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1. Introduction

The use of digital simulators for power system
protection applications has been known since the early
eighties. A number of diferemt designs bave been intro-
duced over the last ten years. These simulators have been
proven 1o be very accurate and Mexible wols for relay west-
ing [1,2]. However one limitation of the mentioned designs
was difficulty i performing relay testng i real-time,
Dngital simulators of an open-loop type are extremely ef-
fective in producing faull wransients by replaying either
simulated or recorded transients into relays for testing pur-
poscs. Nevertheless, if the relay wsting requires multuple
dynamic changes of the power system configuration hased
on the relay’s response, the open-loop simulalors can not
support real-lime interaction between the power sysiem
model and the actual protection relay under test.

Several recent papers have mvestigated fast
methods for computation of power sysiem transients [3-5].
It has been argued that parallel computer architecture is
needed 10 meet the real-ume computation requirements
[3.6]. Those feasibility smdy resulis are encouraging for
future implementations. A complete design of a simulator
suitable for relay testing has recently been demonstrated.
The system uses a custom computer design. The reporied
development is very important since it proved the validity
of a paralle] architectiure approach [6].

This paper describes development of a new digital
simulator with very stringent implementation requirsments
[7). The wse of commercially available compuier
architecture was favored against the use of a customized
solution. Such an approach enables the simulator o take
full advantape of existing system sofiware and hardware
suppart |, as well as wpprades readily available for
commercial computer products.

The first part of the paper is devoted W a
dizcussion of the simulator design requirements. The next
secuon gives an overview of the sysiem architecture. The
simulator performance evaluation methodology and resalis
are provided al the end
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2. Deslgn Requirements

The basic design requirements may be grouped as
follows:
Graphical User Interface (GUI)

Real-Tune Sunulanon (RTS)

»  Waveform Reconstruction System (WRS)

The GUI requirements ask faor a highly
interactive work environment. It is  required that most of
the data entry tasks are camed out by direct manipulation
of the icons displayed on the screen, using a mouse,

The GUT is needed 1o enter data that relates o
power system simulation., This data descnbes power
system network components, their connections and their
parameters. Therefore, the inwerface needs a drawing
capability © create a network and a menu capability w
enter the nelwork component parameters. Extensive
ediung 15 also nesded for manipulation of vanous network

COMpanents.,

The RTS requirements are related 1o simulanon
of ransients in a power system network., The transients
are caused by faults in the actval networks, which is
commaonly recognized as elecine power outage in a given
section of the system,

Transients are detected by protective relays, the
devices that are o be tesied with the digital simulator,
Signal sensing is done through relaying wransformers
which include curremt wansformers (CTs), potential
transformers  (PTs) and capacitor coupbing  voltage
transformers (CCVTs). Once the protecton relays have
detected a fault, they operate circuit breakers tha
disconnect the Faulied section of the power system.  Also,
the relays interact with each other through a
commumicanon link. In this way, relays at two of three
dufferent transmission line ends acl as a system.  To test



such a relaying system, two or three terminal simuolator
configurations are needed.

This boef ouldine of the RTS requircments
indicates that the simulation of power network faults
requires different models as follows: network components,
imstrument ransformers, and circuit breakers,

Design requirements of the RTS for network
components bave been defined based on a set of
representative network sections of the Western Area Power
Adminsstration (WAPA) system. A fypical network
configuration is given in Figure 1,

The equivalent circuits for the network have
bevween 30 and 60 nodes. The levels of description of
individual network components range in complexity, from
a simple RL element branches. 10 a complex distribuied
parameter  [requency dependent overbead wransmission
lines. In the latter case, both the charactenstc impedance
and propagation function of a single line can be described
by transfer functions having up to 15 poles and covering
tbe frequency range up to several MHz

The simulator real time performance was 0 be
proved on several benchmark cases defined in advance.
Computations of an average case from the set of
benchmarks is equivalent in its linear part to inegration of
a set of over 200 linear differential equations, In addition
1o that, the RTS in the given case must provide for
computing of over 10 nonlinear components, and must
accommodate changes in the network topology resulting
from relay controlled circuit breaker operations.

The target time step compuiztion times were set
from 50 to 1 10usec depending on the benchmark case.

The network simulation requirements discussed

fall ino a cawegory of requirements defined for some

_commercial programs, such as the Eleciromagnetc
Transients Program (EMTP). These programs are well

known in the power industry and have been used for a
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number of differcnt applications [8-10]. Howsever, these
programs are not designed for real-time  operation.
Network simulation requirements discussed in this paper
are, therefore, quite unigue since the real-time performance
is the key requirement.

Design requirements for the real-tme instrument
transformer implementation follow from the models uf_ the
devices, as discussed by the authors in earlier publications
[1L.12).

The Current Transformer (CT) model is a simple
network. One of the branches contains a nonlinear element
described by a piscewise hinear characteristic. A single
step solution of the CT model wvolves solving the linear
part and searching the nonlinear characieristic o find the
COrTect segment.

The Capacitor Coupling Volage Transformer
(CCVT) model is a linear circuit with 5 nodes and 12
branches. A single step solution of the CCVT model can be
carried out either by solving the circuil for all voltages and
currents of by using a difference equation representing an
equivalent IR filies. Even though the later approach is
more nateral W the implementation on a digital signal
processar, the former is preferable due 1o the advantage of
all voltages and currents in the circuil being available as
program vanahles and the possibality of future upgrades by
incorporating nonlinear elements.

The WRS requirements, relate w reconstruction
of voltage and current analog signals based on the digital
samples of these signals produced by the RTS system.

Once the network transients are penerated, these
transtents need © be submitted to the device being tested,
Likewise, any reaction from these devices has to be fed
back into the simulator, This interaction places a unigue
set of requirements on the L0 imerface subsystem as
shown in Table I
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Figure 1. Typical Network Configuration for WAPA System
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Table I. Wavelorm Reconstruction System Performance Requirements

Parameters System Performance
1 MNumber of Analog Channels 3 Current + 3 Voltage (4+4)
1 Output Signal Range 4325V peak; >+200mA peak - Voltage
»+160Apeak; >+100V peak - Cusrent
1 Analog Bandwidth DC 1o (.45 f5; 20.54B
. MNumber of Reproduced Bits 16 bits
= Sample Rals Variable: fs=3.2 1 35 kHz
6. Qutput lmpedance < 102 -Voltage Qutputs (DC 10 17 kHz)
500 {1 - Current Outputs (D o] kHz)
7. Number of Digital Channels 16 Input + 16 Output
. System Architecture The i gk st S

The new simulator system architecture is shown
in Figure 2. The system is made of the following major
COMPONENIS:

+ IBM RISC System /6000, Model 320, supporting the
Graphical User Interface (GLUT)

«  IBM RISC System /6000, Model $80, supporting the
real-time network computation

+  Digital Signal Processing (DSP) subsysiem supporting
the real-time modeling of instrument ransformers

«  Waveform Reconstruction System (WRS) supporting
real-time Input / Output (1N0) interaction berween the
sumulator and the relays under test.

The GUT subsystem enables the operator (o enter
the network configuration and parameters needed for
sumulaton. Data entry is performed off-line with respect o
the real-ime simulation. Therefore, there are no
imeractions between the GUI and RTS once the real-time
simulation is initiated. After the simulation is completed,
the 125t results are collected and displayed w0 the operator
by the GUL
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subsystem, at a request from GUT, reads a file containing
a full descripion of the simulation case. A typical
simulation case is centered around a fault event (a shor
circuil condition) which is inroduced in the sysiem al a
given time. The simulation proceeds in two stages; pre -
fault and post - fault. In the pre - fault swage, the RTS
computes steady state values of the sysiem. Aside from
being a nataral iniual state, the pre - faull stage serves
initialize the models realized on the DSPs as well as the
relays being tested. AL the user's request, the RTS inserts
the faull condition and proceeds 1o post - fault stage.

The post - fault stage is critical for the sumulation
performance as it involves the bulk of the computational
effort. The complexity of the computations is accentuated
by the fact that the system under study may comtan
nonlinear components and overhead transmission lines

with frequency dependent parameters.

The DSP subsystem contams 2 boards hosung a
1otal of 4 TMSI20C40 processors. Three of the processors
are allocated 10 the modeling of instrument (current and
potential)  wransformers and the L0 subsysiem
communication link control. The founh device performs
housekeeping functions, modeling of the circunt breakers,
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Figure 2. Real-Tune Simulator System Archilecture
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and the communication with the IBM machine executng
the primary network model.

Special anention was given o detailed instrument
wransformer modebng. Recent studies conducted by the
authors [11,12] indicate that the measurement devices
nommally used 1o monitor the high volage primary network
can have significant influence on the output waveforms.
This can be explained by the fact that these devices are last
in the signal chain and are direcily connected 1o the relays.

The waveform reconstruction system contains
all of the components necessary for interfacing between the
simulation computers and the extermal (analog) world.
Special attention was given 1o the system modularity, and
high output waveform signal precision. This was achieved
by placing 6 D/A converters and their associated
reconstruction filiers (1O subsystem) wogetber with a set of
3 current and 3 veltage amplifiess. The devices are placed
inside a standard 19 inch rack cabinet. One cabinet
contains all of the hardware necessary for tesung of a
single protection device. Up to 3 cabinets can be connected
together forming a 3 terminal real-time simulator shown in
Figure 2. The same cabinets are used in an open-loop
(replaving) based simulator system.

The cabinets use bi-directional digital data links
providing reliable communication between the relays and
the compuler system. In addinon 1o the modularity, the
integration of the waveform reconstruction hardware into a
single 19 inch cabinet, enabled tight output signal
precision control, minimized crosstalk, and minimized
interference problems associated with high output current
levels.

4. Hardware / Software Technigues

In order 10 achieve real-time operation and satisfy
the demanding sampling frequency requirements, the
simulator uses several hardware and software optimizaton
technigues. The required speed was achieved by:

Development of new network component models and
solution techniques amenable to real ume execution.

Shifung, as much as possible, the computational
burden to the preparatory phase of a simulation run.

Development of an optimized C code of the RTS that
is tuned w0 the archiecture of [BM RISC 6000/SB0
machine.

Use of inherent network simulation  parallelism by
decoupling the instrument tansformer models and
allocaung them o dedicated DSP processors,
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Development of an optimized assembly language
implementation of the insiument transformer maodels
for high speed DSP execution.

Minimization of data communication and symchroni-
zation overhead.

Special atention was given 10 the real-time
operating system issue. The [BM RS6000 series machines
normally run under ALX, the [BM enhanced version of the
UNLY operating system streamlined by using explicit
Incking of all shared data structures wsed hy the core. This
results in a highly efficient real-time application support.
The system provides all of the necessary memory locking
primitives, and reasonably fast interrupis [13]). However.
the required context switch tme limits the maximum
application sample rate o approximately 1 kHz, falling
shon of satisfying the sued 20 kHz sample rae
requirement.

The problem was selved by temporanly shutting
down the operating system core, and passing the full
control to the RTS simulation program. This is justified by
the fact that fast reaction tumes of the protection relays
being tesied compleiely exclude the possibility of
meaningful human interventon during the simulation run.

RTS application uses standard AIX mechanisms
1o lock atself inside the real memory space, maps the 10
devices, and uses the interrupt disable functon 1o suspend
the operating system scheduler. The problem 1s further
simplified by allocating a separate RISC machine for the
GUT intensive operator interface,

All of the synchronization tasks are allocated 10
the DSP suhsysiem. The pnmary simulaton clock s
generated locally inside cach of the 3 waveform
reconstruction cabinets, This makes it possible 1w satisfy
the tight sampling clock jitter requirements (<*1ns peak).
The clock is then supplied o the DSP processors and used
5 & primary synchronization source.

Analysis of the application requirements reveals
another interesting fact. Inability of the real-time
simulation to meet the extemally imposed uming
constraints may not be disastrous provided that the error is
reluably detected, followed by an orderly system shut down
and immediate operator noufication. The operator is then
left with a mumber of opuons such as lowering the
requested  simulaton  sampling  frequency,  performing
further model reduction through equivalencing, of carmying
out further mode] optimization.

In the described sumulator, the Uming comectness
verification funcuon is evenly distnbuted w all f
processors. in the system dedwatad w0 real-tme sumulation



The data Mow among processors is ofganized as a twvo way
pipeline with a back pressure mechanism used w regulate
the data flow. Pipeline depletion detection 15 used o
indicate a iming constraint violation,

This approach splits the bardware system into 3
distnctave layers as shown in Figure 3.

Figure 3. Ovganizaton of the Real Tume Sysicm
Synchronization

The first (hardware) layer is dedicated o
satisfying the *1ns sampling clock jitter requirement. The
constrainis are then relaxed in the second layer, enabling
the DSP processors to operate with a basic 50 to 110us
clock period. The constraints for the third layer can further
be relaxed by using the operating time delays inherent
the power system cureuil breaker operauon. The operating
time of those devices is typacally in the order of 16 w 80
ms. If desired, a porucn of this wme can be convenently
used 0 minimize the RTS system synchronization
overhead by forming and exchanging larger data blocks
herween the DSPY and the RS&000 simulation computer.
This action increases processor wtilization and provides
additional transient load balancing.

5. Real-Time Simulator Performance Evaluation
Methodology

Significant effort was invested into the simulator
performance venfication actvity. The lask was divided
into the following major areas:

RTS Modeling precision and code validation
Real-Tune system vernhcauon

Reconstructed analog waveform precision
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RTS modeling validation 15 performed by a series
of carefully selected simulation cases. The results of RTS
simulation are then compared against the ones obtained
from the industry standard EMTP ( ElecuroMagnenc
Transients Program ) used for off - line studies of
transients in electrical power sysiems. The comparison is
performed by different means; from simple waveforms
plotting to analysis of the signals specira.

Real-Tlme system verlfication results are shown
in Figure 4.
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Figure 4, Real-Tume System Venficaton Resuls

Upper graph shows the actual lime slep execulion
times measured during a rypical RTS simulation run. Data
was obtained by using extemally connected event logger
with 0.5us wme resoluson. Logger was measuring the
actual ume elapsed between L0 daw wansfers from RISC
RSGOMVSE0 1o the DSP subsysiem.

As already mentoned, the system is capable of
using the inherent circuit breaker operating lme delays 1o
optimize the real-time execution. Lower graph shows the
simulation resulis indicating the worst case scenario with
12 frame block synchronization approach. As expected, the
block  synchronization efficientdy mimmizes transient
computational load increase ancurred by the wopology
updates (switch operation).

Real-ime performance of the  instrument
transformer models was venfied by adding up execution
limes of the instructions in the opumized, hand-crafied
assembly language code. Inspecuca of the equivalent code
produced by the TI C-compiler indicated thar very
substantial execution time reducton has been achieved by
programming directly in the assembly language. This is
partdly due 0 the comsiraints imposed by the run-tme



environment of the compiler generated program and partly
due to limited capability of the oplimizer o take foll
advantage of all architectural features of the TMS320C40)
digital signal processor.  The efficiency of the instrument
transformer implementation made it possible w reduce the
number of processors in the DSP subsystem and w allow
reasonable ume marging for communication relaed
functions. Table 11 presents execution times of (he single
step computations for the CT implementation and two
different CCWT implementatons (IR flwer and circuit
based, respectively). Tt follows that four wansformer
masdels of each type can be assigned 10 a single DSFP chip.

Table [I. Single Step Executon Times for the [nstrument
Transformer Implementation

Instrument Transformer Execution Time in s
CT (K]
CCVT-lIR 1.0
CCVT 4 68

The reconstructed analog wavelorm preciston
is venified off line, by replaying a set of known excitation
signals and measuring vanous aspects of reconstruction
system operation. Among other things, the measuremenis
include: output offset, gain error, frequency response,
phase response, output impedance as a function of
frequency, harmonic distorion. intermodulation distortion.
and out of band frequency component attenuation. The
offset and gain measurements ase subsequently used for on-
line offset and gain error comection during the actoal
simulation mns

6. Conclusion

Based on the experiences related to the real-ume simulator
development, the following are the conclusions:

commercially available computer hardware and system
software can be utilized in designing a real-time power
system simulator

careful allocation of simulator tasks o different

processors enables optimal uwulization of computing
FESOUTCES

special attention needs o be given to the application
software where the code can be opimized w the given
architeciure,
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