask function also returns a Boolean
value that is false if the number of tasks has been exceeded. This
can be used by the application to shut down the loop over tasks and
go to the next phase of the calculation.

For contingency analysis calculation, the global task manager
allocates contingencies to processor groups, each containing mul-
tiple CPUs. Each group is responsible for performing a single parallel
dynamic simulation, which can lower the time required for a sin-
gle simulation compared to running on a single processor. This
enables additional performance gains compared to running a sin-
gle task on a single processor, and allows users to further decrease
time-to-solution if large numbers of processors are available.

3.2.2. Static contingency analysis application
The static contingency analysis uses a power flow simulation to

calculate the impact of different contingencies. Highly optimized
sequential implementation of the power flow codes is utilized,
as parallelization of individual power flow calculations does not
provide additional speedup for this problem. For this analysis, only
a single level of parallelism provides any benefit.
Fig. 9. Scaling behavior of static contingency analysis of 1024 contingencies using
the WECC system.
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Fig. 10. Simulation of 16 contingencies on the WECC system.

o less than a minute. Additional improvements may  be possible by
nalyzing the behavior of individual simulations. At small processor
ounts, each contingency requires about 7 s, on average.

As the number of processors increases and the number of tasks
xecuted by each process decreases, the effect on the total exe-
ution time of tasks that take an unusually long time to complete
ecomes more pronounced. In this case, it was found that simula-
ions where the Newton-Raphson iterations converged tended to
se only a few iterations to reach a solution. Simulations that did not
onverge used the maximum allowable number of iterations before
eturning, and generally took much longer than the converged cal-
ulations. If more stringent criteria for shutting these tasks down
ooner were available, then the elapsed time for the entire contin-
ency analysis at large processor counts should improve. Reducing
he maximum number of Newton-Raphson iterations in the Grid-
ACK power flow solution from 50 to 10 resulted in a 30% reduction
n the amount of time required to run the simulation at 128 pro-
essors. Of course, this strategy must be pursued carefully, because
educing the limit too much may  result in calculations that don’t
onverge, even when they should.

.2.3. Dynamic contingency analysis application
Contingency analysis can also be applied to dynamic simulation

f the power grid and is typically used to study system dynamic
ehaviors. It can determine system transient stability subject to a
elected set of contingencies, where system violations may  show
p in the transients that occur when the system moves from one
teady-state to the next, even if the steady-states themselves show
o violations. Examples using dynamic contingency analysis are
ath rating studies and system planning studies.

A dynamic contingency analysis application using two-level
arallelism has been implemented using the GridPACK framework.

 test problem consisting of 16 30-s long simulation contingen-
ies based on the WECC system was constructed to investigate
he scaling properties of two-level parallelism. Note that for larger
umbers of contingencies, the potential performance gains are also

arger if sufficient processors are available. The total time taken for
ifferent processor counts to simulate 16 contingencies are shown

n Fig. 10. The figure shows good scaling up to about 64 processors
nd then starts to flatten out, although small decreases in execution
ime are seen all the way out to 256 processors. The important fea-
ure of these results is that scaling continues beyond 16 processors
one core per simulation) and additional benefits from paralleli-
ing individual simulations are achieved up to 256 processors. At
his point, the execution time for all 16 contingencies is about 33 s.

Fig. 10 also shows the amount of time spent in the solver portion

f the code and the time spent solving the dynamic simulation
quations. The GridPACK solver portion of the code scales per-
ectly to 16 processors and then jumps up and plateaus. This is
he point at which individual simulations start running on more
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than 1 core, so the jump reflects the overhead of distributing the
right-hand-side vector to all processors. The time spent in solv-
ing the dynamic simulation equations track the total time fairly
closely until 16–32 processors and then it starts to diverge. Sim-
ilar to the results shown in Section III.A, the difference between
the total time and the dynamic simulation time reflects overhead
associated with distributing task to different processors. It may  also
reflect load imbalance that becomes more significant at large pro-
cessor counts. However, the magnitude of the gap is fairly large and
may  warrant additional investigation, with the hope of realizing
additional performance gains.

4. Conclusions

The GridPACK software encapsulates parallel programing con-
cepts using high-level abstractions and provides a modularized
framework for simplifying the development of power system appli-
cations on high performance computing (HPC) platforms. Facing
the dilemma between the strong desire for HPC applications and
the growing complexity of HPC programming, GridPACK provides
a solution by hiding the HPC programming details from applica-
tion developers. The main benefit of the GridPACK framework is
that power system developers can focus on applications instead
of being overwhelmed by HPC programming details, and thus the
HPC applications can be developed more efficiently and maintained
more cost-effectively. Dynamic simulation and contingency anal-
ysis applications are presented in this paper as examples of the
use of GridPACK. These example applications successfully demon-
strated the capabilities of GridPACK in the following key aspects:
ready support to multiple applications via an HPC-compatible
unified framework; reuse of common HPC-ready functional mod-
ules across applications; easy access to modern mathematical
solvers in parallel software; two-level parallelism implementa-
tion for additional scalability and performance improvement;
and strong scalability and performance improvements enabled
by the HPC modules provided by GridPACK. In particular, the
large-scale dynamic simulation with a 17,156-bus power sys-
tem achieved excellent faster-than-real-time performance; and the
dynamic contingency analysis application – a key part of real-time
dynamic security assessment – can extract additional performance
improvement through the two-level parallelization approach.
These demonstrate GridPACK’s core framework functionalities to
enable parallel programming for power grid simulations on parallel
computing architectures. Work is ongoing to build additional appli-
cations using GridPACK and to extend the GridPACK framework to
support additional types of power grid applications.

GridPACK is open-source software and is freely available for
download at https://www.gridpack.org.
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