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Implementation of the frequency dependent
line model in a real-time power system simulator

Implementacion del modelo de linea dependiente de la frecuencia en un
simulador de tiempo real de sistemas eléctricos de potencia

Reynaldo Iracheta-Cortez!, Norberto Flores-Guzman?, and Rogelio Hasimoto-Beltran?

ABSTRACT

In this paper is described the implementation of the frequency-dependent line model (FD-Line) in a real-time digital power system
simulator. The main goal with such development is to describe a general procedure to incorporate new realistic models of power
system components in modern real-time simulators based on the Electromagnetic Transients Program (EMTP). In this procedure
are described, firstly, the steps to obtain the time domain solution of the differential equations that models the electromagnetic
behavior in multi-phase transmission lines with frequency dependent parameters. After, the algorithmic solution of the FD-Line
model is implemented in Simulink environment, through an S-function programmed in C language, for running off-line simulations
of electromagnetic transients. This implementation allows the free assembling of the FD-Line model with any element of the Power
System Blockset library and also, it can be used to build any network topology. The main advantage of having a power network built
in Simulink is that can be executed in real-time by means of the commercial eMEGAsim simulator. Finally, several simulation cases
are presented to validate the accuracy and the real-time performance of the FD-Line model.

Keywords: Real-Time Simulators, EMTP program, frequency-dependent line model, FD-Line, Simulink, power-system blockset.

RESUMEN

En este articulo se describe la implementacion del modelo de linea dependiente de la frecuencia FD-Line en un simulador digital
en tiempo-real de sistemas eléctricos de potencia. El objetivo principal con este desarrollo es describir un procedimiento general
para incorporar nuevos modelos realistas de componentes de sistemas eléctricos de potencia en los modernos simuladores de
tiempo real basados en el programa de transitorios electromagnéticos (0 EMTP, por sus siglas en inglés). En dicho procedimiento
se describen, primeramente, los pasos para obtener la solucién en el dominio del tiempo de las ecuaciones diferenciales que
modelan el comportamiento electromagnético de una linea de transmision polifasica con parametros dependientes de la frecuencia.
Posteriormente, se implementa la solucién algoritmica del modelo de linea en Simulink, por medio de una funcién S en lenguaje C,
para ejecutar simulaciones fuera de linea de transitorios electromagnéticos. Esta implementacion permite ensamblar libremente el
modelo FD-Line con cualquier elemento de la libreria de sistemas de potencia en Simulink y también, se puede construir cualquier
topologia de red eléctrica. La principal ventaja de tener una red eléctrica construida en Simulink es que puede ser ejecutada en
tiempo real por medio del simulador comercial eMEGAsim. Finalmente, se presentan varios casos de simulacion de sistemas de
potencia para probar la precision y el desempeno en tiempo-real del modelo FD-Line.

Palabras clave: Simulador tiempo real, programa EMTP, modelo de linea dependiente de la frecuencia, FD-Line, Simulink, libreria
de sistemas eléctricos de potencia.
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Introduction field of power systems. Secondly, real-time simulators

allow to perform Hardware-In-the-Loop (HIL) tests in
Real-Time digital power system simulators are a novel  protective relays and control systems at realistic operation
technology of recent development based on supercomputers  conditions. Thirdly, the continuous user’s interaction with the
for testing physical equipment such as protective relays and
control systems (Dargahi et al., 2012; Dufour et al., 2014;
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real-time simulation. The main requirement to validate the
performance of physical equipment such as protective relays
with HIL tests is to count with realistic models of power
system components and control systems. However, it is very
common that these models are not yet available for such
platforms. As usual, the implementation of these models
may also become a challenging task for engineers that do not
count with the theoretical background in electromagnetic
transient simulations.

In this paper is described the implementation of the
frequency-dependent line model (FD-Line) in a real-time
digital power system simulator. The idea behind this is to
describe a general procedure for incorporating new realistic
models of power systems components into modern EMTP-
based real-time simulators (Dufour et al.,, 2010, 2011,
2014; Guillaud et al., 2015, Gustavsen et al., 2013). The
first step to achieve this goal is to present a comprehensive
description of FD-Line model. This means to obtain the
time domain solution of differential equations that models
the electromagnetic behavior of the transmission line as
do the EMTP. Then, the algorithmic solution of the FD-
Line model is fully implemented in Simulink for running
off-line simulations of electromagnetic transients. This
implementation allows the free assembling of the FD-Line
model with any element of the Power System Blockset
(PSB) library and ARTEMIS software in Simulink as well as
to run real-time simulations of electromagnetic transients
via RT-Lab platform in the PC-Based real-time simulator
eMEGAsim (Dufour et al., 2010, 2011 & 2014). This paper
also provides some test simulation cases of power systems
for assessing the accuracy and the real-time performance
of the FD-Line model. The parameters used for assessing
the real-time performance are the real-time step, which is
provided by the simulator, and the accuracy of the transient
waveform among off-line and real-time simulations.

FD-Line Model

The FD-Line is well-known as one of the most used and
reliable line models in EMTP-based programs (Dommel,
1985; Marti, 1982). This model provides accurate
representations for a large class of aerial lines. This section
presents a comprehensive frequency and time analysis of
the FD-Line equations to obtain the suitable time domain
solution, as in the EMTP, for simulating electromagnetic
transients in power networks. The algorithmic solution of
these equations is implemented in the PSB/Simulink platform
to allow the assembling of power networks with other built-
in power components.

FD-Line Equations in the Phase Domain

The electromagnetic behaviour of uniform multi-conductor
transmission lines and cables is described, in the frequency
domain, by the Modified Telegrapher Equations (1a) and
(1b) (Dommel, 1985):

av

—EZZ(CD)I (13)
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o Y(w)V (1b)
where V and | are the vectors of voltages and currents
at the independent conductors or phases of the line; Z
and Y are the matrices of series impedance and parallel
admittance, respectively, both are in per unit length; x is
the longitudinal distance and w is the angular frequency in
radians-per-second. Matrix Z in (1¢) is formed by inductive
L and resistive R parts

Z(w)=R(w)+ joL (Tc)

while matrix Y in (1d) is formed by capacitive C and
conductive G parts

Y(w)=G+ joC = joC (1d)

In aerial lines the conductive term G usually is negligible
and the approximation indicated in (1d) is used almost
always.

The traveling wave solution of (1a) and (1b) for a two port
representation of a transmission line is given by (1e) and
(1f)

aux-a

I, :YCVa—HT(YCVb+Ib):YCVa+I (Te)
and

L =Y.V, —H (Y,V, +1,) = Y.V, +I (1f)

aux-b

where Yc is shown in (1g)

Yo (0)=Z"(0) Z(0)Y(0) (1g)

is characteristic admittance matrix and H in (1h)

H(w) = e VAoN@ (h)

is the matrix of propagation function. It should be note that
Y_and H are frequency dependent functions. The methods
for computing these functions have been described by
Marti (1981), Marti et al. 2017 and Dommel (1985).
Traveling wave equations of currents (Te) and (1f) involve
matrix relations to 2N_scalar equations, with N_being the
number of conductors in the line. Moreover, these line
equations are said to be in the phase domain due to all
the conductor voltages and currents are coupled. The two-
port representation of a multi-conductor transmission line
is illustrated in Figure 1. It can be seen that I and I, are
vectors of injected currents at nodes “a” and “b”, and V,
and V, are vectors of nodal voltages.

The FD-Line model equations were formulated on the basis
that a Quasi-TEM mode is propagating along a uniform and
imperfect transmission line surrounding by a homogeneous
medium (Clayton, 1994; Faria, 1993). It is assumed that
the effects of resistive components of transmission lines
are small. Also, high-order modes are not considered in
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this line model due to the operation of a transmission line
model occurs at low frequencies.

FD-Line Equations in the Modal Domain

The FD-Line model is based on the solution of traveling
wave equations (1e) and (1f) in the modal domain. This
line model assumes constant and real transformations
matrices for decoupling phase-domain line equations. In
general, however, these modal transformation matrices
are computed as complex functions of frequency. Modal
relations between currents and voltages are given by (2a)
and (2b) (Dommel, 1985; Gustavsen, 2012; Marti, 1981;
Wedepohl, 1963)

=T, (2a)
V=TV, (2b)

T, is the matrix whose columns are the eigenvectors of
YZ. These columns also correspond to the line modes of
currents. T, is the matrix of eigenvectors of ZY, or of voltage
line modes. The columns of both matrices, T and T, can be
normalized in such form that the following relation holds:

TV.1 = TIT'

Figure 1.

Two-port representation of a multiconductor transmission line.
Source: Authors.

Sub-index m in (2a) and (2b) denotes modal quantities. On
applying (2a) and (2b) into equations (Te) and (1f), relations
(2¢) and (2d) are obtained:

o = YouVina = H (Yeu Vs 41 ) = Yo Vina +lopauna (20)
and

Lo = YemVns = Hi (Yo Vina +lna ) = Ve Vs +lpauns 20
Y, and H_ are the modal matrices of characteristic

admittance and of propagation. Since these two matrices are
diagonal, relations (2c) and (2d) are said to be uncoupled.

Diagonal matrix H_ is related with H and H" as shown in (2e)

H,, = T,HT, = T,'H'T, = exp(—J/A¢) (2¢)
where A is the diagonal matrix of eigenvalues for both, ZY
and YZ, and ¢ is the length of the transmission line being

modeled.

As for the modal characteristic admittance matrix, it is related
to Y_as shown in (2f) (Gustavsen, 2012, Wedephol, 1963):
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ch = TJYCTV (Zf)

Norton equivalents for the two line ends are derived from
(2c) and (2d) as the sum of vectors of two currents in (2g)
and (2h):

Im,a = lm,sh-a m,aux-a (2g)

lm,b = lm,sh-b + lm,aux-b (2h)
where the auxiliary currents at each line-end, 1 and
1 , are defined in terms of traveling waves originating
m,aux-b

at the respective opposite line-end; that is shown in (2i)
and (2j):
I - HT (Y \/mb-'-l ) H:qlmfarb (2|)

m,aux-a
and

lm aux-b — HT (chvma +l ) H; m,far-a (ZJ)

It should be noted that equations (2i) and (2j) represent 2Nc
decoupled equations.

As for the shunt currents, I and Loy these are defined
as shown in (2k) and (21):
lm sh-a chvma (2 k)
m,sh b chvm/ (2|)

Figure 2 depicts the frequency-domain representation of
the two line terminals with two Norton equivalents. Both
equivalents conform a complete single-phase line model.
Note from this model that there is no direct connection
between the two line ends. Their relation is only through
the auxiliary current sources that involve a time delay. The
two line ends are thus said to be decoupled in time.

Time Domain Solution

The FD-Line equations previously described need to be
solved in the time domain for simulating electromagnetic
transients as do the EMTP. Thus, the general time domain
form for both, (2g) and (2h) result in (3a)

i =i Fima = Yom * Vi +hy, #i (3a)

m m,sh m,aux m,far

where the lowercase variables are the time domain form of
their uppercase counterparts and the symbol * indicates a
convolution. The solution of (3a) is carried out very efficiently
through state-space analysis. This is done when Y_ and H |
are represented as rational functions in (3b) and (3¢c)

Y, =[§K“ﬁ+dm} (3b)
k=1 S_pm,k

H, = [irm—ke] (30
k=1 SO,k
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where K denotes the fitting orders, c_, and r_, are vectors
of residues, p_, and q_, are vectors of poles d_is the
vector of re5|dues and 1 IS the vector of modal time delays

The state-space form for i, in (3a) is derived when (3b) is
multiplied by V_according to expressions (2k) and (21). The
result is (3d)

—mk v 3d)

® ®N -

m,aux-a

Figure 2. Circuit representation of the FD-Line model in the
frequency-domain.
Source: Authors.

The state-space form for i .

n (3a) is derived when (3¢)
is multiplied by 1 i)

accordmg to expressions (2i) and (2

m,far
The result is (3e)
; rm k -ST,
m,aux 2 W m,k (e " )lm,far (36)
k=1 S- qm k

Equations (3d) and (3e) can be now written in time domain
by using the inverse Laplace transform (assuming zero
initial conditions) in (3f)

- d
Im,shzz Xm,k-'—dmvm/ d_
P t

and (3g)

ioo= EK w d
m,aux mk/
= dt

Xm,k :pm,kxm,k +Cm,kvm (3f)

Wm,k =qm,kw +r, klmfar(t T ) 3g

Expressions (3f) and (3g) are in the continuous-time and
their implementation in a digital processor still requires
their conversion into a discrete-time form. Discrete-time
state-space forms (DSS) of (3f) and (3g) are obtained by
replacing differentials with a numerical integration rule,
such as Euler, Mid-point, Gear, etc. The Mid-point rule is
equivalent to trapezoidal integration and, since it is the
most used in EMTP-based programs, it is the one adopted
here. On applying the trapezoidal rule to differential
equations (3f) and (3g), DSS expressions (3h) to (3k) are
obtained

K
H — _ 1 1
Im,sh_z Xm,k +dmvm/ Xm,k - am,kx m,k + //lm,k (vm +v m) (Bh)
k=1

O = (2+4tp,,, )/ (2-4tp,,, ), An=(4te,, )/ (2-4tp, Bi)
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and
K
Im,aux :2 Wm,k ’
k=1

Chimk (2+Atqm k ) (2_Atqm,k )/ ;LHm,k :(Atrm,k ) / (2_Atqm,k ) (3 k)

where Dt is the fixed simulation time step, the upper bound
of summations K in (3h) and (3j) denote fitting orders and
the primed variables x’_, x’_, v/ denote past values at the
previous time step t-At. Far current5| miaraNd i’ denotealso
past values at t-t_and t-t_-A, respectlvely It |s lmportant to
note that K in (3h) and (3J) |s directly related to the number
of computations in the line model. Hence, lower values of
K result in higher computational efficiencies. Low fit orders
can be obtained with the Vector Fitting program which is
available in the public domain (Gustavsen, 1999, 2017;
Kocar et al., 2016; Sintef.no, 2017).

mk™ aHmkw k+ﬂ'Hmk mfar(t T )+lmfar(t-Tm)] (3J)

The time domain solution for i in (3h) is not yet in proper
in DSS form since the variable “v_" appears at the right hand
side with its time value. The proper DSS form is obtained by
redefining the state variable x_, ={x__ x etc.} in (3h)
as shown in (31):

m,k m,17 "m,2/ "/

)’Zm,k =Xm,k _/lm,kv (3')
By replacing this equation in (3h), expressions (3m) and
(3n) are obtained

K
im,sh:24 im,k+dmvm/ )'Zm/k = am,ki’m/k + ﬂm,k (V'm) (3m)

B = i (14 0y )= (84,0, )/ (2-4p,, ) GB)

These expressions are now proper for DSS equivalents for
i in(3a). Finally, the FD-Line equations can be written in
the following generic EMTP form as shown in (30)

K
hist,, = hist, g, + a0 iStyn=2, Xmi (30)
k=1

i.=G,v, +hist_,

where G_=diag{d_} is the matrix line conductance. Figure
3 provides the DSS circuit representation of the FD-Line
model. It should be noticed that, at each side of the line,
there is an equivalent modal conductance due to the shunt
current term. Next to each conductance there are two
sources of history currents. These are due to shunt currents
(hist_, ) and traveling waves of currents originating at the
remote line ends (i ).

m,aux

RTFD-Line model

The RTFD-Line model is called hereafter the implementation
of the frequency-dependent line model in the PSB/Simulink
library for its parallel and real-time execution in a hardware-
platform based on multiprocessors as is shown in Figure 4a
(Dufour et al., 2014;).
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Main Features

Figure 4b shows the implementation of the RTFD-Line
in PSB/Simulink through two S-Function blocks (Dufour
et al., 2014). Each block representing a line-end by a
Norton equivalent circuit whose DSS form is shown in
Figure 3. The algorithmic solution of each S-Function
is programmed in C language for executing faster
electromagnetic simulations than the ones performed
with interpreted languages such as Matlab M-code.
The auxiliary currents i _ . in modal quantities, are the
interface variables between the two S-Function blocks of
a transmission line.

The main advantage of the RTFD-Line model is that it can
be used as a means to split large power networks for their
execution in parallel. The resulting power sub-networks
are always simulated with the same time step At. For the
proper operation of this line model, the modal travel times
7, must be larger than the simulation time step At. More
specifically, the constraint when the RTFD-Line model is
executed sequentially is given by (4a)

T > At (4a)

m_series

On the other hand, when the RTFD-Line model is executed
in parallel it is necessary a second time step At in (4a) to
compensate the time delay generated by the parallelization
of power sub-networks on the eMEGAsim simulator. So,
expression (4a) becomes (4b)

Tm_parallel 2 2At (4b)
By considering the fact that modal velocities in aerial lines
are relatively close to the speed of light, it can be assumed
that the length of the line 0 is related to (4a) and (4b) as
shown in (4¢)

t=(7,)(c) (40)

where c¢=3x108m/s is the speed of light. Now, from
expressions (4a), (4b) and (4c) one can state that the
minimal lengths for the proper operation of the RTFD-Line
model, both sequentially and parallel, are defined by (4d)
and (4e)

gminfseries = (At)(c) (4d)
gminfparallel = (2At)(c) (46)

Thus, let suppose that a given power network is executed
in Simulink with a time step of 50 ps. The minimal lengths
obtained after replacing this time step in (4d) and (4e) are
respectively 15 and 30 km.
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Figure 3. Norton equivalent of the FD-Line model in the time domain.
Source: Authors

Subnetwork |

Subnetwork Il
(At)

Subnetwork I
(At)

FO_UNE
model
(@10km)

SSN Interface
Block (1ph)

Subnetwork IV

Node A
Hist_A
Va =
RTFD-Line —>[I]G
a
[laux B >
From B ——<laux_A]
Goto_B
Level-2
From S-function (Half_1) To
Simulink Simulink
solver solver
| 'Eﬂist_s
From_A - T
- — (1]
NodelE RTFD-Line L
E\,b I ——laux_B]
Goto_A
Level-2
S-function (Half_2)
b.

Figure 4. RTFD-Line model in PSB/Simulink.
Source: Authors

Algorithmic solution of the RTFD-Line model

Figure 5 depicts a flowchart with the algorithmic solution
of the RTFD-Line model for its parallel execution in a
PC-cluster. The parallelization of this line model is made
possible by the natural time decoupling between the two
Norton equivalents of each line end. In this manner, each
Norton block can be assigned to a different processor.
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The algorithmic solution of one FD-Line block is explained
as follows:

Step I.-The term i is evaluated with (5a)

,fa

iy =GV i iy = 2(Gov,, +hist, ) +i (5a)
where the history current terms hist_ , and i must be
initialized before starting the simulation and their updating
is according to the generic EMTP form (30). The modal
voltages v_ are evaluated from phase voltages provided by
the external network solver as described in (2b).

Step Il.- The term i
(3j) and (3K).

is evaluated with DSS expressions

m,aux-b

The term V., at the previous time step t-At, must be
initialized before starting the simulation.

Step IlI- Saving and updating i in the history buffer

A history buffer, such as the one depicted in Figure 6, is
used to save new samples of i (pointer p1) during a
discrete time interval equal to T, . The oldest samples of i
(pointers p2 and p3) are extracted from the history buffer
at each time step. These samples are sent to the opposite
FD-Line block for updating i, during the next time step as
shown in (5a). The length of the buffer must be calculated
before starting the simulation as shown in (5b)

Y floor £ b
B= - 5
m% oor(At) (5b)

where M is the total number of modes. It is assumed that
modal time delays must be larger than the simulation time
step At. The process to extract the oldest samples of i
from the history buffer requires interpolations as depicted
in Figure 6. This is due to modal time delays t_ are not a
multiple integer of the time step At. The expression (5¢)

G-t 5
£= - _floor| - (5¢)
5[ toor 5

is a vector of real and fractional numbers. This expression
is used to perform interpolations between two consecutive
samples of i _ in (5d)

,au

im,aux = im,aux (pZ ) + Sm (im,aux (pz) - im,aux (p3 )) (Sd)

where p, and p, are pointers for the oldest samples of
imauc 1Hre€ pointers per mode are required for saving and
updating the values of i .. All pointers in the history
buffer are moving one position at each time step At. Each
pointer comes back to the initial position after a discrete
time interval of length floor(t_/At). The process for saving
and extracting samples of i is illustrated in Figure 6.
Step IV- Updating internal DSS state variables w_
and Xk in (3m).

in (3))

k
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Step V- The term hist  is calculated according to the
generic EMTP form (30) and is transformed into phase
quantities in (5e)

hist=T, {hist,, } (5€)

Finally, steps | to V are repeated until the simulation is
completed.

Interface between the RTFD-Line model and the SSN solver

The State Space Nodal solver (SSN) is a methodology
of recent development for the simultaneous interfacing
between nodal and state-space equations (Dufour et al.,
2010, 2011; Iracheta et al. 2010, 2015). This solver is part
of the Opal-RT’s Advanced Real-Time Electro-Mechanical
Simulation software package (ARTEMIS) and its primarily
application is for the use with the Power System Blockset
(PSB) or SimPowerSystems. The SSN solver allows the
partitioning of electrical networks into state-space groups;
that is, in subsystems that can be solved in parallel and for
real-time applications. The general equation for interfacing
RTFD-Line with SSN is given by (6a):

[GITv(1)]=Ti(1)] (6a

where G is the global conductance matrix, i(t) is the vector
of known nodal current injections and the v(t) is the vector
of unknown nodal voltages.

The general approach of SSN prescribes that, before solving
(6a), each state-space group must have contributed to the
assembly of G and the calculation of i(t).

Interface variables from RTFD-Line to SSN must be
transformed into phase quantities. The current injection of
the transmission line to the SSN is given by (5e).

The contribution of the transmission line conductance to
the SSN global conductance matrix is as shown in (6b):

G=T-G,-T' (6b)

where G is the line-model conductance in phase domain
and G_ is the diagonal matrix of the modal conductance.

FROM SSN SOLVER
Al

Phase quantities

Modal quantities
(Eq. 5a) {'['}

12
<]
=
=~

m,far-;

ENT A

.
|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
| STEPIL | {0 »} (Eqs. 3j, 3k)
2
3! (Fig. 6) T
2| stePmm — FDtine
gl { - | (Half_B)
sl i
&
;: STEPIV (Egs. 3h, 3m) }
I |
I |
I (Eq. 5e) | Fro_m
| STEPV FD-Line
! {T. } | (Half_B)
I S G S ‘

TO SSN SOLVER
{hist, }

Phase quantities

Figure 5. Flowchart with the algorithmic solution of the FD-Line model.
Source: Authors
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Pointers Buffer

] 5
Linear P2 <
interpolation p3 <__

Circular
Rotation

_‘_g 1 Bi=floor(t1/At)

Figure 6. Flowchart with the algorithmic solution of the FD-Line model.
Source: Authors

Real-Time Simulations

In this section, two configurations of lines, a three-phase
and a six-phase line, are used to validate the accuracy and
the real-time performance of the RTFD-Line model in the
eMEGAsim simulator. The target operating system for this
simulator is Linux RedHawk 2.6.18.8 (Dufour et al., 2014).

Three-phase line

The transversal geometry used for this transmission line is
depicted in Figure 7a and the connection layout in PSB/
Simulink is depicted in Figure 7b. The line length for this
example is 191,3 km. The experiment consists in energizing
three phases at t=0s by means of a 60 HzAC source with
1p.u., phase-to-phase rms voltage, and a source resistance
of Te-3Q. Phases A and B at the end of the line are open-
circuited throughout the simulation time. However, phase
C starts in short-circuit at t=0s with an RL branch fault of
1Q and TmH. The fault in Phase C is cleared at t=0,2s.

The aim of this experiment is to compare execution times
among low and high order fits. For doing this, the complete
three phase network is executed two times in one processor
on eMEGAsim. At each time, all transmission lines are
executed with the same fit orders for both Y__and H_. First,
it is considered a low fit order when the three-phase line is
fitted with 11 poles for Y_ and 6 poles for H_. Second, it
is considered a high fit order when the line is fitted with 69
poles for Y__and 67 poles for H_.

The execution time attained with the eMEGAsim simulator
for both fit orders is 6 ps. Basically, there is no noticeable
difference between low and high order models due to
execution times were rounded to the nearest integer in ms.
Table | summarizes the execution times for three-phase and
double-circuit lines.

Double-circuit Line

Figures 8a and 8b provide the line configuration and the
power network layout of a double-circuit transmission line
in PSB/Simulink.
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The length line is 191,3 km. The first end of the double-
circuit line is energized at t=0 s by means of a 60Hz
AC source with 1p.u., phase-to-phase rms voltage, and a
source resistance of Te-3Q. Phases A-A" and B-B’ at the
second end of the line are open-circuited throughout the
simulation time. Phases C-C’ start in short-circuitatt =0's
with an RL branch fault of 1Q and 1 mH. The fault in phases
C-C’is cleared at t=0,25s.

The complete power network of Figure 8b is executed in
one processor of the eMEGAsim simulator with low and
high order fits for Y_ and H_. The execution times are
summarized in Table 1. At this table, the low-order fit is
when the double-circuit line is fitted with 15 poles for Y_
and 21 poles H_. The high-order fit is when the line is fitted
with 134 poles for Y__ and 134 poles for H_. The execution
times for both low-order and high-order fits are respectively
8 and 9 ps.
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Figure 7. Three-phase circuit line, a) Line configuration, b) Power
network layout in PSB/Simulink.
Source: Authors

Table I.  Execution Times Attained on eMEGAsim with the RTFD-
Line Model
Number of Number of poles  Number of poles Execution times*
phases (Ycm) (Hm) (ms)
3 11 6 6
3 39 67 6
6 15 21 8
6 134 134 9

* Execution times are the minimum time steps for running the simula-
tion in eMEGAsim.
Source: Authors
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Figure 8. Double-circuit line in PSB/Simulink, a) Line configuration,
b) Power network layout.
Source: Authors

Three phase transmission network: single proces-
sor vs. multi-processor

The PSB/Simulink diagram of a three-phase transmission
network with three nodes provided in Figure 9 is now used
as tested. The transversal geometry of the three power lines
is given by Figure 7a.

The network is energized at node 1 with a 60Hz sinusoidal
voltage of magnitude 1 p.u. and its internal source impedance
has a magnitude of R=1Q and L=25mH. Nodes 2 and
3 are connected to a RL load of magnitude R=5000Q and
L=25mH. Further, a fault module is placed at node 2 for
causing switching events during the real-time simulation.
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| Typeoffault E—-

© o

Fault

SSN.
Rt ohm it
L=25e3H
L13] L23
g £ £ reswvom
RL L=25e-3H

ZONE Il

ZONE| l_ll—ﬂ [_,—”_l 111

ZONE Il

Figure 9. Power sub-networks in PSB/Simulink.
Source: Authors
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The following test cases are executed on the eMEGAsim
simulator for comparing the real-time performance of a
three-phase power network. The details for each case are
described next:

Case A, the three phase RL load is disconnected at node
2 at t=0s. Then, a three-phase fault occurs at node 2 at
t=1,05s for then being cleared at 1,15s.

Case B, the three phase RL load disconnected at node 2 at
t=0s. Then, a single-phase fault occurs at node 2 att=1,1 s
for then being cleared att=1,2s.

Both cases are executed first in a single processor on the
eMEGAsim simulator with the minimum time step for
achieving its real-time performance. After this, cases A and
B are executed with three processors on eMEGAsim as
depicted in Figure 9.

Table Il shows the time steps attained on the eMEGAsim
for these cases. From this table, it follows that the
minimum time step to run the complete network
is 15,8549 ps that corresponds to a bandwidth of
31,53kHz. Then, with the parallel execution of this
network with three processors, the minimum real-time
step is reduced approximately by a factor of three,
while the bandwidth is increased by the same factor.
Thus, it can be said that parallelization helps to analyze
faster transients in large networks.

The waveforms of voltages and currents captured from
the real-time execution at node 2, for cases A and B, are
depicted in Figures 10 and 11. These waveforms were
compared against the off-line PSB/Simulink simulation,
with a time step of 16 ps, but no difference was found.
This means that the deviations between real-time and
off-line simulations are zero. The real-time waveforms
match perfectly with the behaviour observed in off-line
simulations.

Voltage [p.u.]
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Figure 10.Real-time simulation for case A. a) Voltage waveforms at
node 2, b) Current waveforms.
Source: Authors

The accuracy of the transient responses captured from the
real-time execution on eMEGAsim simulator is compared
against the off-line PSB/Simulink simulation.

Table 2. Execution Times Attained on the eMEGAsim Simulator
Partition Execution times to update Dt (ms) *
CPU1
1
15,8549

CPU1 CPU2 CPU3
1l

6,2741 6,5154 5,7452

* Execution times are the minimum time steps for running the simula-
tion in eMEGAsim.
Source: Authors

Computational times

This section provides several execution times attained
for lines with 1, 2, 3 and 6 phases on one processor of
eMEGAsim and also, with different fit orders. These results
are summarized in Figure 12 by plotting the execution
times in ps versus the sum of poles per mode (Y_  and
H ). In this figure, the slopes of execution times for
each transmission line are almost constant. There is an
execution time difference of around 20 percent between
the one with the lines fitted with the lowest-order and the
one with the highest-order.

A detailed analysis is shown in Table Il concerning the
execution times for lines with 1, 2, 3 and 6 phases when
using the RTFD-Line model. The second and third columns
of this table specify the computation times for updating
the history currents in the S-function. The rates in ps/pole
represent the slopes for the execution times depicted in
Figure 12. The constant factor in the third column involves
the calculations for converting values between modal and
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Figure 11.Real-time simulation for case B. a) Voltage waveforms at
node 2, b) Current waveforms at the RL load.
Source: Authors

phase quantities and vice versa, the linear interpolation,
the extracting and updating of history buffers, etc. This
factor is obtained when the line is considered as a
Constant Parameter Line (CP-Line). This also means that
functions Y_ and H_ are considered as constant. The
fourth column shows the execution time required by the
external network solver (SSN). Clearly, it can be observed
that the execution times are almost proportional to the
number of phases.

The following empirical formula is derived from the results
provided in Table IlI for estimating the execution times in
multi-phase lines for several order fits:

TC(us)z[ﬁl(i(NpolYn+Np0|Hn))+1,73+ ()

p0|e n=1

where Nph is the number of phases, NpolY and NpolH are
the number of poles for Y__and H_, respectively.
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Figure 12. Computational burdens for 1, 2, 3 and 6 lines on eMEGAsim
simulator.
Source: Authors

Table 3. Analysis of Execution Times in the RTFD-Line Model

Computational time
RTFD-Line Network Total Time
Number of (S-function) Solver (SSN)
phases
Low order | High order
(msijatoele*) ((ri':s) Time (ms) (4 poles) (28 poles)
P (ms) (ms)

1 0,0147 1,7352 1,0010 2,8040 3,1468

2 0,0152 1,7352 2,0014 3,8582 4,5878

3 0,0160 1,7352 3,1148 5,0420 6,1920

6 0,0090 1,7352 5,2065 7,1577 8,4537

* Total number of poles is the sum of order fits for Yem and Hm.
Source: Authors

Conclusions

A comprehensive description of the real-time version of the
frequency-dependent line model (RTFD-Line) model has
been presented in this paper. The RTFD-Line model can
be used for running off-line simulations of electromagnetic
transients (EMTs) in the PSB/Simulink toolbox or for
running real-time simulations through the distributed real-
time platform (RT-LAB) on the eMEGAsim simulator. In
both cases, the frequency-dependence of line parameters is
included for simulating EMTs in power systems.

The main contribution of this paper has been the fully
integration of the RTFD-Line model within the Simulink
environment. This implementation allows the free
assembling of the line model with any power network
topology and with other built-in power elements of the PSB/
Simulink toolbox. Moreover, through the parallelization of
this line model, it is possible to execute more efficient off-
line simulations of EMTs in the PSB/Simulink toolbox.

The main feature of the RTFD-Line is the parallelization
of power networks to execute real-time simulations with

e}

smaller time steps. This results in higher effective bandwidths
of frequency for analyzing more accurately EMTs.

The magnitudes of voltage and current waveforms captured
directly from the real-time simulation on eMEGAsim
are in good agreement with those obtained from off-line
simulations in PSB/Simulink simulation. The effective
bandwidths obtained from the minimal execution times
attained by the RT-FD-Line model on eMEGAsim simulator
are adequate to simulate real-time simulations of switching
and faults occurring in power networks.
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