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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 netlist1. Based on the source and the

1Currently, 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
(DFS) 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
ODEs 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 − i) 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
DFS 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
DFS algorithm may identify two different loops that yield the
same DAE upon KVL analysis as shown in Fig. 1a. Starting
from node 0, the algorithm may identify two loops - Loop
1 and Loop 2. Since (i) a capacitor’s v − i dynamics is
uniquely determined by the capacitor’s voltage and (ii) C1

and C2 are connected in parallel, the DAEs resulting from
KVL analysis of Loop 1 and Loop 2 are identical. Identical
DAEs may also be encountered when two independent current
sources are connected in parallel. Identical DAEs can pose
singularity problems for the linear solvers2. To circumvent this

2Identical DAEs are not formed when resistors/inductors are connected in
parallel since their v− i dynamics are uniquely determined by their currents.



(a) (b)

Fig. 1. (a) Identified loops: Loop 1 and Loop 2 (KVL: −V −iRR−L diL
dt

+

v = 0) (b) Identified loops: Loop 1/Loop 2 (KVL: −V −iRR−L diL
dt

+v =
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:

ẋi = fi(x) ∀i ∈ {1, 2, . . . ,m} (1)
where m is a positive integer and x ∈ Rm having coordinates
xi ∀i ∈ {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∑
j=1

lij ẋj =

N∑
j=1

rijxj + ci ∀i ∈ {1, 2, . . . , N1} (2a)

0 =

N∑
j=1

rijxj + ci ∀i ∈ {N1 + 1, . . . , N} (2b)

where N is the total number of DAEs, out of which N1 are
ODEs and the rest are AEs. The coefficients lij , rij and ci are
real numbers ∀i, j ∈ {1, 2, . . . , N}. At each time step of the
simulation, the objective is to generate the matrix ADAE and
the vector bDAE such that the solution at the current time step
can be obtained by solving the linear system ADAEx = bDAE .
To realize this objective, at first, the matrices JL, JR ∈ RN×N

are formed within the modified implicit Euler class as:

JL ←

[
l11 . . . lN11 0 . . . 0

... . . .
...

... . . .
...

l1N . . . lN1N 0 . . . 0

]T

JR ←

[
r11 . . . r1N

...
...

...
rN1 . . . rNN

]
Then, the matrices A,B,C,D,E, F are formed as:

A← (JL)i,j i ∈ {1, . . . , N1}, j ∈ {1, . . . , N}
B ← (JL)i,j i ∈ {N1 + 1, . . . , N}, j ∈ {1, . . . , N}
C ← (JR)i,j i ∈ {1, . . . , N1}, j ∈ {1, . . . , N}
D ← (JR)i,j i ∈ {N1 + 1, . . . , N}, j ∈ {1, . . . , N}
E ← A− hC and F ← B −D

where h > 0 is the stepsize used in the simulation. The matrix
ADAE ∈ RN×N and the vector bDAE ∈ RN are formed as:

ADAE ←
[
ET FT

]T
bDAE ← JLx(tn) +

[
hc1 . . . hcN1 cN1+1 . . . cN

]T
where x(tn) is the solution at t = tn. The solution x(tn+h) at
t = tn + h is currently obtained by solving ADAEx = bDAE

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 ADAE and
the vector bDAE (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, ADAE and bDAE 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).

x′ = fI(x, t) + fE(x, t); x(t0) = x0 (3)

where, x, t represents state of the system and time re-
spectively; f(x, 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.
fI(x, t) contains the “stiff” components of the system and
fE(x, 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 fI(x, 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 fI(x, t) and fE(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
fI(x, t) and fE(x, t). The “stiff” and “non-stiff” functions are
then processed (discretization required for EMT simulation)
using ARKStepEvolve 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 fI(x, t) and fE(x, 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

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 ADAE ∈ R10×10 and a bDAE ∈ R10

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., v0−1, v5−4, i2−1, ia4−3, ib4−3, and ic4−3) 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:

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

|Simulink output|
×100

The variation of the relative error against time is also shown in
Fig. 5 for the two state variables v0−1 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-
ever, these results are not provided in this paper due to space
limitations. Additionally, it is seen from Fig. 5 that unlike v5−4

which exhibits a non-oscillatory and over-damped dynamics,
the state v0−1 exhibits a decaying oscillatory dynamics. This is
because, unlike the 1.5 ohm resistance that provides significant
damping, the 0.05 ohm resistance is too small to provide



(a) (b) (c)

Fig. 3. PV inverter module simulation results: (a) dc-dc converter’s inductor current (b) dc-ac inverter’s dc-link voltage (c) dc-ac inverter’s output current.

(a) (b)

Fig. 4. (a) Circuit diagram and (b) netlist of the circuit under study.

(a) (b)

(c) (d)

(e) (f)
Fig. 5. Results obtained from Simulink & RE-INTEGRATE EMT using
stepsize 0.1 ms in (a) and (b), 1 ms in (c) and (d), & 10 ms in (e) and (f).

sufficient damping, leading to the under-damped dynamics of
v0−1. 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.

V. CONCLUSION

In this paper, the DAE solvers and the automation processes
currently employed for the newer generation EMT simulation
tool called RE-INTEGRATE EMT are documented. A brief
overview about the different components of RE-INTEGRATE
EMT is provided. Two different use-cases are also reported
that were implemented using the DAE solvers outlined in
this study. From the simulation results, it is observed that the
DAE solvers used are accurate for EMT simulations across
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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