%l

§

ELECTROMAGNETIC TRANSIENTS SIMULATIONS BASED ON
COMPUTATION WITH COMPLETE SYSTEM DECOMPOSITION

Salih Sadovic
Sadovic Consulant
4%, me Victor Hugo

92600 Asnicres, France

Abstract - This paper describes methadology for the
electromagnetic transients computation which is hased on
complete svstem  decomposition. Svitem being  analyveed o
divided inte two different types of the subsystems: the lumped
element !-ul::pll.:m;. which are treated by the nuemerical
imtegration technique; the propagation element subiyitems for
which a lattice diagram method is wsed A phase domain
transmission line model is wsed
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1. INTRODUCTION

Recent development in the area of digital power
simulators are concerned with increased accuracy as well
improved efficiency of the transients simulations [1] A
number of approaches have been developed for an accurate
mapsients simulaton [2,3] Likewise, attempls o improve
the computational effciency of the transients compatation
have been reported  [4.5). This paper introduces a new
approach to the transients simulaton where both accuracy
and computational efficiency are enhanced [6].

The increased accaracy of the transients simulation has
an important role in the simulator applications. Several test
semanios whese high accuracy devices such as fault locators
are evaluated, will benefit from this approach to the
Wiveform  generation. The ability of this appreach o
Tepresemt zccurately voltage and current profiles along the

lines may also be beneficial in the studies where thus
irl-!'nmun-:m 5 essential, such as the power quality and
“"'-"L"EIDH eo~ordination.
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The improved computational efficiency 15 of great
imerest when developing real-time simulators. It 15 feasible
o use this approach in seting up a hgh speed transients
computation on @ multi-processor machine. The amlity to
decompose the computations, and vet to imcrease the
SCCUr3CY, May create 3 unique improvement mn the overall
real-ume digital simulator in the funmre

2. LINE MODEL

A phasedomain transmission line model s used
Transmussion e (or cable) is subdivided into a number of
sepments. Line model is similar to that described in [2] The
difference is that each line serment consist of the two idea!
fine sections, while the block representing losses and
internal flux is inserted in the middle of the segment
{Fgure 1),

In Figure 1, [Zi.] rcpresents the resistance and
inuctance inside the conductor and ground This matrix is
frequency dependent and in the time domain modelling must
be synthesized in phase coordinates. The surge impedance
matrix [Z] corresponds 1o the ideal propaganion, which is
defined bv the caipacitance matnx and inductance matrix
related 1o the external magnenc field

The elements of matrix [Z,,] are frequency dependent
and can be approximated by series combination of parallel
E-L blocks [2] Representation by only one parallel R-L
block corresponds to the line parameters determined 3t one
particular frequency. Inductive elements of R-L parallel
blocks (ome or more) are replaced by the resistive
equivalents. In Figure 2, matrix [Rg;] represents resulting
matrix for R-L block approomation, while [U.] is past
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Figure 2 - Travelling waves on ihe line segment

history voltage vector related 1o the inductive branches. It
should be noted that matrix [Py, | is equal for all segments of

Transients on the jdes! propegeftion sections  are
computed using the latbce diapram method, which is in the
considersd  mepresemtation  very  easily  implemented
According to Figore 2, we can define following travelling
wave voltage vectors:

[U;]- lefi-hand side travelling wave vollage vector

(from Ao Ay )

[U, 1= righi-hand side travelling wave voltage vecior
ifrom B 1o By)

[U; 7] - modified lefi-hand side wavelling wave voltage vector
{from B 1o B)

[, "] - modified righi-hand side travelling wave voltage
vector (from Ay 1o A)

An the nodes connecting segment's ideal propagation
sections ( nodes A and B ) there is no wave reflection
because of the same surge impedance matrix. Voltage
vectors at these nodes are simple addition of the modified
lefi-hand and right-hand side voltage vectors amvang at
these nodes, i,

U= U7+ )’ m
[Usl= U7+ (U1 @

To determine current through the [Ry:] matrix, and the
modified travelling wave volage vestors [U)] and [U)
circmt given in Figure 2 is reduced o the Thevenin
equivalent circuit given in Figure 3. Lefi-hand and right-
hand propagation sections are considerad s open ended and
reduced o the Thevenin equivalenis, determined by the
surge impedance matrix (7] and the Thevenin voltage
veClors:

[Unpl=2[U4 (3
Ul =2 [y (4

Figure 3 - Equivalent circuit for determination
of the current vecior

Veror of the currents which flow through the cirout
given in Figure 3 is:

M= ¢ Pl = 21217 ([Urem) - Wrel- W} (5
Voltage vectors for the middle of the segment are:

1= (Ul - [Z1[T} 6
[Uz]= [Ume]+ [Z1[N L6l

Finally, the modified voltage travelling wave vectors are
given by

[U: 1= (W3- [ (&)
= - U (%)

Matrix { [Far] + 2 [Z] ) in equation (3) is the same for all
segments of a given line and therefore has 1o be evaluated
and inverted only once. Ideal propagation sections of cach
line segment separate segment’s |lumped-parameter part
from the other sepments, which enables treatment of the
each segment separately. Equations (3] 1o (9) are applied for
gach sepment separatelv. This separation (decomposition)
provides very efficient computation scheme, which can be
done m parallel. Solving equation (5), currents through cach
of the segments are also available.

3. MAIN SYSTEM DECOMPOSITION

Main sysiem decomposition follows the spproach applied
for the line decomposition. To show this, consider the system
shown in Figure 4, which conmsis of four subsystems
(38) and three lines (L). Suhsysiem is a part of the
network which is composed of the lumped clements (coupled
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Figure 4 - Main system composed of four subsystems
and three lines

of unctupled branches), switches, sources, surge arresters
elc. Lines {or cables) are N conductors propagation lements,
According 1o (he definition of line segments, each line has at
s ends (sending and receiving) an ideal propagation
section, which can be used for the separation of lines and
subsvstems. In order 1o illustrate methodology used for the
separation of lines and subsystems, take subsystem 55 2
with the corresponding lines (Figare 5}

For subsvetem 55 2, equivalent nodal conductance
matrix [Ge] is created using  nomerical integration
technigue (resistive equivalents). Ideal propagation sections
of line segments connected to the 55 2 are reduced to the
corresponding Thevenin corivalents, defined by the section’s
surge impedance [7;] and the Thevenin voltage vectors, The
Thevenin voltage vectors [Ung,] are equal to (double of the
arriving travelling wave voltage veciors).

Umd=2[07 (i=l) (10

Wae]=2 U] (i=23) (11

When line surge impedince malfices are incloded into
[G;] and  Thevenin equivalents are converted into
equivalent corrent source vectors, following nedal equation
15 obtaimed:

(G [Ussl= [lss]* () + [lb [Tl (12}

whers:
[G4] - 85_2 nodal conductance matrix which includes [Z;]
[Uss] - 552 nodal voltage veclor

[Te==] - 55_2 nodal current vector which takes into account
known veltages and past history terms

Line equivalent current sources are given by the
following equation:

=

[Zis]
[1-{."&!_1
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Figure 5 - Line segment ideal propagation sections
connected to the S85_2 reduced to the Thevenin equivaients

fd= ([Z)" ([Unad (13)

Selving equation {12}, the nodal voltage vectar [Uss] is
obtzined. Having now voltages of the nodes where lines are
comnected, reflected wanves on the connecting segment
propagation sections can be determined

Procedure given belore is applied separmtely for the other
subsystems. When waves  reflected from the nodes where
line are connecled afe determined the procedure for the
computation of ling segmenis vollage veciors staris. Each
hime 15 also treated separately.

4. CHANGES DURING SIMULATION

Thanks to the complete system decomposition it is
possible to make computations with very efficient change of
the system configuration, time step, and parameters of Loe
and other elements during simmlation, Each subsystem can
bave it's own time step being multiple of the shorest tme
sep. Subsystem’s time step can be changed also during
simulations. Linz segmentation (number of scgments o
which ke is divided) can be also changed It is possible to
start  simulation with very ‘fing’ scgmentation, when
frequency is higher and later reduce the nomber of segmemts
when coming closer to the steady state.

To illustrate this possibility one example in which the
line parameters are changed during simolation is selected.
Consdered is 400 EV, 100 km long line which is closed
from the soures having inductance of 30 mH, Cirow breaker
pole A is closed at 1= 0. Results of the simulations are given
in Figure 6. Voltage waveform Mo 1 corresponds 1o the
simulation with the transmizsion line parameters determined
at natural frequency of the line, while waveform Mo 2 is for
the simulation with the line parameters changed from 0.5
kHz to 50 Hz in the period of 25 msec, Both simulations ars
performed using ofe R-L block representation, In the
sccond simulation  R-L block data are changed in several
tme-frequency  steps.  Waveform number 1 iz almest
wlentical w the waveform obained by the frequency
dependent simulations (with a four R-L block in the muddie
of the segment).
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Figure & - Comparison of the voltage waveform for the
simulation with censtang line parameters and
line parameters change during simulation

3. GRAPHICAL POSTPROCESSOR

Subdivision of lines (and cables) into short segments ang
their treatment by the combination of the numercy)
integration technigues and the lattice diagram method gives
the possibility for the visualization of the veltage and curren;
travelling waves in time A scparate graphical processor
presents a travelling waves spatial distribution in time.
Figure 7 ulustrates overvoliage distmbution on the phase
conductors for the single line o ground fault which happenc
at one guarter of the line length (measured from the line
recerving end). Line in question is 150 km long, while faul
happens at the instanl when phase (o ground voltage of the
conductor A is at il's maximum. Source side 15 represented
a5 a subsystem number | (inductive equivalent with 3
damping matnx), wiile the line open end is treated as 3
subsystem Mo 2. The line is divided into 2 bundred shom
segments, O | C; are C, are phase conductors A, B and C
respectively. Presentatton given in Figure 7 corresponds 1o
the instant of 1.1 msec after Galt application. Destsibution of
the currents in time along the simulated line can also be
presented.
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Figure 7 - Cvervoltage profils atong the phase conductars for the single
Line to ground fault | t= 1.1 msec after fauit)
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&, CONCLUSIONS

s PFepresentation of the transmission lines or cables by
soveral shost segments enables orgasization of very
effective  computation of  electromagnetic  Lransicnts
Separation of line losses from the corresponding series
impedance matrix and Segmenl represCOiaton by the
ideal propagation sections with loss impedance LIS 1n
the muddle, gives the possibilaty for very accurate time-
domain formulation of frequency dependent limes.
Probiem is formulated disectly in phase coordinates.

« ldeal propagation sections of the line segmenls, which
are tremed by the lattice diagram method, provides
separation between ling segments. This enables separale
treatmen of the lumped-parameter segment loss matrix.
This frequency dependent matrix is represented by
several parallel R-L blocks, which are treated by the
numerical infegration lechnigues.

-Scpnmionnfmnjj.n:scmnucmhle.sﬂmtth:
corresponding  computations can be done in paraliel
mhggnwmmuunmbemnﬂduadmm[y

« [deal propagation sections at the line ends separate lines
from the subsystems. This enables thal each subsysiem
can be treated separately.

« The pccurate time domain representation of the fransients
can be used to determine the voltage and current profiles.
This information may be very useful m the simulator
srudies zimed ot testing kngh accuracy fanft focation and
power guality devices,

+ The computational decomposition of the simulation leads
to an efficient utilizstion of the parallel architectures in
the real-time digital simulator design. This approach is
promising for very demanding real-time applications
imvolving a large number of circuit elements.
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