RE-INTEGRATE EMT Simulation Software: DAE
Solvers and Automation

Phani R V Marthi' Soumyajit Gangopadhyay'> Kuan-Chieh Hsu® Jongchan Choi! Nilanjan Ray Chaudhuri?

marthip@ornl.gov $zg6052 @psu.edu

khsu037 @ucr.edu

choijl @ornl.gov nuc88@psu.edu

Suman Debnath'
debnaths @ornl.gov

Abstract—Existing electromagnetic transient (EMT) simula-
tion tools face challenges in accelerating EMT simulations,
especially for very large-scale power networks. To tackle this
issue, next generation EMT simulation tools such as RE-
INTEGRATE EMT are being researched upon. Such tools
should be equipped with automation capabilities and advanced
numerical differential-algebraic equation (DAE) solvers. In this
paper, the DAE solvers incorporated within the RE-INTEGRATE
EMT simulation tool are discussed. In particular, a modified
ODEINT-based DAE solver and the ARKODE solver from SUN-
DIALS are leveraged within RE-INTEGRATE EMT. In addition,
the automation implemented within RE-INTEGRATE EMT to
automate the DAE generation (replacing the need of manual
discretization and assembling DAEs) is discussed. Different use
cases were implemented using the RE-INTEGRATE EMT tool
and were validated with respect to baseline simulations.

Index Terms—Electromagnetic Transient, EMT, differential-
algebraic equations, DAEs, stiff solvers, non-stiff solvers

I. INTRODUCTION

With the increasing integration of power electronics systems
and smaller electrical machines into the power grid, faster
timescale events such as transient events, oscillations, and
control interactions are observed more frequently. Electromag-
netic transient (EMT) simulation tools are needed to accurately
capture these events [1] since such tools can simulate the elec-
tromagnetic behavior of electrical systems that are observed
during fast changes spanning a few microseconds or smaller.

Different EMT simulation tools are available today such as
PSCAD, EMTP, among others. These tools are based on the
nodal approach [2]. However, the major challenges associated
with EMT simulation of a large-scale power system equipped
with power electronics based systems such as inverter-based
resources (IBRs), inverter-based loads, and distributed energy
resources (DERs) include: (a) limited scalability of power grid
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simulation; (b) lack of automation; and (c) speed-up limited by
computational constraints. To address these challenges, newer
generation of EMT simulation tools have to be researched
upon. These newer generation of EMT simulation tools should
be infused with state-of-the-art advanced numerical solvers,
automation algorithms, high-performance computing (HPC)
techniques, and artificial intelligence algorithms.

Different from the existing nodal analysis based EMT
simulation tools, this work presents a new software frame-
work for EMT simulations that generates and discretizes the
differential-algebraic equations (DAEs) of a power system.
This newer generation EMT simulation tool, called RE-
INTEGRATE, includes DAE solvers and automation pipelines
required to accelerate EMT simulations. In this paper, the DAE
solvers that are currently utilized within RE-INTEGRATE
are discussed. One of the DAE solvers is developed by
modifying ODEINT [3], a library that was originally designed
for solving ordinary differential equations (ODEs). The other
solver is the Implicit-Explicit (ImEx) solver adopted from the
Suite of Nonlinear and Differential/Algebraic Equation Solvers
(SUNDIALS) [4], [5]. This paper also outlines the automation
processes currently implemented within RE-INTEGRATE in
order to automate (a) the process of DAE generation of
an electrical network and (b) the process of discretization
involved in solving the DAEs. Two different use cases that
were implemented using the DAE solvers are documented that
confirms the accuracy of the developed EMT software.

II. RE-INTEGRATE EMT SIMULATION TOOL

RE-INTEGRATE EMT simulation tool is the next genera-
tion EMT simulation tool that can perform EMT simulation
of large-scale power grids with power electronics (PE)-based
systems and other fast-acting components. This section de-
scribes the main pillars of RE-INTEGRATE EMT that include
automation, DAE solvers, linear solvers, and intelligence.
Other pillars of this simulation tool such as models/libraries
and features extraction will be described in future papers.

A. Automation

Automation consists of five sequential steps. At first, a
parser is developed to process a netlist (see Fig. 4b for an
example) that characterizes the system under study. For each
component in the netlist, the parser first creates an object of the
component’s class and then initializes it with the component’s
parameters read from the netlist'. Based on the source and the

lCurrently, the parser can process resistance, inductance, capacitance,
voltage source, and current source only. This is being extended to other power
system components like generators, exciters, power system stabilizers, etc.



destination nodes of the components stored in the components’
objects, an undirected graph is then formed where each node
serves as a vertex and a component connected between two
nodes serves as an edge of the graph. Since loop identification
enables KVL analysis, identifying the components forming a
loop in the connectivity graph becomes necessary to obtain a
network’s DAEs. To this end, a modified Depth First Search
(DFES) algorithm is developed to identify the loops such that
no two loops lead to the same DAE upon KVL analysis. Post
loop identification, KVL analysis is conducted on each of the
m identified loops, resulting in m DAEs. Then, KCL analysis
is conducted on n — 1 nodes for a network with n nodes,
resulting in n — 1 DAEs. Consequently, for a system with n
nodes and m loops, m+n—1 DAEs are formed. Among these
m~+n—1 DAEs, there may exist trivial DAEs discussed further
in section III-A. At first, such DAEs (if any) are eliminated.
Then, the remaining non-trivial DAEs are separated into the
ODE:s and the algebraic equations (AEs).

B. DAE Solvers

The RE-INTEGRATE EMT tool employs DAE solvers that
are developed by modifying and incorporating the ODEINT
and the SUNDIALS libraries. Consequently, RE-INTEGRATE
EMT houses different DAE solvers having different orders of
discretization, different stiffness-based discretization methods,
among others, that can facilitate dynamic simulation of sys-
tems defined by DAEs with different properties. The DAE
solvers are automatically invoked at the end of the automation
step in order to discretize the generated DAEs, leading to
a linear system of equations at each time step during the
simulation interval obtained as an input from the user. More
details on the DAE solvers are available in section III.

C. Linear Solvers

Based on the discretization of the DAEs representing EMT
simulation dynamic models, a linear system of equations
having the form Ax =b (where A is a square matrix) is
generated and solved at each time step of the simulation.
For a large-scale power system, the matrix A is not only
sparse but also has special forms and properties [6]. Within
RE-INTEGRATE EMT, several sparse linear solvers that can
leverage these special properties and forms of the A matrix are
utilized to improve the scalability and the speed of the EMT
simulation of a large-scale power system. Some of the linear
solvers incorporated within RE-INTEGRATE EMT include
KLU [7] and SuperLU. This work does not discuss the linear
solvers in detail that will be presented in future papers.

D. Intelligence

Intelligence is one of the key pillars within RE-
INTEGRATE EMT. The DAEs obtained for power grids with
fast-acting devices have properties that can be explored to
use different types of discretization methods [8]. Moreover,
the matrices resulting from large-scale power system EMT
simulation models are often sparse with specific structural
configurations. Intelligence is also being embedded in the RE-
INTEGRATE EMT simulation tool to identify the specific
structure of the matrices. These intelligent methods help in
re-ordering the matrices that lend themselves to a variety of
linear solvers that are appropriate for enhancing speed-up and
achieving scalability in EMT simulation of large-scale power

grids [6]. Intelligence is also utilized within RE-INTEGRATE
for automation of large-scale systems [8].

The rest of this paper solely focuses on the DAE solvers and
the automations developed within RE-INTEGRATE EMT.

III. DAE SOLVERS

This section outlines (a) the modifications incorporated within
ODEINT and (b) the capabilities utilized from SUNDIALS
to solve the DAEs generated within RE-INTEGRATE EMT.
A. ODEINT

ODEINT includes several numerical integrators (such as
Euler, implicit Euler, adams-bashforth, adams-moulton, rosen-
brock, and explicit runge-kutta methods) that can solve a set
of ODEs, provided by the user as an input, over a pre-specified
time interval set by the user. Since ODEINT can solve only
ODEs, ODEINT is appropriately modified to interface it with
RE-INTEGRATE EMT. In particular, ODEINT is modified
to (i) automatically accept the set of DAEs generated within
RE-INTEGRATE EMT as input instead of user-defined ODEs
only, (ii) handle AEs in addition to ODEs, and (iii) delink the
linear solvers from the DAE solvers at each time step of the
simulation. The proposed modifications are as follows:

1) Automated DAE generation within RE-INTEGRATE
EMT: To generate a network’s DAEs, identifying the com-
ponents (or edges) constituting a loop becomes necessary.
This is because, for each component, the voltage-current
(v — ¢) dynamics is described by a DAE that differs across
components. The traditional DFS algorithm forms and stores
the adjacency list of a graph that indicates whether a pair
of vertices is directly connected or not. While this helps in
identifying the vertices forming form a loop, the algorithm
cannot identify all the loops when multiple edges connect a
pair of nodes. In an electrical network, multiple components
can be connected between a pair of nodes, leading to multiple
loops involving the same pair of nodes. Inability to detect and
identify such loops may underestimate the number of DAEs
required to characterize the network. To address this issue, the
DFES algorithm is modified within RE-INTEGRATE EMT. In
particular, besides storing the adjacency list of the connectivity
graph, RE-INTEGRATE EMT stores (a) the number of edges
between any two nodes and (b) the information of the com-
ponent corresponding to each edge in a form similar to that
of the adjacency list. The resulting advantages are two-fold.
First, multiple loops involving the same pair of nodes can be
identified. Second, upon detection of a loop, the components
forming the loop can be back-tracked simultaneously while
back-tracking the nodes forming the loop.

It is worth noting that with the proposed modification, the
DEFS algorithm may identify two different loops that yield the
same DAE upon KVL analysis as shown in Fig. la. Starting
from node 0, the algorithm may identify two loops - Loop
1 and Loop 2. Since (i) a capacitor’s v — ¢ dynamics is
uniquely determined by the capacitor’s voltage and (ii) C}
and Cy are connected in parallel, the DAEs resulting from
KVL analysis of Loop 1 and Loop 2 are identical. Identical
DAESs may also be encountered when two independent current
sources are connected in parallel. Identical DAEs can pose
singularity problems for the linear solvers?. To circumvent this

2Identical DAEs are not formed when resistors/inductors are connected in
parallel since their v — ¢ dynamics are uniquely determined by their currents.
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Fig. 1. (a) Identified loops: Loop 1 and Loop 2 (KVL: =V —igpR— L‘“L +

v = 0) (b) Identified loops: Loop 1/Loop 2 (KVL: —V —iprR—L ’12L 4y =
0) and Loop 3 (KVL: —v + v = 0).

issue, the DFS algorithm is further modified to keep track of
the “reverse-parent” nodes for each node in the connectivity
graph. In particular, upon a loop detection, if node X directly
leads to node Y during back-tracking, then node X is assigned
as a “reverse-parent” node of node Y. Instead of identifying
Loop 1 and Loop 2 as the two loops, the modified algorithm
identifies either Loop 1 and Loop 3 or Loop 2 and Loop 3,
thus preventing the generation of identical DAEs from KVL
analysis. However, as shown in Fig. 1b, KVL analysis of
Loop 3 yields v = v which is trivial. Such trivial DAEs are
eliminated to form the final set of N non-trivial DAEs.

2) Modifying ODEINT to solve DAEs: ODEINT is capable
of solving a set of ODEs of the form:

= fi(x) Vie{l,2,...,m} (1)
where m is a positive integer and £ € R™ having coordinates
x; Vi € {1,...,m}. To solve the DAEs generated within RE-
INTEGRATE EMT, the implicit Euler class within ODEINT
is modified to tackle linear/affine DAEs of the form (2a)-(2b).

N N
Zlijx'j ZZTZ'J‘Z‘]‘—FCi Vi € {1,2,...,N1} (2a)
=1 j=1
N
0=> ryzj+c¢;  Vie {N1+1,...,N} (2b)
=1

where N is the total number of DAEs, out of which N7 are
ODEs and the rest are AEs. The coefficients /;;, r;; and ¢; are
real numbers Vi,j € {1,2,..., N}. At each time step of the
simulation, the objective is to generate the matrix Apr and
the vector bp 4 g such that the solution at the current time step
can be obtained by solving the linear system Apapx = bpAE.
To realize this objective, at first, the matrices J,, Jp € RV*Y
are formed within the modified implicit Euler class as:

T11 TIN
U JrRe |0
llN lNlN 0 0 TN1 TNN
Then, the matrices A, B,C, D, E, F' are formed as:

A(—(JL)‘jiE{l N1}j€{1,...,N}
Be(JL)Zj ze{N1+1 LNLje{l, ...,
“ (Jn)iy i€ {1,. NiLjedll, .. N}
D(—(JR) J ZE{N1+1,...,N},j€{1,...,
E+~A—-hC and F<+< B-D

lin ..o Inga O Lo 0T

JL<—

N}

N}

where h > 0 is the stepsize used in the simulation. The matrix

Apag € RVXN and the vector bpag € RN are formed as:
ADAE < [ET FT]T
T
bpag JLl‘(tn) -+ [hcl hCN1 CNy4+1 - CN]

where x(t,,) is the solution at ¢t = t,,. The solution z(¢,,+h) at
t =t, + h is currently obtained by solving Apapx = bpag
using the LU solver available within ODEINT.

3) Delinking Linear solvers from DAE solvers: In the exist-
ing ODEINT codebase, the LU solver is invoked from within
the implicit Euler class. Consequently, the matrix Ap g and
the vector bp 4 (generated within the modified implicit Euler
class at each time step) cannot be accessed from outside the
implicit Euler class. This in turn restricts the choice of the
linear solver to the ones available within ODEINT. Hence, RE-
INTEGRATE EMT currently delinks the linear solver routines
from the DAE solver routines. As a consequence, a linear
solver cannot be invoked from within the DAE solver class.
Instead, Apagr and bpagr can now be accessed outside the
DAE solver class which creates room for incorporating novel
linear solvers within RE-INTEGRATE EMT in the future.

B. SUNDIALS: Implicit-Explicit Solvers

SUNDIALS has a package of ODE and DAE solvers. For
this work, SUNDIALS ImEx solvers are utilized to exploit
the stiffness property present within DAEs representing the
dynamics of a power grid equipped with power electronics.
However, SUNDIALS ImEx solvers do not incorporate first-
order solvers that are available within ODEINT.

1) ImEx Solvers: Implicit-Explicit Solvers: SUNDIALS
consists of a DAE solver package called ARKODE that can
solve initial value problems (IVPs) given by (3).

¥ = fr(z,t) + fe(z,t); x(to) = xo 3)

where, x,t represents state of the system and time re-
spectively; f(z,t) denotes the equations that represent the
dynnamics of the system. The dynamics of the system are
segregated into two parts: “stiff” and “non-stiff” components.
fr(x,t) contains the “stiff” components of the system and
fe(z,t) contains the “non-stiff” components of the system.
The ARKODE package in SUNDIALS supports one-step
time implicit-explicit (ImEx) additive Runge—Kutta methods.
The “stiff” components-based states in f;(z,t) are integrated
using diagonally-implicit Runge-Kutta methods (DIRK), and
the “non-stiff” components-based states are integrated using
explicit Runge-Kutta methods (ERK) [9]. The user should
provide both functions f;(z,t) and fg(x,t) for the mixed
stiff/non-stiff problems that define the dynamics of the system.

2) Sources of Stiff System DAEs in EMT Simulation: The
key factors that can play a key role in introducing stiffness
into the DAEs are ratios of inductances, capacitances, high-
frequency switching actions of power-electronics systems,
rapid dynamics of various filter components, fast dynamics
of the input and output voltages, and interactions between the
filter components and loads. Furthermore, non-linearities in the
systems also play a key role in determining the stiffness in the
systems. Some examples of “stiff” system of DAEs include:
arm current dynamics during sub module (SM) blocked con-
dition in Modular multilevel converter (MMC) - High Voltage



direct current (HVdc) [10]; inductor current dynamics in direct
current (dc)-dc converters models, dc-alternating current (ac)
inverters models, and filter currents and voltages dynamics
in dc-ac inverters of the photovoltaic (PV) inverter system
models, among others [11]. Some examples of the “non-stiff”
system of DAEs include: SM capacitor voltage dynamics in
MMC-HVdc system models [10], input and output voltage
dynamics of the dc-dc converter models [11], among others.

3) ImEx Solvers: Implementation and Automation: Once
the “stiff” and “non-stiff” DAEs of the system are identified,
the system module is developed in C programming lan-
guage using ImEx solver module ARKODE and included into
fr(z,t) and fg(x,t). The “stiff” and “non-stiff” functions are
then processed (discretization required for EMT simulation)
using ARK StepFEwvolve function (in the ARKODE integra-
tor), thereby automating the entire discretization process for
EMT simulation of the PV inverter module with SUNDIALS.
Subsequently, the system can employ either direct or iterative
solvers to solve these equations and update the state variables.

4) Linear Solvers: SUNDIALS: In this research, the matrix-
based solver SUNLinSol Dense from SUNDIALS is chosen
for example purposes; however, users have the flexibility to
select alternative solvers from SUNDIALS or external sources.

IV. CASE STUDIES AND SIMULATION RESULTS

In this section, two case studies are shown: (a) PV inverter
simulation using ImEx solver in SUNDIALS; (b) Circuit
simulation using the modified ODEINT based DAE solver.

A. PV inverter

The PV inverter module considered in this use-case is shown
in Fig. 2. The PV inverter module consists of PV array,
dc-dc boost converter, dc-ac inverter, and LCL filter. In the
PV inverter EMT simulation model, the voltage and current
dynamics of capacitors and inductors in dc-dc converter, dc-
ac inverter, and LCL filter are represented by DAEs [11]. In
[11], the EMT simulation model of the PV inverter module
is simulated by state-space method. In the case of state-
space approach, the PV inverter module’s DAEs are assembled
based on Kirchoff’s current and voltage laws to form the
system DAEs. The formed system DAEs are then discretized
manually using hybrid discretization methods resulting in
linear system of equations. The linear system of equations
is then solved using generic matrix inversion methods such as
LU decomposition or Gauss elimination methods.

In the proposed method using ImEx solvers, DAEs are
directly included into the fr(z,t) and fg(z,t) based on the
stiffness category. In the case of PV inverter module, DAEs
for the input and the output voltage dynamics of the dc-dc
converter are classified as “non-stiff” components and DAEs

PV Inverter Module
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Fig. 2. PV inverter module architecture.

for the inductor current dynamics of the dc-dc converter, the
inverter currents of the dc-ac inverter are classified as “stiff”
components. These DAEs are implemented using the automa-
tion process explained in Section III-B3. The linear system of
equations generated from this automated discretization process
is solved at each time step using the matrix-based solver
SUNLinSol Dense from SUNDIALS.

The simulation results for the PV inverter module simulation
using SUNDIALS ImEx DAE solvers are shown in Figs. 3a-
3c. The inductor current dynamics of the dc-dc converter, the
dc-link voltage dynamics of the dc-ac inverter, and the dc-ac
inverter current dynamics of the PV inverter module are shown
in Figs. 3a-3c respectively (corresponding circuit components
highlighted in Fig. 2). From the results, it is observed that the
PV inverter module is stable, accurate and compares well with
the baseline results from the existing simulators [11].

B. Circuit with resistors, inductors, capacitors and battery

RE-INTEGRATE EMT was used to simulate the circuit
shown in Fig. 4a for 0.5 s. At first, the circuit was represented
using the netlist shown in Fig. 4b. Then this netlist was fed
to RE-INTEGRATE EMT that generated 10 DAEs (8 ODEs
and 2 AEs) representing the circuit’s dynamics. Within RE-
INTEGRATE EMT, the implicit Euler method was set as
the DAE solver and the circuit was simulated using three
stepsizes: 0.1 ms, 1 ms and 10 ms. For each simulation,
the corresponding stepsize was provided as an input to the
DAE solver for discretization. Consequently, at each time step,
the tool produced an Apsp € R19%10 and a bpap € R
which were fed to the LU solver (available within ODEINT)
to solve the circuit at that time step. Note that, all six state
variables (i.e., vo—1, Us—4, t2-1, 15_3, i2_3, and 7§_5) were
initialised to zero in the simulations. For each stepsize, the
outputs obtained from RE-INTEGRATE EMT were compared
with the outputs obtained by simulating the circuit of Fig. 4a in
MATLAB Simulink using implicit Euler method and the same
stepsize. The objective of this comparison was to verify the
accuracy of RE-INTEGRATE EMT across different stepsizes.
The obtained results are shown in Fig. 5. Further, the relative
error (r.e.) between the outputs obtained from Simulink and
RE-INTEGRATE EMT was evaluated as:

|Simulink output — RE-INTEGRATE output|
r.e.(%) =

|Simulink output| <100
The variation of the relative error against time is also shown in
Fig. 5 for the two state variables vg_1 and v5_4. It is seen from
Fig. 5 that the outputs obtained from RE-INTEGRATE EMT
are indistinguishable from the corresponding outputs obtained
from Simulink. Further, the relative error is negligible in each
of the six dynamics shown in Fig. 5. This demonstrates the
generality of RE-INTEGRATE EMT across different stepsizes.
The generality of RE-INTEGRATE EMT across different
stiffness ratios was also investigated by varying the inductance
(between nodes 1 & 2) and the capacitance (between nodes 4

& 5). The results obtained were found to be satisfactory. How-
i ever, these results are not provided in this paper due to space
i limitations. Additionally, it is seen from Fig. 5 that unlike v5_4

which exhibits a non-oscillatory and over-damped dynamics,

the state vg_; exhibits a decaying oscillatory dynamics. This is
I because, unlike the 1.5 ohm resistance that provides significant

damping, the 0.05 ohm resistance is too small to provide
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sufficient damping, leading to the under-damped dynamics of
vg—1. Further, as seen from Fig. 5, the oscillations decay faster
as the stepsize is increased. This is due to the stiff decay
property which enables the implicit Euler method to attain the
steady state faster by ignoring the transients, when a higher
stepsize is used.

different stepsizes as well as different stiffness ratios. Further,
the automation processes employed within RE-INTEGRATE
EMT are found to significantly reduce the manual intervention
that was previously required to discretize the DAEs defining
the power system components in EMT simulation models,
lending itself to simulation of large-scale power networks.
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and the highest frequency of simulated signals. Especially for
power electronics and geographically distributed real-time simu-
lation, this is an interesting feature. Currently, the focus of DPsim
is more on the application in distributed real-time co-simulation
than power electronics. The idea is that the larger the simulation
step, the smaller the impact of the communication delay between
simulators, which are geographically distributed.

Distributed real-time co-simulation is motivated by large sys-
tem simulations requiring more simulation capacity than is lo-
cally available and by the possibility of Hardware-In-the-Loop
(HIL) testing with hardware under test and simulators at different
locations. Using dynamic phasors for this application is a fairly re-
cent development although the dynamic phasor, or the envelope
function concept, is well known and was introduced in power
electronics analysis in [1] as a generalized state space averaging
method.

The authors of [2] have developed a distributed real-time
simulation laboratory by applying a communication platform as
a simulator-to-simulator interface in order to enable remote and
online monitoring of interconnected transmission and distribu-
tion systems. Each simulator carries out simulations in time do-
main, while the variables exchanged at the interconnected nodes,
i.e. decoupling point, are in the form of time-varying Fourier
coefficients. The electromagnetic transient (EMT) values cannot
be exchanged at every simulation step due to the communication
delay. This delay may be directly incorporated into the physi-
cal power system model using traveling wave transmission line
models [3]. However, electromagnetic waves travel about 15 km
in 50 s, a time which equals the typical step time in real-time
EMT power system simulation. This means that a communication
delay in the range of milliseconds would have to be compen-
sated with a line length of several hundred kilometers which
may require large and unrealistic changes to the original system
model. Therefore, this method is suited for applications on local
simulation clusters where the delay is only few simulation steps,
but not for internet-distributed simulation, where the expected
delay is often tens of milliseconds. In the latter case, the insertion
of a transmission line model with the required parameters into
the model would have a severe impact on the behavior of the
system. Without compensation, the communication delay might
cause large errors and even instability of the simulation as shown
in [4] for a delay of more than 30 ms.

Starting from the concept presented in [2], we propose in-
terfaces and system-wide simulation state variables based on
dynamic phasors. This approach has two benefits explained in [5],
which presents a comparison of DP and EMT simulations con-
ducted in DPsim. First, it takes advantage of the computational
efficiency of dynamic phasors in scenarios that involve bandpass
signals with large center frequencies, as in the case of switching
power electronics. Secondly, it increases the simulation time step
thus reducing the difference between the local simulation time
step size and the round trip time between simulators.

The approach employed in [2] requires the extraction of pha-
sor information from the EMT signals. Therefore, the transparency
of the interface is not guaranteed since the interface algorithm
may alter the exchanged signals. This extraction step is elimi-
nated by using dynamic phasors as state variables. Because of
these features, DPsim is now part of the distributed real-time co-
simulation platform described in [6], which is also the base for
the experiment described in [2]. A first example of distributed
real-time co-simulation using DPsim is presented in [7]. This ex-
ample shows the impact of the latency in geographical distributed
simulation on the results and how the latency can be modeled a
priori to running actual simulations.

Besides, there are other relevant open-source initiatives in the
field of power system simulation to be mentioned. In particular

the Modelica community is very active in adapting Modelica en-
vironments for large scale power system cases [8,9] and providing
comprehensive libraries of models [10,11]. These initiatives aim
to enable large scale, fast simulation of power systems using
open-source components but the focus is slightly different com-
pared to the work presented here. The primary objective of DPsim
is to assure a deterministic time step in terms of simulated and
computation time to provide real-time capability required for
Hardware-in-the-Loop (HIL) experiments. This is why in DPsim
higher order solver methods are avoided and the system is split
into subsystems, which are solved separately. The aforemen-
tioned related work does not seem to rely on such compromises
since a deterministic time step is not required. While Modelica
allows a convenient definition of physical models, DPsim does not

intend to provide a solution in this regard [JCHEISIEIEES

from Modelica models to represent components connected to the
EEENEE These can be linked to DPsim and solved by the ODE
solver that was integrated into DPsim for this purpose.

Another related work which is not open-source but also DP
based is described in [12]. Similarly to DPsim, the authors have
developed a simulator based on the DP approach. However, the
focus does not seem to be fast simulation or real-time simu-
lation since the simulator was developed in Python and there
are no measures described in order to speed up the simulation.
Furthermore, the validation is focusing on the correctness of the
simulation rather than simulation speed.

2. Software description

The main theoretical building blocks of DPsim are the dy-
namic phasor concept and the modified nodal analysis (MNA).
Dynamic phasors [13] have various names in scientific literature.
Depending on the field and application, they are known as gen-
eralized averaging method [1], shifted frequency analysis [14],
equivalent envelope [15,16] or baseband signal [17]. Here, the
term dynamic phasors is selected because it is widely known in
the power system community. The basic idea of dynamic phasors
is to approximate a time domain signal x with a Fourier series
representation as shown in (1)

X(T) =) Xt)eks o) (1)
k
where © € (t — T, t]. The kth coefficient is determined by
1 [t )
X (t) = X)(t) = 7‘[ X(t)e—]kws(r)dt 2)
T Jer

where w; is the fundamental system frequency and kws are its
harmonics.

MNA is used for the representation of the network as a linear
equation system, whereas complex components, such as electrical
machines, connected to the network are treated by a separate
ODE solver. Depending on the simulation scenario, the admit-
tance matrices of the required network topologies can be pre-
processed, i.e. factorized, before simulation start to guarantee a
deterministic simulation time step.

The simulation kernel of DPsim is extended with interfaces to
support different use cases such as circuit or system simulation,
batch simulation, co-simulation and HIL testing. DPsim supports
the Common Information Model (CIM) [18] as native input for the
description of electrical network topologies, component parame-
ters and load flow data, which is used for initialization. Users can
interact with the simulation kernel via Python bindings, which
can be used to script the execution, schedule events, change
parameters and retrieve results. Python scripts have been proven
an easy and flexible way to codify the complete workflow of a
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Fig. 1. Overview of DPsim’s main components and dependencies on external
libraries.

simulation from modeling to analysis and plotting, for example
in Jupyter notebooks using Numpy and Matplotlib. Furthermore,
DPsim supports co-simulation and interfaces to a variety of com-
munication protocols of commercial hardware via the integration
of DPsim with the VILLASframework [19], that enables large-scale
co-simulations and HIL experiments.

2.1. Software architecture

2.1.1. Module structure

The DPsim simulation kernel and its component models are
implemented in the C++ programming language. The availability
of good compilers and highly optimized software libraries, such
as Eigen [20], Sundials [21] and VILLASnode, which is part of the
VILLASframework, for C++ were key factors for this decision.

The core of DPsim consists of models and solvers as depicted
in Fig. 1. Interfaces to other software, hardware or data are
supported through external libraries. Grid data in CIM standard
format is imported using the CIM++ library [22]. Communica-
tion with other software, e.g. real-time simulators, control and
monitoring software, as well as hardware is provided by the
VILLASframework. For linear algebra operations, DPsim uses the
Eigen library. The MNA solver of DPsim uses the Eigen LU fac-
torization and Eigen::Dense/Sparse::Matrix are the standard data
types for all matrix variables. The Sundials solver package is
included in DPsim to provide more complex ODE solvers for
components connected to the network.

Compilation from source code requires a Git, a C++11 compiler
and CMake 3.6. Tested compilers are Clang, GCC, MSVC and Intel’s
ICC. As a base operating system Ubuntu 18.04 LTS or Fedora 29 are
recommended. For real-time execution a Linux 4.9 kernel with
the PREEMPT_RT patch-set is recommended.

2.1.2. Class hierarchy

Simulation is the main interface class for users to control the
simulation state. The attributes of a Simulation instance hold all
the information that specifies one simulation scenario in DPsim.
The Simulation holds references to the solvers, interfaces and the
power system model information. This hierarchy is presented in
Fig. 2. The complete class hierarchy diagram can be found in
the developer’s documentation of DPsim [23]. All solvers inherit
from Solver, e.g. MNASolver and ODESolver, and all interfaces
from Interface, e.g. for VILLASnode. All component models, power
system, signal etc., derive from the class IdentifiedObject. The main

Simulation
0..* 1.%
Interface Solver System
Topology
MNA Identified-
VILLAS Solver Object

Fig. 2. Diagram of the main classes of DPsim.

attribute of this class is a unique identifier, which is equivalent to
the mRID in CIM.

2.1.3. Parallelization

In order to utilize the multiple processor cores of modern
computer systems and speed up the simulation, the computation
of one time step is split up into multiple tasks. These tasks are
defined by the various parts of the simulation (like instances
of Solver and Interface). An internal scheduler creates a task
graph by analyzing which variables are modified and used by
the tasks. This task graph is a directed acyclic graph with nodes
representing tasks and edges representing data dependencies.
The scheduler uses this graph to distribute the tasks onto mul-
tiple threads such that these dependencies are upheld. DPsim
implements different scheduling algorithms for this purpose, the
simplest of which being level scheduling as used in [24]. This
algorithm divides the tasks into ordered levels such that each task
only depends on tasks in a previous level. To simulate a time step,
these levels are then executed in order by distributing all tasks of
one level evenly among the available threads.

To further optimize the simulation performance for large net-
works when using multiple processors, a decoupling transmission
line model can be introduced. In this model a transmission line is
represented using equivalent current sources and resistances at
the line ends that are not topologically connected as described
in [25, ch. 6.2]. Instead, the ends are indirectly connected by
updating the values of the sources based on the values on the
other end only after a delay z, which depends on the line’s
parameters. As subsystems that are connected using this line
model are not connected in a strict topological sense, they can
be solved independently and in parallel. This significantly reduces
the computational effort to simulate large systems.

2.2. Software functionalities

DPsim supports both dynamic phasor and EMT simulation.
Furthermore, DPsim is optimized for real-time simulation but it is
also possible to run the same simulation scenario offline meaning
that the simulation is executed as fast as possible. These different
simulation modes are compatible with the user and simulation
interface which are covered in the following.

2.2.1. User interface

Network models can be directly defined in the C++ code.
This technique is complemented by a CIM importer, which al-
lows the user to directly load network models from CIM-XML
files. This proves to be an adequate form to describe network
topology and component parameters, which are required by the
solver. This CIM importer relieves the user from defining the
model in plain C++ code. However, CIM-XML is not suitable for
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the definition of more complex simulation scenarios with time
varying parameters or topology changes caused by contingencies
in the system (e.g. breaker events or faults). Therefore, DPsim
features Python bindings to most parts of the C++ program-
ming interface. A scripting language like Python is used to define
scenarios by leveraging the flexibility of a general purpose im-
perative language. This allows the user to write a single Python
script to:

e Describe the network topology and parameters

e Load a network from CIM data and optionally extend it

e Define a simulation scenario with events or parameter
changes

e Execute the simulation and analyze or plot the simulation
results

2.2.2. Simulation interface
Interfacing the simulation kernel is desirable for multiple rea-
sons:

e Real-time exchange of simulation signals for co-simulation
or HIL testing

o User interface for online monitoring and control of the sim-
ulation

e Logging of simulation results for offline analysis

o Import of time series data, for example load and production
profiles

For commercial simulation tools these interfaces are a major
selling point as new protocols and standards and DAQ cards are
introduced continuously. Their implementation and maintenance
is time consuming and seemingly never ending. By design, DP-
sim tries to avoid this pitfall by leaving the implementation of
interfaces, data formats and protocols to a separate project. VIL-
LASnode, a component of the VILLASframework project, handles
input/output as well as translation between different protocols.
DPsim focuses on solving the system model and provides only
a single type of interface, shared memory, to the VILLASnode
gateway. Interfaces to external systems, databases, files or the
web interface are then handled by the wide range of supported
interfaces of the VILLASnode gateway, which in this case acts as
a proxy between the shared-memory interface to DPsim and the
outside world. Responsibilities are clearly separated. This allows
the development of new interfaces without having to modify the
simulation kernel itself.

In addition, DPsim can use the VILLASnode interfaces for co-
simulation with other simulators or remote DPsim instances. In
such a scenario, DPsim is usually coupled using an Ideal Trans-
former Model (ITM). Fig. 3 shows a decoupled model, which
exchanges voltages in one and current signals in the opposite
direction to control respective sources. For a phasor simulation,
the exchanged signals are complex-valued attributes which are
passed via the shared-memory interface to VILLASnode which
further sends them to a remote simulator using one of VILLAS’
supported protocols (e.g. MQTT, UDP, ZeroMQ, ... ). For geograph-
ically distributed simulations, VILLASnode can implement inter-
face algorithms to compensate for the inherent communication
latencies when executed in real-time over a high latency con-
nection such as the internet. Alternatively, the implementation
of a Discrete Fourier Transform (DFT) in VILLASnode allows for
a coupling of the phasor-based DPsim with other EMT-based
simulation tools like OPAL-RT or RTDS.

DPsim exchanges simulation data with the VILLASnode gate-
way via a shared-memory region. The execution of DPsim and
VILLASnode as independent processes is crucial in real-time sim-
ulation scenarios as the main simulation kernel must not be
interrupted by background activities such as data logging to a
possibly blocking database.

Furthermore, DPsim has its own simple logging module to
write results to CSV files for archival and post processing. This
method is easy to setup and convenient for small simulations
where post processing and analysis of simulation results is done
in MATLAB or Python. In the long term, the internal CSV logging
functionality is planned to be incorporated into VILLASnode and
enhanced by the support of additional data formats like HDF5 as
used by MATLAB.

3. Implementation and empirical results

To complement the previous overview of DPsim’s architec-
ture, the next subsection explains implementation specifics af-
fecting the real-time performance of DPsim. The real-time per-
formance of DPsim is demonstrated in the following subsection.
The remaining two subsections demonstrate the correctness of
the solution computed by DPsim against Matlab Simulink. The
first simulation validates only the network solution, which is
computed by the MNA solver. The second simulation features
a combination of the MNA solver for the network solution and
an ODE solver for the numerical integration of the synchronous
generator equations.

3.1. Implementation details

Only a compiled language like C++ with minimal runtime over-
head is suitable for the implementation since DPsim is targeting
simulation time steps in the range of milliseconds to microsec-
onds on off the shelf computing hardware. Great care was taken
to avoid memory allocation during the actual simulation. When-
ever possible, DPsim utilizes low order integration methods and
avoids iterative solver strategies to minimize computation time.
That is why the network part is handled by the MNA solver
specifically developed for DPsim.

DPsim is compatible with Windows, macOS and Linux operat-
ing systems. Eventually, the operating system configuration can
have a large impact on the real-time performance. To guarantee
real-time execution, DPsim leverages several Linux real-time fea-
tures such as the real-time capable SCHED_FIFO scheduler, real-
time signals, the timerfd interface, or control groups (cgroups).
Many of these features are nowadays incorporated in the stan-
dard Linux kernel but have their origin in the PREEMPT_RT patch-
set. The patch-set is slowly integrated into the mainline kernel
but still exists and can be applied to further improve the real-time
performance by enabling preemption of critical sections such as
interrupt handlers. The capability to preempt critical sections in
the operating system kernel reduces the overall system latency
and therefore helps to ensure strict deadlines at each time-step
interval.

Real-time execution on Windows or macOS is not supported.
Best real-time performance was achieved on a recent Intel x86_64
multi-core machine with optimized BIOS settings to avoid inter-
ruptions of the system by the System Management Mode (SMM).
To do so, DPsim execution threads are isolated from remain-
ing system processes using Linux’s cgroup feature. This reduces
the impact of background jobs in the system on the real-time
performance.

As a good start for real-time optimizations, we recommend
Redhat’s Real-time Guide [26] with its tuned tool and the realtime
profile. An updated list of optimization options can be found in
the DPsim documentation [23].

To control the time step, DPsim is using timerfd interface in
Linux environments. The timerfd interface allows for the config-
uration repetitive interval and one-off timers. It uses blocking
file descriptors to suspend the execution of the simulation loop
until the beginning of the next interval. This approach is more
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Fig. 3. VILLASnode as a gateway for distributed co-simulation with DPsim.

efficient than the use of the more common timer interface, which
relies on signals. At the same time, timerfd is more accurate
as calls to sleep or nanosleep as they suffer of a lingering drift
to non-equidistant execution intervals. The timerfd is also used
to schedule the synchronized start of distributed simulations as
described in the introduction.

Shared-memory is a common method for inter-process com-
munication (IPC) used on symmetric multi-processing (SMP) ma-
chines. It enables user processes to exchange data without the
involvement of the OS kernel. Shared-memory IPC allows both
processes, the solver and the gateway, to be executed in parallel
while streaming their data with minimal latency over a queue
in the shared memory region. The queue is implemented as a
lock free multiple producer/multiple consumer (MPMC) queue
and relies on atomic operations of the processor to facilitate
synchronization of the DPsim and VILLASnode processes. The
lockfree queue is a thread safe data structure. It is used to pass
samples of simulation data between the involved processes. As
such message passing is used as the main paradigm to avoid data
races. During the initialization phase, semaphores are used to
avoid race conditions in the setup of the shared-memory regions.
The absence of the operating system in the communication is
crucial to avoid costly context switches, which have to be avoided
in a real-time context. Using the shared-memory interface, the
DPsim simulation loop can run uninterrupted in a high priority
process. At the same time, VILLASnode gets assigned a lower pri-
ority for handling of possibly blocking disk or database accesses.
In a hardware-in-the-loop simulation it might be necessary to
have hard real-time capable interfaces to the real world. For
this purpose, DPsim supports an arbitrary number of shared-
memory interfaces at the same time. This allows the user to
configure one VILLASnode process with a high priority for the
control of PCle FPGA or DAQ cards, and at the same time another
VILLASnode process for low priority logging of simulation data in
the background.

3.2. Real-time performance evaluation

DPsim is specifically designed for real-time simulation. To
assess the effect of system size on the real-time performance of
DPsim, a simple test network was copied multiple times and con-
nected with additional transmission lines. Fig. 4a shows the WSCC
9-bus system, which was used for this purpose. The copies were
connected in a ring-like topology using additional transmission
lines at the nodes 5, 6, and 8. The average wall clock time needed
to simulate one time step was measured for a simulation time
period of 0.1s with a time step of 100 ws. Each measurement
was further averaged over ten simulations of the same system.
The measurements were performed on a system running Ubuntu
16.04 on an Intel Xeon Silver 4114 processor featuring ten cores
clocked at 2.2 GHz. The results are shown in Fig. 4b for two dif-
ferent configurations: For the normal simulation, the additional
transmission lines were modeled using the Pi model and only

one thread was used. For the parallel simulation, the decoupling
transmission line model was used for the additional lines and ten
threads were employed. As it can be seen, the use of multiple
threads and the special transmission line model greatly reduces
the wall clock time necessary for simulating a single time step.
Even for 40 copies of the original system (resulting in a system
size of 360 nodes), the wall clock time per step stays under
the simulation time step of 100 s, thus allowing for real-time
simulation. For a small number of system copies, DPsim supports
simulation time steps of about 10s, which is a typical time
step for commercial EMT simulators. However, it should be noted
that such small time steps are not the aim of DPsim since the
simulation is conducted in DP and not EMT.

3.3. Validation of the MNA network solver

The next simulation case demonstrates the accuracy of the
MNA network solver compared to Simulink results. Both simu-
lators DPsim and Simulink are run with a simulation time step
of 100 ps. It can be seen that for such small time steps DP
simulations yield the same results as EMT. The larger the time
step, the more will the results degrade. It is shown in [5] that the
degradation of the results with larger time steps is smaller when
using the DP approach compared to EMT.

Fig. 5a shows the simulated circuit, which is composed of
one current source of 10 A, two resistors of 1€, an inductor of
1mH and a capacitor of 1mF. The voltage source is set to its
nonzero peak value at the beginning because it is following a
cosine with zero phase shift. Therefore, the system is not starting
from steady-state and a transient can be observed. The DPsim
dynamic phasor results are transformed to time domain values
and compared against Simulink EMT results. As can be seen from
Fig. 5b, the results match.

3.4. Validation of the ODE solver for components

The following example compares the results of Simulink and
DPsim for a three phase synchronous generator fault. Here, the
simulation time step is 50 s for DPsim and Simulink. As in
the previous simulation case, the DP approach would allow for
larger time steps than EMT. A comprehensive study investigat-
ing this property and featuring synchronous generator models
is presented in [27]. Initially, the load is 300 MW and the fault
is applied at 0.1s. The generator parameters are taken from
example 3.1 in [28]. As in the previous example, the dynamic
phasor results are transformed to time domain values before the
comparison. Again, it is visible that the DPsim results match the
Simulink results except when the fault is cleared (see Fig. 6).
In contrast to DPsim, the fault in Simulink is not immediately
cleared but at the next zero-crossing.
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4. Illustrative examples

As mentioned in Section 2.2, there are two ways to define a
circuit topology for DPsim: coding the topology using Python or
C++ or importing it from CIM. The two options are presented by
means of two examples: a circuit and a small power system. The

first example presented in this section demonstrates the defini-
tion utilizing Python while the second example takes advantage
of the CIM import function.

4.1. Defining a circuit simulation in python

The circuit of the previous section, Fig. 5, is taken as an
example to demonstrate how circuits can be defined using DP-
sim’s Python interface. The topology can be created in Python as
depicted by Listing 1.

Listing 1: Python code to define a circuit.

# Nodes

gnd = dpsim.dp.Node.GND()
nl = dpsim.dp.Node('n1")
n2 = dpsim.dp.Node('n2")

# Components

cs = dpsim.dp.ph1.CurrentSource('cs')
cs.I_ref = complex(10,0)

r1 = dpsim.dp.ph1.Resistor('r_1")
rtR=1

c1 = dpsim.dp.ph1.Capacitor('c_1")
c1.C = 0.001

11 = dpsim.dp.ph1.Inductor('l_1")
11.L = 0.001

r2 = dpsim.dp.ph1.Resistor('r_2")
r2.R=1
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Fig. 7. WSCC 9-bus system mechanical speed simulation results after fault.

# Connections
cs.connect([gnd, n1])
rl.connect([n1, gnd])
cl.connect([n1, n2]);
11.connect([n2, gnd]);
r2.connect([n2, gnd]);

system = dpsim.SystemTopology(50, [gnd, n1, n2], [cs, r1, c1, 11, r2]);
sim = dpsim.Simulation('circuit', system, timestep=0.0001, duration=0.1)
sim.start()

First, the nodes and components are declared and parameterized.
Then, the connections between components and nodes are set
and in the following step all network objects are added to the
system topology. Finally, the system topology and parameters
such as time step and final time can be used to create a simulation
instance, which can be started, stopped and stepped through.
Optionally, initial voltages could be assigned to the nodes. Since
this is not the case here, the initial voltages are set to zero.

4.2. Simulating a power system defined in CIM

The next example presents the CIM loading functionality,
which is used to read the data of the WSCC 9-bus system as
displayed in Fig. 4a. The objects defined in the CIM file, e.g. Termi-
nal, TopologicalNode, SynchronousMachine, are mapped to DPsim
objects according to the CIM::Reader class of DPsim. The system
frequency, 60 Hz, is not defined in the CIM file. Therefore, it needs
to be specified before loading the CIM file. Furthermore, a fault
is applied to node 9 of the imported system. To implement the
fault, the system is extended by a switch connected to node 9,
which connects the node to ground with a small resistance after
0.2s. The switching action is created as an object of type Event
and added to the Simulation instance.

Listing 2: Python code to import a topology from CIM.

# Read from CIM
files = glob.glob(' ..[../ dpsim/Examples/CIM/WSCC09_RX_Dyn/*.xml')
system = dpsim.load_cim("WSCC9bus', files, frequency=60)

# Get existing nodes
gnd = dpsim.dp.Node.GND()
bus9 = system.nodes['BUS6']

# Add switch

sw = dpsim.dp.ph1.Switch('Switch')
sw.R_open = 1e9

sw.R_closed = 0.1

sw.is_closed = False

sw.connect([ bus9, gnd |)
system.add_component(sw)

sim = dpsim.Simulation("WSCC9bus', system,
timestep=0.0001, duration=2, init_steady_state=True)

sim.add_event(0.2, sw, 'is_closed', True)
sim.start()

In Fig. 7, it can be seen how the rotational speed of the gener-
ators starts to oscillate after the fault. The oscillation frequency
depends on the mechanical inertia and as expected the generator
with the largest inertia has the lowest oscillation frequency.

5. Impact

Since DPsim is open source, it can serve as a reference im-
plementation for real-time power system simulators and a com-
mon basis for users working with different real-time simulation
solutions. Having a common basis facilitates discussions on dif-
ferences in simulation results of different tools. Besides, DPsim
allows for real-time simulation on standard computing hard-
ware, making real-time applications available to a wider range
of researchers.

Thanks to its design, DPsim facilitates distributed real-time
co-simulation, which promotes collaboration and allows the use
of the simulation capacity of geographically distributed labora-
tories to support large scale scenarios [5]. Distributed real-time
co-simulation allows also for better data privacy, enabling coop-
eration because, in a co-simulation, each entity can keep its data
confidential and only exchange boundary variables. This could
be interesting for confidential grid data but also black box de-
vice models where manufacturers cannot share implementation
details.

The dynamic phasor approach is used here in a system level
simulation in contrast to component level power electronics ap-
plications as in [1]. With an increasing share of power electronics
in power systems, this approach supports the investigation of
future grids.

DPsim is already used in the EU H2020 research project RE-
SERVE [29] and it was developed as a solution to decrease the
difference between communication delay and simulation time
step in previous co-simulation projects, e.g. RT-Superlab [2]. DP-
sim is promoted by the FEIN association that also hosts its code
and documentation [23].

6. Conclusions

The presented software project, DPsim, exploits the dynamic
phasor approach to overcome the requirement for EMT simula-
tion that the simulation time step needs to be proportional to the
highest signal frequency. In doing so, DPsim facilitates distributed
real-time simulation and lets users exploit simulation resources
in different geographical locations. For this purpose, DPsim is
programmed in the C++ language and has its own MNA based
network solver. Despite having a C++ core, the DPsim allows for
scripting simulations via the python interface and reading grid
topologies in the standard CIM format via the CIM++ library.
These features are demonstrated in two simulation examples, a
circuit and a grid simulation. Likewise, the computational correct-
ness of DPsim and its real-time performance are demonstrated
by means of simulation examples. Furthermore, DPsim is tightly
integrated with the VILLASframework that offers many interfaces
to commercial real-time simulators and hardware.
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