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Abstract— This paper discusses characteristics of a new digital
simulator for protection relay testing. The most demanding de-
sign requirement is computation of fault transients under the
condition of real-time change of power system configuration
due to relay operation. This problem is solved using EMTP
computational techniques enhanced with novel numerical so-
lutions for dynamic power system configuration change and
nonlinear element modeling. An advanced computer architec-
ture is utilized to achieve further optimization of the execution

. time for the transients computation code. The main advantage
of this design is the use of conventional single processor com-
puter architecture in combination with advanced digital signal
processors (DSPs). This makes this simulator an off-the—shelf
product with all the benefits of commercially available com-
puters priced at a relatively low cost.
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INTRODUCTION

The use of digital simulators for relay testing has been
known since the early eighties [1]. A number of different designs
have been introduced over the last ten years [2-6]. These sim-
ulators have been proven to be very accurate and flexible tools
for relay testing [7]. However, one limitation of the mentioned
designs was difficulty in performing relay testing in real-time.
Digital simulators of an open-loop type are extremely effective
in producing fault transients and replaying either simulated
or recorded transients into relays for testing purposes. Never-
theless, if the relay testing requires multiple dynamic changes
of the power system configuration based upon the relay’s re-
sponse, the open—loop simulators can not easily be utilized
to support transient computations under these real-time con-
straints. A need for a new simulator design exists for the cases
where EMTP computations and configuration changes are per-
formed under a closed-loop control of a relay under test.

Several recent papers have investigated fast methods for
transients computation [8-10]. It has been argued that par-
allel computer architectures are needed to meet the real-time
computation requirements [9,10]. These feasibility study re-
sults are encouraging for future implementations of real-time
digital simulators for relay testing. A complete design of a sim-
ulator for relay testing using a parallel architecture has been
demonstrated using custom designed solution [11]. That im-
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plementation is very important since it proved the validity of
a parallel architecture approach.

This paper describes the development of a new digital sim-
ulator with very stringent implementation requirements. The
use of commercially available computer architectures was im-
posed against the use of a customized design solution. This
was considered the main design requirement and was imposed
to be able to take advantage of full system software and hard-
ware support and upgrades readily available for commercial
computer products. Yet another demanding requirement was
the need to model rather involved power system configuration
consisting of nonlinear elements such as MOVs and surge ar-
resters as well as instrument transformers such as CTs and
CCVTs. It has also been required that the transients compu-
tation is performed at a 50-100 ps time step for most of the
test cases.

A new simulator design has been implemented to meet
these rather demanding requirements. This paper reports on
the implementation results for transients computation. This
was the most challenging part of the design since it asked for
quite innovative implementation approaches.

The first part of the paper is devoted to a brief overview
of the design requirements. The system architecture selected
for the simulator implementation is discussed next. Real-time
techniques utilized for transients computation related to the
network reconfiguring and simulating the nonlinear compo-
nents are then presented. Performance evaluation results for
the implementation of real-time transients computation are
given at the end.

IMPLEMENTATION REQUIREMENTS

The simulator implementation was aimed at developing
a commercial grade digital system capable of computing fault
transients for relay testing in real-time. This general goal has
been expanded into several specific requirement categories dis-
cussed below.

Computation of Network Transients

This requirement category has been defined based on a
typical Western Area Power Administration 345 kV network
section as shown in Figure 1.
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Fig. 1. WAPA Reference System

0885-8977/94/$04.00 © 1993 IEEE




A close analysis of this network produced very demand-

ing transients computation constraints that are summarized in

Table 1.
Table I. Network Modeling Requirements

Nonlinear Components

MOVs, CCVTs, CTs, Arresters

Simulation Events for
Relay Testing

faults, autoreclosing sequences,
symphatetic trips on parallel
lines, fault reversals, propaga-
ting faults, switch—on faults

Simulation Bandwidth 5-10 kHz
and Comput. Time Step | 50-100 us

Simulator Interfaces

Two major groups of requirements are related to the user
interface and the relay interface. 4

It was specified that the user shall be provided with means
for building network models through a graphical user inter-
face. This meant that a one-line diagram interface be provided.
Also, the user shall be capable of calculating component and
network parameters automatically. This required standard im-
plementation of line constants and transformer auxiliary rou-
tines as well as development of custom routines for steady-state
calculations and automatic network equivalencing. The graph-
ical user interface solution represents a powerful tool for relay
testing and had to be implemented, as in some other simula-
tor applications, using custom designed techniques based upon
commercially available packages [3,11]. A detailed description
of the Graphical User Interface will be reported in a separate
paper to be published in the near future.

Protection relay test interface requirements are very sim-
ilar to the ones specified during development of an open-loop
version of the simulator [6,7]. The main difference in the real-
time version is the larger number of relay terminals to be tested
and the improved data acquisition solution to be used for real-
time sensing of contact changes. The simulator described here
is designed for simultaneous testing of up to three relay ter-
minals. The real-time constraint for interaction between the
simulator and the relay is a particularly difficult requirement to
meet since it asks not only for a fast computation of transients,
but also for correspondingly fast I/O data transfer support.
This paper concentrates primarily on the solution of the fast
computation of transients while the real-time I/O data trans-
fer support is not presented in detail and will be discussed in
a separate paper. '

SYSTEM ARCHITECTURE
After an extensive feasibility study, it was decided that the
simulator architecture given in Figure 2 would be implemented.
As it can be seen from Figure 2, the simulator system is
made of the following major components:

"o IBM RISC 6000, Model 320 supporting the Graphical User
Interface

o IBM RISC 6000, Model 580 supporting the real-time com-
putation of network transients

¢ 2 Digital Signal Processing (DSP) boards, conta.ininé two
TMS320 C40 processors each, supporting the real-time
computation of instrument transformer transients

o Waveform réconstruction subsystem supporting real-time
I/0 interaction between the simulator and the relays un-
der test
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Fig. 2. Digital Simulator Architecture

It is important to note that this selection of the compo-
nents has satisfied the main design requirements including the
most important one of using commercially available hardware.

The waveform reconstruction subsystem hardware has been
developed as a part of a different project [6] and was tailored
for the real-time digital simulator applications. It has unique
performance characteristics as specified in Tables II and IIIL
This subsystem is now being produced by a major amplifier
vendor and is expected to be commercially available in the
near future. )

Table II. Waveform Reconstruction Subsystem ~
Main Specifications

# ITEM SPECIFICATION
1. | Number of Reproduced Bits 16

2. | Sample Rate Fs=3.2 to 25 kHz
3. | Output Impedance Voltage Channels:

<19
Current Channels:
> 5009; DC to 1 kHz
DC — 045f1s
Voltage Channels:
> £320Vpear; +0.24p00k
Current Channels:
> £1604,cak; +100V,cak
6. | No. of Analog Channels 12 Voltage + 12 Current*
7. | No. of Digital Channels 48 Input + 48 Output**
8. | Channel Skew <1lps

4. | Analog Bandwidth
5. | Output Signal Range

* 3 sets of 4 voltage and 4 current channels each.
** 3 sets of 16 input and 16 output channels each.

Table III. Waveforﬁx Reconstruction Subsystem —
Additional Specifications

# ‘ ITEM SPECIFICATION
1. | Output Offset < 0.01% FSR
j L < 0.02% FSR
2. | Output Noise v (DC-100 kHz)
3. | Frequency Response < 30.5 dB; < +£20°
4. | Spurious Comp. Level < —60.dB
5. | Crosstalk < —80 dB
6. | Stability vs Load Unconditional
7. | Power Supply Voltage Channels:
' 115 V; 60 Hz
Current Channels:
34/208 V; 60 Hz
RS 422 Serial Link with
8. | Controller Interface | 115390 30 Data Format




1300

To 1/0
To —{ RTS to GUI DSP 1 - RT SubsE{ems
GUI «—{Communication Instrument 1
Transformers
| j
RT DSP 4 DSP 2 -RT
Network il Instrument [—————*2
Simulation

DSP 3 - RT
Instrument p—— =3
Transformers

RTS
Manager \ Transformers

RT - Real Time
RTS - Real Time System
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The organization of the simulator subsystem devoted to
real-time transients computation is given in Figure 3. Asit can
be observed, the three digital signal processors (DSPs) are used
to interface to the three relay terminals, while the fourth DSP
is used as a real-time manager for I/O interfacing between the
RISC 6000, Model 580 and the remaining DSPs. The RISC
machine is used for computation of network transients while
the three DSPs are used for computation of instrument trans-
former transients. The following sections give details of the
transients computation implementation and the performance
evaluation.

COMPUTATION OF NETWORK TRANSIENTS

This section gives implementation details of some of the
most demanding requirements that relate to network configura-
tion changes and nonlinear component modeling. Performance
evaluation results are also discussed.

General Approach to Network Modeling

A new C program called RTS (the real-time system) has
been developed for the network transients computation. One of

the main principles of RTS development was to use the EMTP .

modeling and solution techniques [12]. The following system
components are modeled in the RTS:

o Uncoupled branches: R, L, C and R— L
Coupled R — L branches
II—circuits for short lines representation
Constant parameter overhead transmission lines
Transmission lines with frequency dependent parameters
Voltage sources
Faults
Relays
Switches
Series capacitors with MOV protection
Surge arresters
Instrument Transformers: CTs and CCVTs
The branches and transmission lines are modeled the same
way as in the EMTP. Voltage sources and the forcing functions
are represented in the form of look-up tables which have to be
long enough to hold at least one full cycle of the corresponding
functions. Faults are introduced by closing a switch at a pre-
specified incidence angle. If a fault is of a temporary nature,
then the user needs to specify the time at which the switch will
open. Relays are associated with the switches they act upon.
This association also determines which voltages and currents

are to be outputted. Modeling of the switches and the nonlin-
ear elements is described in the following sections.

The RTS implementation departed from the EMTP by
shifting, as much as feasible of the computation burden to a
preparatory phase. This was made possible using the fact that
the real-time requirement applies only to the computations
that are to be performed at each of the successive time steps.
Thus, for example, at each time step the nodal equation:

[Clv(®)] = [A(®)] )

is solved where [G] is the matrix of node conductances, and
[v(2)] and [h(t)]-vectors of nodal voltages and current sources
at the time ¢, respectively. In the RTS, the equation (1) is
solved as:

[oa(t] = [Gaal™ (I8 - [Fo(0))
[Fa(t)] = [Gas][es(t)]

where A denotes the nodes with the unknown voltages and B
the nodes to which voltage sources (eg) are connected. The
inverse of [G A A] is kept in an explicit form, and the forcing
function Fpg(t) is pre—computed by the preprocessor outside
the time loop. The advantage of pre-computing of the forcing
function should be rather clear having in mind that the sub-
matrix is typically very sparse, as its only nonzero elements
correspond to the internal impedances of the sources. The ad-
vantage of keeping the inverse in the explicit form will be more
evident in what follows.

&)

The nature of the simulator operation is such that it re-
quires frequent changes in the network topology. The EMTP
approach, which calls for a retriangularization of the nodal con-
ductance matrix, is not viable as it cannot be performed fast
enough. Modeling of nonlinear components for the RTS neces-
sitates further approximations over the ones used in the EMTP.
In particular, a new approach had to be developed to deal with
series capacitors with MOV protection in a less demanding way
than the Newton-Rapson technique used in the EMTP. The
following sections give details of the implementation for these
most difficult simulator computational requirements.

Switches and Network Configurations

Switches are modeled as time—controlled switches of the
EMTP with the exception that they present a small positive
resistance (typically 1.e — 3 to 1.e — 4Q2) when closed and the
infinite resistance when opened. The main reason for this de-
parture is to be able to keep the number of the network nodes
constant during the run enabling one to easily carry the history
current injections across all the possible network configurations
that may arise.

Now, suppose that a switch closes, connecting nodes 1 and
Jj. Then, the new matrix [G] can be expressed as:

[€] = [6] +9- [es] - [e]” ®
where
1 i k=i
[e.-j],‘={—1 if k=g, k=1, ..., |4] 0))
0 if k#i,j




and where g is the (large) switch admittance. G is nonsingular
then so is [Q]

@7 =(r+ o O sllesl”) 6™ ®)

: -1
if the rank 1-update matrix (I + y[G] -1 [ei5] [eii] T) exists.

By a well known result of Sherman-Morrison-Woodburry,
the rank 1-update matrix exists if, and only if, § = 1+¢ [e;j]
[G]_l [eis] # O (in our case, § > 1, as [G] is & symmetric
positive semi—definite matrix and g > 0), and:

(reolel ellei) = - ) ol o

Finally, one gets the formula for updating [G) after closing a
switch:

161 = 16 - gy (161 el ) (1™ ["""])T'
™

Observe that the rank 1-vector on the righthand side of
(7) is just the difference of the two columns of [G]™

If the matrix is block diagonal, that the matrix update
is confined to a block to which the end nodes of the switch
belong. The blocks appear as a result of decoupling introduced
by transmission lines. The rows and columns of the matrix [G]
are conformally permuted by a pre—processor so as to produce
a block diagonal matrix. Only the elements of the diagonal
blocks are stored. This provides for a very significant saving
in execution time.

Furthermore, it should be noted that there are no numer-
ical problems with the above formula even if g becomes very
large. The right hand side can be correctly computed even for
an infinite g, but in that case, it becomes singular. The rea-
son for requiring that it be finite has a different background.
Namely, if g were allowed to be infinite then the above opera-
tion would become irreversible. Otherwise, the same formula
(with —g in place of g) is applied to reopen the switch. Again,
if the resulting matrix is well conditioned, there are no numer-
ical difficulties.

Series Capacitors with MOV Protection

The difficulty of protecting a series compensated line with
MOV protection is well known [13]. It is also known that an
MOV represents a demanding computational burden [14]. A
series capacitor with an MOV and a switch is treated just as a
. single compenent. This component is shown in Figure 4.

c
Fig. 4. Series Capacitor with MOV Protection
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Fig. 5. Idealized MOV Characteristics

The varistor is assumed to behave in accordance with the
idealized characteristics shown in Figure 5.

Thus, as long as the voltage u across the capacitor is below
a preset value V, the component is viewed as just a capacitor.
If the voltage exceeds the V level, the above characteristics
are inserted in parallel to the capacitor and stays there as long
as the condition persists. This is described by the following
equation:

c, lul <V
i=Vodu u_vV : ®
Cm-+;—7-sgn(u), ju| >V

In addition, the bypass switch protects the MOV by clos-
ing if the energy dissipated in the MOV becomes greater than
a user defined level. Figure 6 shows the characteristics of an
actual MOV (five segment exponential characteristics) super-
imposed on its approximation which was used in the test runs.

The ideal MOV characteristics used should be a good ap-
proximation of the actual one around the point at which the
MOV is expected to operated. This is the main guideline for
choosing the parameters V and r (V = 190KV and r = 1Q in
this case).

The change in [G]™! resulting from an MOV operation is
carried out implicitely using the equation (7). Namely, instead
of updating the matrix, only a correction of the nodal voltages
is computed.

0

1]

0! .10‘7 10! 102 10° 10¢ 10%

ZnO current in [A]

Fig. 6. Comparison of an Actual MOV Characteristics with
the Approximation used in RTS
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COMPUTATION OF INSTRUMENT
TRANSFORMER TRANSIENTS

As mentioned earlier, one of the important requirements
for the transients computation is that the simulator produces
not only correct network transients but also appropriate instru-
ment transformer transients. In order to deal with a complex
nonlinear modeling problem for the current transformer (CT)
and the capacitor coupling transformer (CCVT), an approx-
imative approach has been undertaken. The simplified CT
and CCVT models utilized are still quite accurate as has been
demonstrated earlier [15,16).

The implementation of the CT and CCVT models has
been performed on dedicated DSP boards as shown in Figure
3. The computations are performed in parallel to the ones car-
ried out for the network transients. This provides for the full
utilization of the simulator architecture by performing network
transients computation on the RISC 6000 machine and com-
putation of the instrument transformer transients (4 CCVTs
and 4 CTs per testing terminal) on a dedicated DSP engine.

Current Transformer (CT) Modeling
The CT topology is simplifed [17] as shown in Figure 7.

. ts
lp ihr ?

Rs, Ls — Burden
Fig. 7. Simplified CT Circuit Topology

The circuit contains nonlinear flux versus current relation. Due

to the nonlinearity, a complete solution of the circuit equations
would require an iterative procedure every time step, which
would be unacceptable for real-time computation. To avoid a
one time step delay in handling, a piecewise linear approxima-
tion of the flux versus current curve, shown in Figure 8, has
been adopted.
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Fig. 8. Piecewise Linear Approximation of Flux versus Current
Curve

The resulting computations are now reduced to the fol-
lowing steps:

o Solving equations describing the linear part of the system

o Searching the piecewise linear characteristic to find out

which segment the current (or the flux) is in. The slope of

the segment will be used in the first step during the next
iteration.

Capacitor Coupling Voltage Transformer (CCVT)
Modeling
A typical topology for CCVT modeling [15] is presented
in Figure 9. )

Cc

—
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Fig. 9. CCVT Circuit Topology

The major issue in CCVT modeling is the degree of simpli-
fication one wants to pursue. While many approaches are pos-
sible, two extreme cases are implemented for evaluation pur-
poses.

The first case is based on the fact that the discretized cir-
cuit given in Figure 9 is a 9'® order linear system. As such, it
can be represented with a 9% order infinite impulse response
(IIR) filter, or by a difference equation with, at most, 17 prod-
uct terms. This is the ideal form for implementation on the
DSP since one product term can be handled in a single instruc-
tion cycle. It should be noted that in the IIR approach, state
variables are linear combinations of currents and voltages that
exist in the circuit, and as such, do not have direct physical
meaning. Only the output voltage is available as a physical
quantity. Also, this approach is useless if any nonlinearity is
introduced into the circuit. ’

In order to make a more conservative assessment of the
computation time, the other case in which the circuit given in
Figure 9 is directly solved, is also implemented. In this case,
all currents and voltages in the circuit are directly available as
program variables.

PERFORMANCE EVALUATION

This section gives results from various test cases imple-
mented for transients computation evaluation. The cases se-
lected are quite critical for relay testing and, therefore, rep-
resent a good example of the simulator performance. - The
performance evaluation is carried out with two goals in mind.
One is to observe the computation time needed to obtain tran-
sients and the other one is to observe the accuracy of the tran-
sients generated by the computations. The computation time
achieved is compared with the one specified as the design re-
quirement. The shape of the transients obtained is-compared
to the one generated by the EMTP. Therefore, the computa-
tion time requirements and the EMTP simulations were used
as the criteria for performance evaluation.

Computation of Network Transients

Simulator performance, when computing network tran-
sients, has been evaluated using the following three cases de-
rived from the WAPA system given in Figure 1:

e Case 1: A network with 42 nodes used to evaluate the
simulator’s capability to handle complex network configu-
rations in real-time.

e Case 2: A network with 6 MOVs used to evaluate simula-
tor’s capability to handle a large number of MOV opera-
tions in real-time.




o Case 3: A network with dynamic switch operations used
to evaluate simulator’s capability to handle change of net-
work configurations in real-time.

The network configurations for the three cases are given
in Figure 10. Description of the test cases and the transients
computation timing are given in Table IV for all the cases. In
all the computations, a 50us time step was used. Comparison
of the waveforms generated by RTS and EMTP is given in
Figure 11 where applicable.

A number of test runs have been performed using the IBM
RISC 6000, Model 550 machine which is presently available for
the development. The test results demonstrate the simula-
tor’s capability to compute transients with a time step close to
100 ps in all the cases. However, once the Model 580 machine
becomes available, most of the tests cases shown would execute
with a time step around 50 ps. Since the final simulator imple-
mentation is based on the use of the Model 580, it can easily
be seen that the simulator capability satisfies the requirement
that the simulator shall be able to compute transients for the
WAPA system in real-time with time steps in the range of
50-100 ps.

Table IV. Test Cases and Timing Results

Lines Ave. Exec.
(Untrans— Initial | Time per
CASE |Nodes| posed) |Branches | Condt.| Time Step
1 | 42/36 8 18 Zero 119us
Uncoupled
2 24/18 3 12 Zero 75us*
6 MOVs
3** | 30/24 3 9 Steady 8lpus -
6 MOVs | State

* This includes a total of 33 MOV operations over 1000 time
steps.

** Sequence of Events: (1) Fault: SLG-Phase B at 0.05 s;
(2) S1 to open at 0.1 s; (3) S2 to open at 0.11665 s.
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Fig. 10(a). WAPA network Configuration for test Case 1.
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Fig. 10(b). WAPA Network Configuration for Test Case 2.
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Fig. 10(c). WAPA Network Configuration for Test Case 3.
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Fig. 11(a). Comparison of EMTP and RTS simulation Results;
The voltages at Node (*)-Phase B (Case 1)

.20 0005 001 0015 002 0025 003 0035 004 0045 005

Fig. 11(b). Comparison of EMTP and RTS Simulation Re-
sults; Voltage Across the Phase A Series Capacitor
of the Upper Line in Fig. 10(b) (Case 2)
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Fig. 11(c). Case 3: Voltage at the Fault Location
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Computation of Instrument Transformer Transients

As mentioned earlier, up to 4 CT and 4 CCVT models are
assigned to a single DSP engine, reducing the number of re-
quired processors to three. This section analyzes the following
two implementation approaches:

¢ Using TMS320 C30 DSP
o Using TMS320 C40 DSP

The TMS320 C30 DSP implementation has been carried
out in the first stage of the simulator design while the C40
DSP has been selected for the final implementation. The main
difference is in the input clock frequency which is 33 MHz for
the C30 and 50 MHz for the C40. This means that the in-
struction cycle time T' is 60 ns and 40 ns, respectively. The
program for instrument transformer transients computation is
implemented in the assembly language. It is carefully coded to
take advantage of the processor architecture.

The following performance evaluation shows computation
time and errors of the transients for both CT and CCVT.

CT computation time is found to be 16T for the equa-
tion solution and 24T for the segment search. The cumulative
time for both steps is 40T. For the CCVT, the IIR approach
requires 17T for the 17 product terms and 8T for setting up
data structures. The total time required is 25T. The direct
solution approach for CCVT transients computation requires
117T. A summary of the results obtained for both C30 and
C40 implementations is given in Table V. These results indi-
cate that an iteration of 4 CTs and 4 CCVTs can easily be
computed in-a small fraction of the time step of 50-100us.

Table V. Execution Time for an Iteration of Instrument Trans-
former Transients Computation (in us)

CT | CCVT-IIR | CCVT
C30 | 2.4 1.5 7.0
C40 | 1.6 1.0 4.68

A comparison of the wave shapes generated by the pro-
grams implemented on DSP and using the EMTP approach
with a corresponding integration rule is presented in Figures

140 -
120} 1
100}
~  8of- -
k3
&
I
§ x
0 : v,
20 3 ‘,’Xﬂ i
‘,t Vv ]
'mo 0.01 0.02 0.03 0.04 0.05 0.06
Time (5]

Fig. 12. CT Correctness Verification Results; (a) Secondary
Current as Computed by TMS320 C30, (b) Differ-
ence Between Reference and Assembly Language Im-
plementations Magnified 10* Times
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Fig. 13. CCVT Correctness Verification Results;(a) Secondary
Voltage as Computed by TMS320 C30, (b) Differ-
ence Between Reference and Assembly Language Im-
plementations Magnified 10° Times

12 and 13. The wave shapes of the transients almost over-
lap for the two different implementations. The differences are
extremely small, as can be observed from the scale of the dif-
ference signal.

CONCLUSIONS

The results presented in this paper demonstrate how the
design of the new simulator has met some of the most critical
implementation requirements.. The following are some most
important aspects of the real-time transients computation ca-
pability of the simulator:

o The performance of the IBM RISC System 6000, Model
580 and TMS320 C40 processors demonstrates that a real-
time simulator for relay testing can be built using commer-
cial computer products.

o A new approach to simulation of the network switching en-
ables the required real-time interaction between the relay
and the simulator.

Proposed modeling of the nonlinear network components
such as MOVs, CTs and CCVTs, uses new approxima-
tions. The precision obtained with this approach is suit-
able for the simulator application and yet the real-time
computation is achieved.
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DISCUSSION

J. R. MARTI, L. LINARES, H. W. DOMMEL (University of
British Columbia, Vancouver, B. C., Canada): The authors are to be
commended for advancing the real-time simulator of Phase I of the
WAPA project and suggesting interesting techniques for the repre-
sentation of MOVs and switching operations. We would like to use
this opportunity to ask the authors for clarification of some aspects
regarding the models and results presented in the paper.

1) Even though Woodbury’s technique to update the [GT! matrix
after switching operations is more efficient than a full retriangular-
ization ( ~N? operations versus ~N3), it still adds extra processing
time to the calculations in the time step. Similarly, the modelling of
MOVs as illustrated in Fig. 5 of the paper requires additional over-
head time when the MOVs start conducting. '

Table IV in the paper indicates average calculation times per solu-
tion step and not the larger calculation times needed during switch-
ing or MOV operations. In CASE 2, for example, the larger
solution times needed during the 33 MOV operations are masked
out when taking the average over 1000 time steps. This observation
also applies to the switching operations in CASE 3.

For the practical application of the simulator in relay testing, it is
very important, in order to avoid jitter in the signals applied to the
relays, that the output samples be at equal time intervals. This
means that the actual useful bandwidth of the simulator is deter-
mined by the largest solution times and not the average times indi-
cated in Table IV. In this regard, even though it might be
conceivable to skip one solution step during circuit breaker opera-
tion (switching), the validity of this approach would be more ques-
tionable in the case of MOV operations. Could the authors
comment on this issue and indicate what the largest solution times
were for the cases of Table IV?

2) It is stated in the paper (third paragraph after Eq. (8)) that MOV
operations do not require a modification of the [GT! matrix of the
network. The MOV model used by the authors, however, has a
finite resistance » when the MOV branch begins to conduct. Topo-
logically, this means that a new branch is added to the network
when the MOV starts to conduct (if it was assumed totally open
before conduction) or that the parameters of a branch in the net-
work change value (if the MOV was represented by a high resis-
tance before conduction). This means that regardless of the
approach used to define the network equations, the topological
parameters of the network change when the MOV branch starts to
conduct. This, in turn, implies a change in the corresponding coeffi-
cients of the equations defining the relationships between voltages
and currents in the network, and not just a change in the indepen-
dent constraints vector (“right hand side”) as seems to be implied in
the paper. Could the authors clarify this issue and explain more spe-
cifically the kind of corrections introduced in the solution equations
to simulate the MOV operations?

3) In our experience with the real-time simulator, and in the experi-
ence of other researchers, to attain the timings indicated in Table TV
for CASE 1 requires the unrolling of indexed loops by hand-coding
explicit assignment instructions to avoid subscript calculations and
memory access overheads. Unfortunately, this hand-crafting limits
the generality of the solution since the code has to be rewritten as
the power system components change. Could the authors indicate
whether this is the case for the RTS code used to run CASE 1 in
Table IV, and also if any non-ANSI-C features or Assembly rou-
tines were used in the code?

In closing these comments, we would like to reiterate our congratu-
lations to the authors of this paper for their interest in advancing
techniques towards achieving a workstation-based real-time net-
work simulator.

Manuscript received August 10, 1993.

M. Kezunovié, M. Aganagié, V. Skendzi¢ , Texas
A&M University, College Station, Texas; S. McKenna,
DOE-Western Area Power Administration, Golden,
Colorado: We would like to thank the discusser on a set
of interesting questions giving us the opportunity to further
describe the main features of our design.

1. We agree with the reviewers that the possibility of skip-
ping one or more solution steps in order to accommodate
fluctuations in the simulation time step is unacceptable
for relay testing applications. Furthermore, we feel that
any violation of the stringent sampling clock jitter require-
ments (+ 1ns in the TAMU simulator) must be reliably
detected, and followed by an immediate simulation shut-
down. The hardware and software mechanisms designed
to efficiently satisfy this requirement deserve separate at-
tention, and their description is currently being prepared
for publication. In the meantime, some of the simulator
architecture implementation aspects can be found in 1. A
number of profiling runs was performed in order to verify
the simulator real time operation. Typical timing results
measured on an actual communication link interface con-
necting the RS6000/580 with the TMS320C40 DSPs are
shown in Figure 1. Each point on the graph represents
the time needed to calculate a single solution step, and
send the results over to the DSP subsystem. As pointed
out by the discussers, the computation time increases for
both MOV operations, and switch updates. By analyzing
the results given in Figure 1, it can be seen that every
switch operation incurs a single step time increase in the
order of 18us. The MOV operation is somewhat cheaper
(r 3us per device), but extends over the entire period
of MOV activity. Using these times in a naive real-time
design ‘would result with the fastest simulation time be-
ing limited to ~ 87us. This bottleneck can be avoided
by recognizing time delays associated with circuit breaker
components used in an actual power systems. Depend-
ing on the breaker type, the delays can range from 1 to
several cycles, giving an ample time margin for additional
computational load balancing. In the TAMU system, the
breaker models are allocated to one of the DSP proces-
sors, enabling this device to buffer simulation results be-
fore passing them to the waveform reconstruction ;ystem.
This mechanism effectively decouples the simulation time
from the output subsystem time step. Actual simulation
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Fig. 1. Results of Typical Simulation Step Calculation Times



is effectively being run “ahead” of real time for a time pe-
riod allowed by a given breaker model. In a typical case,
assuming a 2 cycle breaker, results will effectively be av-
eraged over the breaker mechanical response time interval
~ 19.6ms (>300 time steps) [2]. In the case of data in
Figure 1, this effectively means that the real-time simula-
tion can successfully be executed with a 64.7us time step.
The outlined procedure makes it possible to use an aver-
age execution time measurements for precise performance
prediction of the TAMU simulator.

. We have not been implying that the computation of an
MOV can be accomplished without a modification of the
matrix [G]~!. On the contrary, we begin the third para-
graph after eq. (8) by stating “The change in {G]™! re-
sulting from an MOV operation is carried out implicitly
using the equation (7).” Here is how. From (7), it follows
that voltages can be computed as:

o) = [G)"[A) =
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This shows that the effect of an MOV operation (and
hence, solution of the modified network equations) can
be achieved at the expense of just n additional multipli-
cations, where n is the rank of the corresponding block
submatrix. So we do take into account the change of the
topology, but we do it without explicitly changing the un-
derlying matrix. Two further remarks are in order here:

o The voltage correction is performed on individual di-
agonal blocks so n is typically much less than N,
where N is the rank of matrix G.

o The implicit modification technique pays off in all the
cases when an MOV conducts for less than 2n succes-
sive time steps.

. The RTS code does not contain a single line of an assem-

bly code. ‘It was entirely coded in the standard ANSI-C
language, and relies only on the standard AIX Services
(IBM UNIX implementation). Advanced code optimiza-
tion techniques have been used extensively throughout.
There was no “hand-crafting” that would compromise the
program generality. .

(GI7'h) - r.r,mﬂa}fm([cl'][Cij])([G]'l[eij])T[h]

Note that the last factor on the right hand side is equal to:
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