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Abstract— This papar dizcusses major advances in de-
velopment of digital simulation environments and digital
simulators for protective relay svaluation and testing.
An overview of the warld wide developments is given
first. A discussion of the developments at Texas AkM
University is given next. Practical consequences are dis-
cussed at the end.
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INTRODUCTION

One of the first propesals for digital relaving dates
back to the late sixties [1]. The first digital relay proto-
Ly pe using a mini-computer was installed in a substation
at the beginning of the seventies [2). Scon thereafter. mi-
croprocessors were invented and microprocessor-based
digital relays were intreduced in the early eighties [3]
In the mean time, a variety of digital algorithms and
related relaying concepts were introduced. As a resule,
different digital protective relays and protective systems
wete developed [4.5]. Today, the field of digital relaying
has matured with an established product line offered
by all of the major relay manufacturers. As a sign of
the maturity of the field, several excellent books have
aleeady been written on the subject 16.7.8]

As the field of digital relaying was developing. a
n=ed for evaluation of digical algerithms and resung of
digital relays was cecognized. Initial studies of digital
algorithms have shown performance differences among
various algorithms [9]. This issue has stimulated further
developments of simulation methods for algorithm eval-
uation and digital simulators for relay testing [10,11].
Despite these initial efforts, the feld of simulation en-
vironments and digital simulators was developing much
slower than the field of digital relay and system designs.
This discrepancy was quite noticeabls in the late eight-
ies which led to new developments of simulation envi-
renments and digical simulators to be initiated. As a

result, some major advances in this field were recently
made [12,13].

This paper first desceibes the meaning of the simu-
lation envirenments and digital simulators. After thar
historic developments of simularion environments and
digital simulators are surveved. At the end, some ad-
vanced developments undertaken in this field at Texas
ALM University over the last 6 vears are discussed. Fi-
nally, some practical uses of the new developments ase
outlined

TERMINOLOGY AND DEFINITIONS

This section is aimed at explaining differences be-
tween the lerms “simulation environments” and “digital
simulators”. Furthermore. definiticons of real-time and
open=loop evaluations of relay models and devices are
autlined.

A simulation environment is meant to denote an
all-softwars set-up where the power system and instru-
ment transformers, as well as protection relays and pro-
Lective systems are represented using softwars models
These types of environments can be implemented on a
general purpose computer and may be used for differ-
ent studies aimed at evaluating digital algorithms and
final product designs for protective relaying. A typical
procedure used for evaluation is 1o simulate power sys-
tem faults using an electromagnetic transient program.
As a result, fault waveforms of voltages and currenis
are obtained. These waveforms are fed into the instru-
ment transformer models and the responses are simu-
lated. The output waveforms correspond to the faule
waveforms seen at the secondaries of actual instrument
transformers. These waveforms are then taken as inputs
to the models of digital relays. The relay algorithm and
operation are simulated and a trip/no teip responss 15
cbtained. This response may be fed back into the pawss
system model via operation of a switch corresponding to
a circuit breaker tnpping. This approach would allow for
simulation of the interaction between the relay and the
power system, as seen during autoreclosing sequences.
for example. The main property of the simulation =n-
vironments is digital implementation of the models, as
well as digital representation of the analog waveforms of
voltages and curcents.

A digital simulator is meant 1o denote a combi-
nation of hardware and software aimed at generating
analog waveforms that can be fed to a relay or relay-
ing system for testing purposes. A digital simulacor
still has a simulation envieonment for generating fault
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relay and simulator may also be implemented 1o allaw
for emulation of the interaction observed in the actual
power system. Figure | gives a combined representarion
of the simulator environments and digital simularors

Another important concept in evaluating peotective
relays using digital simulation environments and simu-
lators is the coneept of open-loop and real-time inter-
action. These interactions are meant to indicate a tvpe
of feedback coming from the relay to the power svstem.
This interaction is shown in Figure 1. both between the
relay model and power system model, as well as between
the physical relay and digital simulater

The epen-loop interaction is defined as the interae.
tion where protective relay model. o phvsical device, are
receiving fault waveforms, making decisions and issuing
a teip signal. However. this trip signal is not used to
cause an immediate reconfiguration of the power system
maodel that results in a new set of wavelorms generated
by the new model. [nstead, the power system madel is
not changed after the original fault is simulated. The
real-time interaction, on the contrary. is defined as the
one that causes immediate change in the power svatem

uebpon aof e Gneepl, i vnee 1%
EMTES wepe cpia :|-| '_"||i All ol el frrogran
ape e v mpsdel pomer sy st components and sinmg-
It varieus power svartenn = vents . inchnding Faules

The nex: ymportane componont of a dignal sin-
Iator environment is the instrument transformee. A wa-
riety of cureent and voltage transformers are presently
used in the relaving field. so adequate medels are needsd.
The mest typical approach to medeling instrument trans-
formers is by using related EMTP components. How-
ever. it i5 sull a challenging problem to select proper
components. approprate equivalent network topology
and related parametets to represent different instrument
transformer characteristics [21.22]. A number of differ-
ent current teansformer (CT) models weee introduced
in the past, concentrating on proper representation of
the iren core hysteresis, saturation, and remanent mag-
netism [23-25].  Likewise. various capacitor coupling
voltage transformer models were introduced to reflect
different topclogies of the ferroresenance circuit. influ-
ence of the step=down transformer and stray capacitancs
effects [23=-2%

The next item requiced 1o make a complete repre-
sentation of the relaying set-up is the relay model it-
sell. Modeling of protective relays spans from electro-
mechanical 1o solid state and microprocessar based re-
lays [30-32]. A number of different techniques were used
to represent these relays [33.35].
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Fig. 1. Simulation Enviconments and Digital Simulatoes

model that reflects operation of a circuit breaker due
to the relay tripping. As a result. a new set of wave-
forms is generated by the new model represented by the
reconfigured power systemn network. Tdeally, the ~im-
mediate” change is considered as the change that takes
place within the same EMTP simulation time step rel-
ative to the occurrence of the relay trip signal.

SIMULATION ENVIRONMENTS

The key ingredient of a digital simulation enviren-
ment for protective relay studies is an  electro-
magnetie transient program (EMTP) [14]. Since the

L]

Finally. an interaction between the pewer svstem
madel and a relay model needs to be represented and
simulated. Again, a variety of appreaches were taken in
the past. ranging from an open-loop to real-time inter-
action [12.36.37].

A summary of various approaches used for relay
modeling, together with related seferences, is shown in
Table T
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DIGITAL SIMULATORS AT TAMU

Digital simulator developments at Texas ALM Uni-
versity (TAMU) weee initiated in the late eighties

Takle [I. Real-Time Digital Simulators

Original
De'vgelnper Vendor | EMTP Software | Hardware Platform References
TAMU TLI, Inc. | RTS IBM RISC 8000 Workstation [44]
Manitoha Custom Designed
|
Hydro KTD5 EMTDC Multiprocessar Platform [45]
; HP Convex Multiprocessor
E4dF EdF ARENE VWorkstation [48]
TAMU = Texas AkM Universitcy EdF - Electricite de France
RTS - Real-Time Svstem ARENE = Real-Time EMTP
TLI, Ine. - Test Labaratories Ilnternational. lne., TS 4
RTDS. Ine. - Manitoba. Canada

DIGITAL SIMULATORS

All of the initial digital simulators wers opean-loop
designs. After the initial developments, several PC-
based and workstation-based designs were introduced
[38]. In the US.A. some of these designs were devel-
oped by utilities [39], some by vendors [40], and some
were developed in a joint collaboration between univer-
sities and wtilities [-11—43;_

After the open-loop simulaters becams readily avail-
able. the development efforts have shifted into the dipse-
tion of real-time simulator develzpments. A number of
research and development effarts were involved in this
area around the world [38]. As a result. several real-
time digital simulator designs have been developed [44-
46]. A summary of some of these developments that are
commercial offered s given in Table 11 indicating dii-
ferent appmaches undertaken in the selection of hard-
ware/software characteristics.

SIMULATION ENVIRONMENTS AT TAMU

Developments of simulation environments at Texas
ALM University (TAMU) date back to the late eighties
[47]. Owver the vears, several enhancements were mads
to introduce a more complete simulation enviconment
where digital fault recorder (DFR) files could be im-
ported [48]. These files allow for evaluation of relay
models using fault data recorded in substations. Fue-
ther enhancements were aimed at adding elaborate sig-
nal processing and analysis features using the MATLAD
package, as well as extensive database and graphical user
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Fig. 2. TAMU's Simulation Environment Features

and first digital simulacor configuration was assembled
in the early nineties '31]. After that, an elaborate open-
loop simulator developments were undertaken under the
sponsorship of EPRI [32]. These developments resulted
in both a PC-based and workstation-based open-loop
eonfiguration [43]. The PC-based simulator was daliv-
ered to Florida Power and Light Company while the
workstation-based one was delivered to Western Area
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development ta provide a digieal simulator for the Come-
This simulatar

monwealth Edison Company of Chicago

waz capable of both real-time and open-loop cperation
[42].

The most interesting feature of the simulator devel

opments at TAMU is the use of commercial computers
for the simulator implementation. This approach has
enabled development of a modular concept for config-
uring various simulator opticns ranging from PC-based
open-loop, to workstation open-loop, and workstation-
hased real-time configurations [33]. Such a concept pro-

vided an ability to select an optimal hardware/software
solution to match the required cost/pecfonmance crite-

ria [I.'J-] As a result. TAMU s simulator technology has

been commercialized by Test Laboratones International.
Ine. (TLIJ.

A summary of the simulatcr configuration options.

as well as related hardware and software modules offered

by TLI is given in Table I1I.
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The simulators have been introduced to the mar-
ket only recently. Their use 15 making its way into the
utility practice [34]. A visible trend is that the PC-
based open-loop simulators are being accepted faster
due te their low cost and ability to be implemented on
the existing portable test sets using seltware extensions.
The workstation-based open-leop simulators are being
accepted at a slower pace due to the higher cost and rel-
atively unfamiliar UNIX enviconments. The real-time
simulators are being purchased primarily by the relay
vendors and research organizations dus to the higher
cost and expertise e=quired to use them. However, the
future acceptance of advanced digital simulators may
et be dependent as much on the cost of the selutions
as it may be deiven by the change in the relaving test-
ing and evaluation practice. As the Lc:hlmlqp‘ hecomes
maore ]

Table III. Configuration Guide for TLL Simulatoes

Open-Loop Open-Loop Real-Time
S T PC-Based | Workstation-Based | Warkstation—Based
PC X = -
IBM RISC 8000 B " E
{Low Performance) i
LBM RISC 6000 i s
{High Performance) X
1/O Cabinet up to thees up to theee up to thres
{TECHROX) terininals terminals terminals
EMTP/ATP X X -
RTS-Real-Time Svstem - - X
GUI-Graphical User Intecface X X | X
Signal Processing o .
(MATLAB) :: - X
Instrument Transformer F :
Models A = X

PRACTICAL APPLICATIONS

The simulation environments have been used exten-
sively by relay vendors for development of new digital
algorithme and relavs. Simplified versions of these envi-
ronments were also used by the academic institutions as
a toal for teaching advanced topics related to computer
applications in protective celaying, The least spread use
of the simulation environments is in the utilities. A sim-
ple explanation for such a situation is the lack of ade-

understood by the utilities, it is expected that the sim-
ulater may become an indispensable tool for evaluating
new relay techniques. studying new relay apP]i:aﬁuns.
and trouble-shooting relay misoperations 34).

CONCLUSIONS
This paper indicates that digital simulator environ-

ments and simulators are becoming readily available for
utility use. Their features are enabling extensive evalu-
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changed accordingly. making these tools indeed useful
and required
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