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Abstract—We define here a new parallel simulation method de-
signed for real-time execution. This method is highly parallelizable
and scalable, and the simulation execution time is fully predictable,
which is very important for real-time execution. The stability con-
ditions for the method are defined. Furthermore, we show how
to define appropriate flow variable injections so that this method
can be extended to multiphysic applications and how to implement
multirate time step in the defined method. Finally, we present sim-
ulation tests that validate the presented method.

Index Terms—Circuit simulation, parallel algorithms, power
electronics, power system simulation, real-time systems.

I. INTRODUCTION

N the development cycle of any industrial product, prototyp-
I ing and testing are known to be some of the most expensive
and risky steps. In some cases, the risks and cost can become
prohibitively high. Simulation is a very powerful tool that can
significantly reduce both cost and risks: real-time (RT) simula-
tion combined with hardware in the loop (HIL) or power HIL
(PHIL) testing can drastically improve the power of simulation,
filling the gap between field test and simulation.

Historically, one of the main interests for RT simulation in
the electrical engineering field was the testing of relays for
terrestrial power system as, for example, in [1]. In [2], an RT,
resistive companion type of solver is presented; in [3], applying
the Multi Area Thévenin Equivalent (MATE) [4] concept, a
78-node power system is executed in RT on a PC cluster. In
the same period, the early 90s, also RTDS—one of the most
recognized commercial tool for power system RT simulation—
was developed [1], [5].

Starting in the same years, but with a significant growth of
interest in recent years, RT simulation [6], [7], [8] and HIL meth-
ods [9], [10], [11] have attracted the interests of both academia
and industry for power electronic systems as well.

The main advantage of RT simulation and HIL techniques
over traditional simulation is that they allow designers to per-
form experiments where part of the system is emulated on com-
putational units (simulated) while part of the system is physi-
cally installed in the laboratory. [12]-[14] are some examples
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of how HIL is used to support a heterogeneous set of research
questions. The main advantage of HIL over traditional labora-
tory tests is its closeness to real-life scenarios.

The strong nonlinear behavior of the system and the small
time step size required by the high switching frequencies are be-
tween the main challenges of RT simulation of power electronics
converters. In the past few years, to face these challenges, there
has been a change also in the type of processors used; mixed
solutions based on DSPs/CPU and FPGA are more and more
common. FPGAs are used both as interface [15] and also for
computation: in [16]-[18], an ac machine, a power converter,
and a nonlinear power transformer are directly simulated on the
FPGA. In [19], an MMC converter is simulated using an FPGA
in combination with a CPU.

With the growing role of power electronic converters in power
systems, especially in relation to distributed energy sources,
RT simulation for smart-grid applications became an hot topic
[20], with particular interest in simulating grid-connected power
converters [13], [21], [22]; the work presented in [22] is based
on another very popular commercial tool: Opal-RT.

The goal of the work presented in this paper is the devel-
opment of a multiphysic simulation method for RT simulation
of power systems with high penetration of power electronics
converters. Naturally, the solution method should be highly par-
allelizable, computationally as light as possible, and satisfy the
strict requirement of RT execution without any risk of over-
run. Another important requirement for the simulation method
is that parallelization should be completely automated so not to
require any specific action by the user. The simulation method
should also allow for multirating execution. Although no spe-
cific hardware platform has been targeted, in order to test the
method described in this paper a DSP and a x86-based platform
have been used.

At the same time, the application considered presents some
peculiarities that have to be taken in consideration in the de-
velopment of this new method. Power electronics systems sim-
ulation, if switching models are considered, is well known to
require small time step size as consequence of the relative high
switching frequency used. If this requirement on one side rep-
resents a significant challenge for RT execution, on the other
side, the small time step significantly increase the latency effect
of the circuit reactive elements. Thus, the main idea of this new
method is to exploit the small time step required by the target
application to explicitly integrate part of the simulated system.
In this way, we are able to decouple the integration of individual
components from the one of the system, significantly increasing
the possibility to parallelize.

It is worth to specify that unlike transient stability
simulation—that is the solution of a system of differential
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algebraic equations (DAEs)—our method targets electromag-
netic transient simulation and thus the solution of a set of ordi-
nary differential equations (ODEs). The parallelization of tran-
sient stability simulation solvers has been widely investigated
in the last 20 years: in [23]-[25], several theoretical approaches
have been proposed; in [26] and [27], the use of a GPUs and of a
cluster system have been investigated. In recent years, due to the
increasing interest—among others also of the US Department of
Energy—in dynamic security assessment, faster than RT tran-
sient stability simulation [28] based on parallelization methods
and on the use of high-performance computing techniques [29],
[30] have received more and more attention.

The main difference between the parallelization of transient
stability simulation and the parallelization of electromagnetic
transient simulation is in the quasi-static assumption for the
interconnections that is done in transient stability simulation. As
consequence the dynamic differential equations describing the
system are decoupled and thus their solution can be parallelized.

Another important aspect to be considered is that transient sta-
bility simulation typically targets a time step size varying from
tens of millisecond to hundreds of millisecond, while electro-
magnetic transient simulation targets a time step size varying
from tens of microsecond to hundreds of nanosecond; this cre-
ates different requirements and possibilities for the selection of
the integration methods. To conclude, the main goal of faster
than RT simulation is to calculate as quickly as possible the
solution for a defined simulation interval. Iterative methods and
time step stacking are solutions that fit very well this application
but they can hardly be applied to RT simulation: in this case,
the hard RT requirement has to be respected at each simulation
instant and a predictable execution time is required.

II. APPROACH

To satisfy the requirements listed in Section I, we define a
simulation method that supports automatic parallelization of
circuit simulation for RT execution. We name this method la-
tency based linear multistep compound (LB-LMC) method.

The main idea of this method is to exploit latency at individ-
ual component level, isolating their solution from the system
solution. For this purpose, for example, the following can be
exploited: induction machine stator inductance and rotor iner-
tia, snubber circuits of power electronics switching devices, and
input and output power converter filters. From now on, we will
refer to “components solution” for the solution of components
like converter, machine, as well as individual devices, like diode,
transistor, etc., and to “network solution” for the solution of the
interconnection between the components. Latency is exploited
explicitly integrating the components solution.

The system to be simulated is modeled using a traditional
resistive companion approach, but the nonlinear (including time
variant) components are identified and substituted with an equiv-
alent current or voltage source (their dynamics are described
by a separate set of state equations, which are discretized us-
ing an explicit integration method). Since the obtained resistive
companion model is linear and time invariant, then the LU fac-
torization of the conductance matrix can be calculated off-line.
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At each time step, the state equations of the nonlinear compo-
nents are solved in parallel, on the basis of the previous network
solution; the source vector of the resistive companion network
formulation is updated with the newly calculated values of cur-
rents and voltages. Finally, the network solution is computed
by forward and backward substitution using the updated source
vector.

Since the part of the system solved with resistive companion
is linear, and the nonlinear parts are solved with state equation
integrated explicitly, no iterations are required during the same
time step and so the execution time can be fully predicted.
Partitioning at single-component level offers a higher level of
parallelization compared to the partitioning in zones, typical of
other simulation methods given in [4] and [31]-[33]; moreover,
parallelization is fully automatized and no action is required to
the simulator user.

Due to the RT execution target of the presented method, it
is important to make a clear distinction between off-line and
online tasks.

The off-line step can be summarized as follows: describe
the network; identify and substitute the nonlinear components
in the network with current or voltage sources (dynamics are
described by the state equations embedded in the model of the
nonlinear component); transform the now linear network into
its associated resistive companion representation; and factorize
and store the obtained conductance matrix.

During the online phase, the differential equations of the
nonlinear components are solved in parallel on the base of the
previous network solution performed with the resistive com-
panion. The source vector of the resistive companion is up-
dated with the contribution of the nonlinear components and
of the linear dynamic components solved with resistive com-
panion, and forward and backward substitutions are performed
using the conductance matrix that is previously factorized and
stored.

It is important to underline that the proposed approach fits
both proper nonlinear components (e.g., machines and diodes
modeled according to Shockley equation) as well as systems
with many different topologies based on the state of the switches
(e.g., power converter modeled using ideal switching devices).
In this last case, the proposed method, decoupling the single
components solution from the network solution (representing
each converter as a set of voltage and current sources), limits
the number of state matrices to be precalculated that scales
linearly with the number of converters involved.

If the power system to be simulated is really large, the forward
and backward substitution could still be too computationally in-
tensive to fulfill the requirement of RT execution. One important
consideration here is that, due to the modeling approach used
for the nonlinear components, the conductance matrix is block
diagonal, as consequence, the factorization and the forward and
backward substitution of every single block can be done au-
tonomously, gaining another level of parallelization.

Before proceeding with the mathematical formalization of
the presented method, it is worth spending few words on the
method presented in [34], which present significant similarity
with the method presented in this paper. In [34], the authors
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Linear

Network

Fig. 1. Linear network with two nonlinear components.
Network
Fig. 2. Linear network with one current-type nonlinear component.

propose a new solution method that combines nodal method with
state space. The two main advantages of such a method are the
possibility of benefiting from the advantages of the most suitable
method, which can so be freely selected, and the possibility of
parallelizing execution. One of the main motivations for this
paper seems to be the possibility of maintaining the solution of
switching devices independent. This is extremely relevant since
a solution flow that considers precalculation of state matrix has
been adopted: partitioning the system and keeping the switching
devices separate reduce the combinations and the number of
matrices to be recalculated and stored. At the same time since
the whole system is implicitly integrated - and thus the LU
factorization and forward and backward substitutions have still
to be performed on line - overruns are not completely ruled out.

III. LATENCY-BASED LMC METHOD SOLUTION FLOW

In this section, the solution process of the LB-LMC method is
illustrated. It is shown how the solution of nonlinear components
is isolated while still keeping a resistive companion framework;
how each nonlinear component is solved independently using
explicitly integrated state equation; and how the component
results are combined by the resistive companion solver.

From now on, we will use the term “internal step” to refer to
the execution of one time step of the state equation describing
the nonlinear components. With the term “network solution,”
we will refer to the execution of one time step of the resistive
companion solver. Let us now formalize the different steps of
the presented method.

Let us start by considering a circuit like the one shown in
Fig. 1, composed of linear components only, except for compo-
nents 7 and j. In Fig. 2(a), a nonlinear component, represented
using an ideal current source with a conductance in parallel, is
connected to the linear network. The conductance G7 is inserted
to keep the standard form of resistive companion components;
numerically, since we use an explicit integration method for the
nonlinear components, ' will always be equal to zero. First,
assumption for applying the presented method is that every non-
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linear component can be expressed as in (1) or (2). From now
on, we will refer to components like (1) as current-type compo-
nents and to components like (2) as voltage-type components.
In general, multiterminal components can be described as a mix
of current-type and voltage-type terminal

di?

L= flviafuf ) M
dv’?
TZ = f(v,i,x?,u}l,t) (2)

where v is the vector of the network node voltages, i the vector of
the network branch currents, ;' the vector of the state variable
internal to the ith nonlinear component, and wu; is the vector of
the input internal to the ith the nonlinear component.

Equations (1) and (2) are explicit discretized so that the fol-
lowing equations are obtained:

I (k+1) = f(o(k),i(k), z} (k), ui (k), k) ©)

Assuming more nonlinear components in the circuit and
grouping them according to their types (voltage or current),
the following equations are obtained:

I"(k+1) = f(o(k),i(k), z(k), u(k), k) Q)
v (k + 1) = f(v(k)>z(k)v CE(k)fu(k‘), k) (6)

Equations (5) and (6) represent the internal step for all nonlin-
ear components. Since the calculation of new values of voltage
and current to update the relative sources only require the knowl-
edge of the network solution at previous time step, the internal
step can be easily parallelized simply broadcasting vector v and
1 to the designated kernels. Since the equations describing each
nonlinear component are independent from one another, each
kernel will solve the internal step only for a subset of the nonlin-
ear components described by (5) and (6). The size of the subset
to be solved by each kernel has to be determined on the base of
the computational cost of each component and of the imposed
time step size (if RT simulation is the target). With the updated
values I" (k + 1) and V" (k + 1), a new network solution can
be computed solving the nodal equation given by

Ga(k+ 1) = b(v(k),i(k), I"(k), V" (k), k). 7

Since the conductance matrix G is never updated, the LU
factorization, as in linear resistive companion, can be performed
off-line and only the forward and backward substitutions are
executed online at each iteration.

In Fig. 3, the flow diagram of the solution process of the
presented LB-LMC method is compared to the one of tradi-
tional nonlinear resistive companion. The flow diagram shows
that the execution of the nonlinear components internal step
can be parallelized. Comparing the two diagrams it is clear that
the iteration needed to simulate nonlinear components in tradi-
tional resistive companion is avoided in the presented LB-LMC
method. This leads to fully predictable execution time of the
simulation.

Analyzing the diagram of Fig. 3 more in detail, we see that be-
fore entering the simulation loop, the first step is to initialize the
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(a) Traditional nonlinear resistive companion solution flow. (b) LB-LMC method solution flow.

(a)

Fig. 3.

nodal equation in (7) as well as the nonlinear components state
equations. LU factorization is then performed and the obtained
matrices {L, U, P} are stored. Within the simulation loop, the
internal step of the nonlinear components [see (5) and (6)] is
performed after the update of the across and through quantities
using the previous time step network solution; the source vector
is then updated with the newly computed values and afterward,
exactly like in the linear resistive companion case, forward and
backward substitutions are executed.

IV. STABILITY ANALYSIS

We discuss here the stability of the presented method. For
the purpose of the stability analysis, we assume that both the
nonlinear components and the network are modeled in a state-

(b)

space framework, contrary to what the presented method de-
fines: the network should be modeled using resistive compan-
ion. The analysis remains valid under the assumption that any
LTI system can always be described as in (8) even if the system,
like in this case, is actually solved using resistive companion. In
other words, a state-space model can always be created, using
the same discretization algorithm, with the purpose of studying
the stability of the considered simulation scenario, even if we
don’t actually use the state-space model to compute the network
solution. In [35], a method to obtain a state-space representa-
tion of a circuit starting from the nodal conductance matrix is
presented.

The state-space model of the network is formulated in (8).
We assume that the network equations have already been
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discretized
z(k+1) = Az(k) + B'v/(k + 1) (8)

where u'(k + 1) is the input vector and can be separated in
two parts: the vector of input sources originally connected to
the network u(k) and a vector of new input sources (k) that
represents the components solved using state equations

u' (k) = . 9
" L(k)] ®

Inserting (9) in (8) and expanding, we obtain
z(k+1) = Az(k) + Bu(k + 1) + Byo(k + 1).

An output equation has to be written for the dual quantity
of nonlinear component, that is, an output equation that returns
the voltage at the terminals of the component has to be written
for each current-type component. And vice versa, an output
equation that returns the currents at the terminals of the each
voltage-type component has to be written. These equations look
like

z(k+1)=Cx(k+1)+ Du(k+ 1) + Dyp(k+1). (11)

(10)

In contrast to what have presented until now, here itis assumed
that the components isolated from the network are also linear
and can be expressed in the form of (12). This is done because
the main purpose of the analysis presented in this section is to
provide a tool to easily analyze how the selection of implicit and
explicit integration method affect the stability of the solution and
that could be used in the future to identify specific requirements
for the components development. A stability study that also
considers the nonlinear case was presented in [36]; the limit
of this study is that it allows only defining sufficient but not
necessary conditions for the stability

2, (k+1) = A2, (k) + B'u, (k). (12)

Also in this case, the input vector has to be separated into
two parts: the vector of input sources internally connected to the
network w,, (k) and the new input vector z(k). It is important to
point out that since the components are assumed to be solved
with an explicit integration method, inputs are from the previous
time step. Actually, for w,, the use of the value at (k+ 1)
would not make any difference in the derivation of the following
equations. Vice versa, it is extremely important to use the value
of z at (k). In this way, as said previously, the solution of the
components can be computed in a single step, without iterations,
starting from the network solution computed at the previous time

step
uy, (k) = :
z(k)
Substituting (13) into (12), the following expression is
obtained:

xn(k+1) = Az, (k) + Byu, (k) + B.z(k).

13)

(14)

For each component, an output equation like in (15) has to
be written. The quantity ¢ is the value of the equivalent source
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added in substitution of the component in the network solution
p(k+1) = Cozn(k+1). (15)

The quantity ¢ has to be expressed as linear combination of
state variables.

Substituting (15) and (14) into (8), the following equation is
obtained:

z(k+1) = Ax(k)+ Bu(k+1) + B,C, A, z, (k)

+ B,C, Byuy, (k) + B,C, B z(k). (16)

Substituting now z into (11) from the previous time step, the
following equation is obtained:

z(k+1) = Az(k)+ Bu(k +1) + B,C, A,z (k)
+ B,C, Byu, (k) + B,C, B.Cx(k)
+ B,C, B, Du(k)+ B,C, B.D,C,x, (k).
a7

Looking at the components equations, substituting (11) from
the previous time step into (14), we have

x,(k+1) = Az, (k) + Byu, (k) + B.Cx(k)

+ B.Du(k) + B.D,C,x, (k). (18)
From (17) and (18), the overall system representation is ob-
tained
z(k+1) z(k)
= Ar
x,(k+1) x, (k)
k)
+ Bramu(k 4+ 1) 4+ Bran2 ) (19)
un
where
p [A+ B,C,B.C B,C,A, +B,C,B.D,C,
full =
! B.C A, +B.D,C,
(20
[ B
Bfulll (21)
| 0
[ B,C,B.D B,C,B,
Bz = (22)
B.D B,

The solution performed with the presented LB-LMC method
will be asymptotically stable if all eigenvalues of A,y have
magnitude strictly smaller than 1.

A simple example shows how the presented method affects
the stability and accuracy of the simulation.

In Fig. 4, the test case selected to study the stability properties
of the presented LB-LMC method is illustrated. In Table I, the
relative parameters are reported. We assume that the inductor
is solved separately by using the state equation explicitly inte-
grated and that the rest of the circuit is solved using resistive
companion and discretized implicitly.
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Fig. 4. Stability linear case.
TABLE I
STABILITY AND MULTIRATING TEST CASE
Vs 0V
Rg 0.001 Q
Ry 0.001 ©
L 0.1H
c 0.01F
Rigad 109
Ry 9
e 7 e,
R,
Vs =C Rh)ad
g6
L
=
(@) (®)
Fig. 5. Stability test case. (a) Resistive companion section. (b) State equations

section.

TABLE II
MATRIX Af, 1] EIGENVALUES

At ="73.9ms At ="T4 ms
Al 0.9824 1.0001
A2 0.5845 0.5738

In Fig. 5(a), the equivalent circuit to be solved with resistive
companion is reported. Fig. 5(b) shows the equivalent circuit of
the part of the circuit solved using state equations.

A state-space representation of the two subsystems was for-
mulated to study the stability of the simulation as a function of
the time step. The resistive companion part has been discretized
using Euler backward, while the state equation part using Euler
forward. Any other implicit or explicit method would fit the
presented method and the stability study performed. Clearly,
the use of different integration methods can make the solu-
tion more or less accurate and determine different stability
limits.

Also, a full state-space representation (using Euler backwards
as the discretization method) of the test case is used as reference.

Let us now use matrix Ay, (see (20)) to identify the critical
time step for the considered circuit. A screening of the time step
is performed with a resolution of 100 us and the eigenvalues
of matrix Ag,; are checked for every value of time step. The
largest time step, for which all the eigenvalues have magnitude
strictly smaller than 1, is 73.9 ms. In Table II, the eigenval-
ues of matrix Ag,; computed for At = 73.9 ms and for At =
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Fig. 7. Stability test case results (At = 74 ms): (a) capacitor voltage and
(b) inductor current.

74 ms are reported, showing clearly that this is the stability
limit.

Fig. 6(a) shows the behavior of capacitor voltage when com-
puted with At = 73.9 ms, while Fig. 6(b) shows the current in
the inductor, also computed with the same time step. As the two
behaviors show, with a time step equal to 73.9 ms, we are just
within the stability limit.

Even if the oscillations of both voltage and current are not
characteristics of the physical system but are introduced by
the solution method, they are damped and the solution remains
bounded. In contrast, in Fig. 7(a), the behavior of the capac-
itor voltage when computed with At = 74 ms is reported; in
Fig. 7(b), the current in the inductor, also computed with the
same time step, is reported. In this case, as easy to imagine
looking at Table II, the oscillations are undamped and the solu-
tion diverges.

It is important to emphasize that the eigenvalues shown in
Table II have been computed using matrix Ag,;; where both
circuits of Fig. 5 were modeled in a state-space framework.
Vice versa, the results of Figs. 6 and 7 were obtained using a
resistive companion representation of the circuit in Fig. 5(a).
These results show the consistency between the two modeling
approaches when the same discretization method is applied.

Even if using a time step equal to 73.9 ms allows a stable
simulation of the system, the results accuracy is quite poor. In
Figs. 8 and 9, results from the same system simulated with a
time step of 1 ms are reported and compared to the reference
solution. In Fig. 8, the voltage of the capacitor is reported with
the relative error. In Fig. 9, the current in the inductor is reported
with the relative error.

To complete the stability analysis of the presented LB-LMC
method, we now analyze the behavior of the circuit when fully
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Fig. 8. Stability test case results (At = 1 ms): (a) capacitor voltage and
(b) capacitor voltage error.
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Fig. 9. Stability test case results (At = 1 ms): (a) inductor current and
(b) inductor current error.
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Fig. 10.  Explicit integration test case results (At = 1 ms): (a) capacitor volt-
age and (b) capacitor voltage error.

explicitly discretized. This test is particularly interesting since
an explicit discretization of the full circuit, modeled using state
equation, would allow a perfect parallelization of the solution.
A new screening of the time step size is performed, and the
result is that the maximum time step to obtain a stable solution
is equal to 9.9 ms. It is clear that fully explicit discretization
significantly reduces the range of stability.

As easy to imagine, the accuracy of the simulation will also
be negatively influenced by the use of an explicit method for the
integration of the whole circuit. With this purpose, in Figs. 10
and 11, results of the simulation performed using a fully explicit
integration with a time step of 1 ms are reported and compared
with the reference case.

Fig. 10 shows the voltage across the capacitor with the relative
error. Fig. 11 shows the current through the inductor with the
relative error.

Comparing Figs. 8(b) and 9(b) to Figs. 10(b) and 11(b), it is
clear that the error is significantly larger. This shows an impor-
tant property, as reported in [36], of LB-LMC methods that are
valid also for nonlinear systems. The LB-LMC method presents
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Fig. 11. Explicitintegration test case results (At = 1 ms): (a) inductor current
and (b) inductor current error.
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Fig. 13.
tion one.

Jj-Component solution with a time step larger than the network solu-

a stability behavior that is better than the one offered by the
worst integration method used.

V. MULTIRATE EXECUTION

It is reasonable to imagine that different components of the
circuit will have different internal dynamics that may require
different refresh rates. Let us consider, for example, the case of
a big electric machine compared to power electronics converter.
In this context, it makes sense to update the different compo-
nents with the most suitable time step rather than computing the
resistive companion solution as well as the solution of all non-
linear components with the time step required by the component
with the fastest dynamic.

Using different time steps for different parts of the system
is a well-proven technique to reduce the computational load,
but it introduces the problem of defining the data to exchange
between zones that have different time steps.

As illustrated in Fig. 12, data produced by the integration
of a component with a small time step At must be smoothed to
calculate a single representative value to be used for the network
solution computed with the large time step AT. The values
computed by the network solution must be extrapolated to many
values to feed to the component solution. Fig. 13 illustrates the
opposite situation, in which the network solution is executed
with a smaller time step than the component. The process can
be extended to multiple components and also to multiple time
steps: the only constraint for the method applied in this paper
is that the largest time step should be a multiple integer of the
smallest one.
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Fig. 15.  Multirating test case At = AT = 10 ms: (a) capacitor voltage and
(b) related error.

For smoothing and extrapolation, we applied the same method
defined in [32]. For the smoothing process, that is strictly neces-
sary when a multirate approach is used, we used a linear interpo-
lation. As distinct from smoothing, extrapolation is not strictly
necessary to perform a multirate simulation, but it can improve
the simulation accuracy. The idea is that instead of keeping the
value calculated by the slow subsystem constant throughout the
interval AT, a better approximation of the real evolution of the
associated variable can be created by extrapolating from pre-
viously calculated values. This kind of numerical technique is
very well known, and increasing the number of previous points
taken into account allows a higher order approximation to be
created. Even though this procedure may appear to increase
the accuracy, the use of such higher order approximations can
create numerical instabilities when the interconnection variables
are discontinuous or have fast harmonic components.

The same test case used for the stability analysis (see Fig. 4)
has also been used to investigate the multirate execution. Con-
sidering the values of inductance and capacitance, we solve the
resistive companion part of the circuit in Fig. 5(a) with a time
step equal to 1 ms and the state equation related to the inductance
[see Fig. 5(b)] with a time step of 10 ms.

Fig. 14 shows the voltage across the capacitor and the related
error, both smoothing and extrapolation have been directly im-
plemented. As expected, the results obtained are less accurate
than the one obtained simulating the whole circuit with a time
step equal to 1 ms (see Fig. 8).

It is interesting to also take a look at results accuracy when
the whole circuit is simulated with a single time step size equal
to 10 ms. As shown in Fig. 15, the accuracy is very low and
probably unacceptable for any practical application. In Table I,
the mean and the variance of the error in the voltage calculation
is reported for the three cases considered. Values are reported

5199

TABLE III
ACCURACY OF VOLTAGE ON CAPACITOR

Transitory
Mean Variance
At= AT =10 ms 7.3088 56.8102
At= AT =1ms 1.3754 0.3190
At=1ms, AT =10 ms 24275 10.3405

TABLE IV
ACROSS AND THROUGH QUANTITIES FOR VARIOUS DISCIPLINES

Across Through
Electrical Voltage Current
Thermal Temperature ~ Heat flow
Fluid Pressure Flow rate
Mechanical rotation Speed Torque
Mechanical translation Velocity Force

only for the first second of the simulation since in steady state
the error approaches zero.

Concluding on multirate execution, it is clear that the selec-
tion of multirating execution represents a compromise between
accuracy (higher accuracy can be obtained performing the whole
simulation with the smaller time step) and step/s size. In general,
it is always preferable to select a unique and smaller time step if
allowed by the RT execution requirement. Multirating can play
significant role when computationally heavy and slow dynamic
components do not allow RT execution at the time step required
by other, more dynamic, elements in the circuit.

VI. MULTIPHYSIC APPLICATION

In the previous sections, we describe the presented method
only referring to electrical examples. In reality, resistive com-
panion and obviously state-space modeling can be applied to
many other fields as long as models based on the connection of
a set of lumped parameter components can be formulated. Volt-
age and current should be substituted with the appropriate across
and through quantities typical of object-oriented multiphysics
modeling languages [37].

According to Table IV, where the analogs between mechanic
rotational quantities and electrical quantities are summarized,
we now explain step by step how to model of an induction ma-
chine so that is executable with the presented LB-LMC method.

Let us consider a seventh-order model expressed in the phase
variables [38]. For sake of simplicity, we do not consider here
transformation in the S0 or dq0 reference frame that should
be implemented to keep the inductance matrix constant. The
electrical part of the machine is described by six state equations
in the stator and rotor fluxes

Ws
dt
dir
dt

vs + Rglg (23)

= vp + Rplg 24)
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where Rg and Ry (in ohms) are the matrices of rotor and stator
resistances

¥s1
Ps2
s |
[r1 |
Yr2
YR |

where (25) is the vector of the stator fluxes and (26) is the vector
of the rotor fluxes

s (25)

YR = (26)

Us1

vs = | Vg2 (27)

vs3 |

VR1

VR = | UR2 (28)

UR3 |

Here, (27) is the vector of the stator voltages and (28) is the
vector of the rotor voltages

Isy

Is = | Is2 (29)

Igs

IR

Ir = | Ip2 (30)

Ir3

Here, (29) is the vector of the stator currents and (30) is the
vector of the rotor currents.

We want to obtain a current-type model for the stator terminals
of the machine expressed in terms of stator currents. The relation
between the stator and rotor currents and stator and rotor fluxes
is reported in the following expressions:

Vg = Lgls +Mglg
Yr = Lrlr + Mgrls.

In this case, the stator currents are not directly state variables
of the model, as it was the case for the inductor current in
the example used in the stability study; instead, it is a linear
combination of them. Matrix C;, of (11) is given by (34)

€1V}
(32)

| Ls Mg -
C = l:MR Ln } (33)
C, = C(1-3,:). (34)

The model is then completed with one mechanical equation
(35)
(T; - T.)

dQd,,
dt J 33)
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Fig. 16. Induction machine resistive companion equivalent circuit.

where: (), (in radians per second) is the shaft speed, p the num-
ber of pole pairs, J the rotor inertia, 7; (N-m) is the mechanical
torque, and 7, (N-m) is the electrical torque obtained as follows:

T, =p[Il Iy] [ZS] . (36)
R

The shaft speed has to be interpreted as an across quantity
(similarly to voltage), and the mechanical torque as a through
quantity (similarly to current). In Fig. 16, the induction machine
equivalent circuit to be used in the resistive companion part of
the presented LB-LMC method is presented.

The stamp is performed properly by adding matrix (37) to the
conductance matrix and vector (38) to the source vector. During
each iteration, the contributions to the source vector are updated
according to (23), (24), (31), (32), (35), and (36)

G y4i
Gn D2
Gn p3 (37)
1 S
Rn
b1 p2 pP3 S
I, Y41
I, P2
L. | P (38)
Q|
Rn

VII. RT TESTING

The presented LB-LMC method has been developed in the
framework of a larger research effort for developing an RT sim-
ulator for multiphysic applications, and the simulation software
Virtual Test Bed has been used as front end. The LB-LMC
method can be tested using the desktop version of this tool,
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but it is also possible to generate the C code for RT execution
on a DSP cluster prototype or on a x86-based platform. The
DSP cluster prototype is based on two TigerSHARC TS201
DSP with a 600 MHz clock. The code execution is distributed
between the two processors, and exchange of information is im-
plemented with a message-passing approach; for more details
and hardware characteristics, see [39] and [40]. The x86 plat-
form is based on a i7, 3.4 GHz processor and on an RT Linux
kernel (3.13.0-24 generic kernel patched with the 3.14.3-rt4).
Open-MP has been used in order to parallelize the code. The
DSP platform has FPGA-based input output interfaces and so
better fits power-electronics-oriented HIL testing. Nevertheless,
the DSP prototype scalability is quite limited, and we cannot
use it to execute large models. The x86 platform suffers from
higher latency on the I/O management, but due to the higher
number of cores and to the higher clock speed, it can be used to
simulate significantly larger systems.

In Fig. 17, the code generation process is illustrated: for the
DSP platform, the C code generated using Virtual Test Bed
(VTB) is compiled using Visual DSP++ and afterward down-
loaded on the DSP cluster prototype, and for the x86 platform,
the code generated using VTB is directly compiled on the Linux
system using GCC 4.8.2.

From the implementation point of view, starting from a resis-
tive companion-based solver, the modification required for the
solver structure is mainly limited to memory management for
parallel execution. New models for the nonlinear components, if
previously developed for nonlinear resistive companion solvers,
have to be developed, which can be large and time-consuming
effort. At the same time, if new models are needed, modeling
with state equation is typically easier and less error prone if
compared to what is typically required by resistive companion
solvers.

To test the RT execution, the performance, and the accuracy
of the presented method, four simulation examples have been
implemented in (VIB). The first example is a simple single-
phase diode bridge, and the second one is a three-phase dc-ac
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Fig. 18.  Single-phase diode bridge schematic tin VTB.

TABLE V
SINGLE-PHASE DIODE BRIDGE EXAMPLE PARAMETERS

VS1 10V
Cl 10 mF

Rl 5Q
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Fig. 19. (a) R1 voltage; (b) related error.

converter. Both examples are executed on the DSP prototype
with a 20 ps time step. The third example is a microgrid com-
posed of a dc bus, a dc—dc converter that controls the voltage of
the dc bus, and three dc—ac three-phase converters. The fourth
example is a multiphysic system composed of a three-phase dc—
ac converter and its liquid cooling system. Both examples are
executed on the x86 platform. The microgrid example is simu-
lated with a 15 us time step. The fourth example is simulated
using a multirating approach: a 15 us time step has been used
for the electromechanical part of the system and a 10 ms time
step for the hydraulic and thermal ones.

A. Single-Phase Diode Bridge

This first circuit created is the single-phase diode bridge
shown in Fig. 18: this example, even if extremely small, is
interesting for the stability problem that affects simulation of
this type of circuits when no snubber circuit is considered for
the diodes. The diodes are modeled by explicitly solving the
Shockley diode equation.

In Table V, the parameters for the circuit of Fig. 18 are
reported.

The code generated using VTB is then executed on the DSP
cluster. To evaluate the accuracy of the presented method, the re-
sults obtained with the implementation of the LB-LMC method
are compared to the one obtained using a traditional resistive
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Fig. 22.  Three-phase dc—ac converter schematic in VTB.

companion solver. In Fig. 19, the voltage across the resistor R1
is reported with the relative error; in Fig. 20, the current through
the diode D2 is reported with the relative error.

The results are extremely positive, showing that in this partic-
ular case, the presented method introduces an extremely small
root-mean-square (rms) error: 0.06% for the voltage on R1 and
0.35% for the current through D2.

Using the examples in this final section, we also want to
verify the stability performance of the presented method when
dealing with nonlinear systems. For this first example, the LB-
LMC model of the circuit is unstable for a time step bigger
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TABLE VI
THREE PHASES DC-AC CONVERTER EXAMPLE PARAMETERS

VS1, VS2 600 V
C 10 mF
L 6 mH
R 0.05 Q
C1,C2,C3 2 uF
R1,R2,R3 5Q

fow 4xH
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Fig. 23. (a) R1 voltage; (b) related error.
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Fig.24.  (a) VSI current; (b) related error.
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Fig. 25.  Full implicit solver At = 250 us: (a) R1 voltage; (a) VS1 current.

than 3 ms; this value is significantly larger than the target time
step and indicates that we are operating significantly far from
the stability limit. It is also worth to underline that even if the
results of the fully implicit method are stable using a 3 ms time
step, as reported in Fig. 21, the accuracy is unacceptable for any
practical application.

B. Three-Phase DC-AC Converter

The second case is based on a three-phase dc/ac converter.
This case has been selected to test the presented method with a
larger and more useful circuit. The dc/ac converter is modeled
using a switching function approach assuming ideal devices.
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Microgrid converter schematic in VTB.

TABLE VII
DC-DC CONVERTER PARAMETERS

C 10 mF

L 1 mH

R 0.1Q

fow 4KH
TABLE VIII

CABLES PARAMETERS

R 0.1Q
L 1 puH

The VTB schematic is reported in Fig. 22, and the parameters
of the circuit are listed in Table VI. As in the case of the single-
phase diode bridge, the code generated using VTB is executed
on the DSP cluster prototype.

As in the previous example, to evaluate the accuracy of the
presented method, the results obtained by the implementation of
the LB-LMC method are compared to the ones obtained using
a traditional resistive companion solver. In Fig. 23, the voltage
across the resistor R1 is reported with the relative error. In
Fig. 24, the current through the voltage source VS1 is reported
with the relative error. Also in this case, the rms error introduced
by the presented solution method is small: 0.48% for the voltage
on R1 and 0.68% for the current through VSI.

For this example, the LB-LMC solver-based simulation is
unstable for a time step bigger than 25 ms. As in the previous
example, this value is significantly larger than the targeted time
step. Moreover, considering a switching frequency of 4 kHz, it
is clear that a time step of 25 ms is not acceptable independently
of the used solver. In Fig. 25, we show how with a time step
equal to 250 us the results obtained by the fully implicit method
and by the LB-LMC ones are still stable and comparable but
already strongly inaccurate.

C. Microgrid

The third test case is a microgrid composed of a dc bus, a
dc/dc converter that control the voltage of the dc bus, and three
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Fig. 27. (a) R7 voltage; (b) related error.
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Fig. 28.  (a) RLS current; (b) related error.

dc/ac three-phase converters. This test case has been executed
on the x86-based platform where a 15 us time step has been
used. In Fig. 26, the VTB schematic is reported; to model each
of the three-phase converter, we used the same approach and
parameters of the previous example. The parameters of the dc/dc
converter and of the cables are reported in Tables VII and VIII.
After 0.2 s, the load of the third inverter changes from 5 to 2 2.

As in the previous examples, the results obtained by the im-
plementation of the LB-LMC method are compared to the ones
obtained using a traditional resistive companion solver.

In Fig. 27, the voltage across the resistor R7 is reported with
the relative error; the same is done in Fig. 28 for the current
through the cable RLS5, and in Fig. 29 for the current through
the cable RL1.

Also, in this case, the rms error introduced by the presented
solution method is small: 0.23% for the voltage on R7, 0.43%
for the current through RL5 before the load change, 0.47% for
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Three-phase inverter cooling schematic in VTB.

TABLE IX

DC-DC CONVERTER PARAMETERS

Cin 10 mF
L 100 uH
R 0.1Q
Cout 500 uF
fsw 4 kH
TABLE X

DC MACHINE PARAMETERS

Rarm 1Q
Larm 05H
Klnotor IN-m/A

Inertia 0.01 kg - m?

Friction 0.IN-

TABLE XI

m-s

PuMP AND HEATERS

Pumpg ;e Fiow
PUmpy, e rnalvotume
Recase-sink

Ambient Temp

PipeR oughness

2.35 GPM
0.02 m?
0.009 K/'W
298 K
0.05 mm
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Fig. 31. (a) DC/DC converter output voltage; (b) related error.

the current through RLS5 after the load change, and 0.45% for
the current through RL1. In this example, the LB-LMC solver-
based simulation is unstable for a time step bigger than 250 us.
This value is significantly smaller than the one obtained in the
previous tests; this is due to the small cable inductance. Increas-
ing the inductance of the cables significantly increases the value
of the stability limit. This test confirms that also in this case
the selection of the time step to be used is mainly driven by the
switching frequency; even small reactive elements are sufficient
to make the solution with the LB-LMC solver stable and accu-
rate. As shown in the previous example, the use of a larger time
step size is mainly limited by the switching frequency used.

D. Three-Phase Inverter Cooling

To conclude, we present a multiphysic example composed of
a three phase dc/ac converter and of its liquid cooling system.
This example has been selected because electrical, mechanical,
thermal, and hydraulic domains are present at the same time.
The main components of the circuit are a three-phase converter
(a model with a thermal port has been used), a dc/dc converter
that supply a dc motor connected to a pump, and two heat ex-
changers. In Fig. 30, the VTB schematic is reported; for the
dc/ac converter and for the cables, we used the same parame-
ters used in the previous examples. The remaining significant
parameters of the system are listed in Tables IX—XI. The system
has been simulated on the x86-based platform using a multi-
rating approach: all the electrical components, including the dc
machine, have been simulated using a time step equal to 15 us,
while for the hydraulic pump and the heat exchangers, a time
step equal to 10 ms has been used (see Fig. 31).

Also, in this case, the results obtained are compared to the
ones obtained using a traditional resistive companion solver
executed using a 15 us time step. In Fig. 31, the output voltage
of the dc/dc converter is reported with the relative error. The
same is done in Fig. 32 for the dc machine speed, and in Fig. 33
for the outlet temperature of the heat exchanger connected to
the dc/ac converter.

Also, in this last case, the rms error introduced by the LB-
LMC method is always significantly smaller than 1%: 0.35%
for the dc/dc converter output voltage, 0.25% for the dc ma-
chine speed, and 0.09% for the outlet temperature of the heat
exchanger.
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Fig. 33.  (a) HE1 outlet temperature; (b) related error.

VIII. CONCLUSION

In this paper, we presented a new simulation method that
we named latency-based linear multistep compound method.
The method relying on a mixed integration scheme separates
the solution of single nonlinear components from the one of the
network interconnecting the components. This approach makes
the method more parallelizable and scalable than typical parti-
tioning methods, without requiring any action by the simulator
user.

At the same time, the explicit integration of the nonlinear
components can make the simulation unstable if the time step
selected is too large. In Section VII, we have shown that for
the considered power electronic systems, the time step selec-
tion is mainly driven by the switching frequency involved and
not by the stability limit of the LB-LMC method. In all the
examples, the time step required by the switching frequency
was smaller than the one required for a stable and accurate
simulation.

The main limitation of the presented implementation of this
method is a minimum time step of 10-20 us. These values,
which are strictly related to the test platform used, limit the field
of applicability to systems with switching frequency smaller
than 10 kHz (if models averaged over the time step are not
used). To simulate systems with higher switching frequen-
cies, implementation on other platforms, like FPGA, should
be considered. Still these have not been considered in this
paper.

Another limit of the proposed approach is that for multirat-
ing simulation, we still rely on user involvement. Even if the
partitioning is fully automatized, the selection of the most ap-
propriate time step for each component of the system is still
done by users.
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