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Abstract - Successful operation of a power system de-
pends largely on the engineer’s ability to provide safe,
reliable and economic service to the customer. Ad-
vanced simulation technologies provide useful means to
the engineer for the design and analysis of the power
system, and assisting them in making reasonable deci-
sions. Due to powerful software and advanced real-time
simulators, it became possible to simulate the dynamic
behavior of very large power systems including HVDC
and FACTS, and to verify the performance of these
complex systems with the original control and protec-
tion equipment in a fast and accurate manner. The
simulation covers all stages of development and opera-
tion of a power system, such as planning, design, test
and also during operation. In this paper advanced
software and real-time power system simulation tech-
nologies are presented. With practical examples bene-
fits of the simulation for large power systems are also
demonstrated.

Keywords: Advanced Computer studies and Real-time
simulation facilities, HVDC and FACTS application, sta-
bility improvement, system oscillations, coordinated con-
trol and protection, verification and acceptance test

1. INTRODUCTION

Deregulation and privatization in the power market are
significantly changing relations between power generation,
transmission and distribution. Utilities are faced to be
oriented in the direction of overall cost reduction, high
reliability and quality of power supply. In this gew envi-
ronment the simulation of power systems plays a more and
more important role.

The simulation was further developed during the last
few years. Due to powerful computers and new software as
well as advanced real-time simulators, it became possible
to simulate the dynamic behavior of very large power
systems as well as to verify the performance of the original
control and protection equipment fast and accurately. To-
day the simulation covers all stages in the development of
a power system, such as during planning stage, for the
design and the implementation of new equipment and
complex subsystems like HVDC and FACTS.

Fig. 1 shows the fields in which the simulation is used.
During system planning the future performance of the
system and possible technical bottlenecks can be analyzed.
This is the basis for feasibility studies of future transmis-
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sion projects. Especially for the complex technology of
HVDC and FACTS, simulation can also help to test the
protection behavior, to analyze faults and to suggest possi-
ble improvements. In addition, system operation can be
optimized in order to provide highly economic and reliable
operation.
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Fig. 1 Simulation for Power Systems

The simulation of power systems in steady state condi-
tion is primarily used in the planning phase or in control
centers to optimize the steady state system operation.
However, investigations on system behavior under dy-
namic and transient conditions are required for complex
systems where the performance is determined by the power
plant control and the control of power electronic equip-
ment. In the paper, both advanced methods computer study
by the powerful program NETOMAC and real-time simu-
lation facilities are introduced. Applications of these fa-
cilities for the simulation and verification of large power
systems- including HVDC and FACTS equipment are pre-
sented. The benefits and the fields of application of both
solutions to simulate the power system are demonstrated.

II. COMPUTER STUDIES
A. Advantages of a universal PC tool

For dynamic network studies powerful PC tools such as
NETOMAC, PSS/E or EMTDC are used. Especially, the
program NETOMAC provides a tremendous variety of
simulation options for HVDC and FACTS feasibility
studies [1]: there is practically no limitation to the number
of generators, lines, nodes, HVDC links and FACTS de-
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vices that can be simulated either in stability mode or
commutation mode or in combination of both of them.

NETOMAC (Network Torsion Machine Control) is a
simulation program system used widely for the simulation
of electromechanical and electromagnetic transient phe-
nomena as well as for the steady-state behavior of a power
system.

As shown in Fig. 2, NETOMAC provides in the time
domain an -instantaneous value mode similar to the
EMTDC program and a full stability mode like the PSS/E
and BPA program under the same surface.

electromechanical
phenomena

4

electromagnetic
transient phenomena

v

EMTP, EMTDC, ATP BPA, PSSIE, SIMPOW
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Fig. 2 Multiple use s a significant feature of the program
NETOMAC

Using block-oriented simulation language, all elements
of the power systems including linear or nonlinear passive
elements, fixed-frequency voltage source, synchronous and
asynchronous machines with torsion shaft vibration sys-
tems can be described. FACTS and HVDC links as well as
control systems etc. can also be easily modeled and calcu-
lated for different purposes. Fig. 3 shows the capabilities of
the NETOMAC program in simulating different phenom-
ena.

In the so-called “stability mode”, the network is described
in single-phase form by complex admittances. This pro-
duces a fundamental-frequency model of the network in
order to simulate electromechanical transient phenomena.
In stability mode, the generators and other machines are
represented by differential equations of full or reduced
order. Furthermore, it is possible to use symmetrical com-
ponents (positive, negative and zero sequence system) for
the calculations, so those asymmetrical faults can also be
calculated in the stability mode.

NETOMAC provides also frequency-domain analysis.
From the load flow, a linearization of the full system in-
cluding network, machines, control systems, etc. is per-
formed around the steady state operating point. With the
FFT (Fast Fourier Transformer) technique, the system
frequency behaviors, including subsynchronous resonance
and the system harmonics can be analyzed. The lineariza-
tion of the system gives also an access to the “small-signal
oscillation behavior” of the full system.

Using NETOMAC “Eigenvalue analysis”, the oscilla-
tory characteristics of systems can be investigated. Stabil-
ity, observability, controllability and the damping of oscil-
lations in large power systems can be investigated system-
atically. It is possible to design control equipment, such as
power system stabilizers, and to draft smaller dynamic
models in which only the dominant state variables are
taken into account.

Additionally a couple of useful features support the
user to achieve high efficiency:
o Graphical interface for data input and result output
e Dynamic network reduction
Identification of unknown quantities
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Fig. 3: Overview about the NETOMAC simulation program

The instantaneous value mode allows electrical systems
to be represented phase-wise. Symmetrical systems are
entered in single-phase form and are completed to three-
phase systems internally. Asymmetrical systems can be
accommodated by means of elements in the individual
phases. In this mode, the admittance have been represented
by differential equations, so that each element in a com-
plex system including FACTS devices and HVDC systems
can be exactly modeled. Therefore, the instantaneous value
mode is used for the total solution of any electromagnetic
or electromechanical problem.

B. Multiple use of a universal PC tool for a feasibility
study

Future energy exchange between Norway (NORDEL)
and continental Europe (UCTE) will have economic and
environmental benefits for both parties. As a consequence,
a feasibility study for new 500 kV HVDC links with a
transmission capacity up to 4 x 800 MW in addition to the
existing 3 HVDC links (see Fig. 4) was carried out [2].
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Fig. 4: Proposed interconnection of the NORDEL and the UCTE
system using HVDC sea cable

The characteristics of the Norwegian power system in-
dicate that the power exchange shall primarily be based on
pump storage agreements. For the study it was assumed
that all converters in Norway work during power import
situations as inverters and during power export situations
as rectifiers.

For the studies the relevant parts of the UCTE system
in Denmark, the Netherlands and in Germany, the
NORDEL system in South Norway and up to 7 converter
stations including the converter controls were modeled. As
the main focus is on the dynamic behavior of the Norwe-
gian power grid the AC system in South Norway and the
main connections to the Swedish power grid were modeled
in details. The simulation model of the NORDEL grid
according to Fig. 5 comprises approximately 120 genera-
tors (including their turbine and voltage controllers), the
420/300 kV and parts of the 130 kV transmission system.
Included are FACTS like series compensation devices and
several Static Var Compensators (SVC). _

*

The main attention was paid to the import situation be-
cause of the interactions between AC and DC and the in-
teractions between the converter stations that are working
now in inverter mode in the Norwegian system. The diffi-
culties are a result of the following conditions:

o The weak AC system (due to low generation) compared
to the HVDC power transmission capability especially
after line outages that may weaken the AC system con-
siderably.

o The interactions between multiple converters working
in inverter mode.

The close distances between the converter stations.
The long cables of the new HVDC links (550 km).

In the first phase the investigations were carried out in
the stability mode of NETOMAC.

Savang

Existing 420KV system
e e e mm 420KV system extension
Existing 300KV system

[ HVDC converter station(s)

- Static Var Compensator or
PO el Thyristor Controlled Reactor
HVOC links(1000MW)

Fig. 5: The high voltage power grid in southern Norway relevant
for studies

Common commutation failures of the converter stations

for power import in Norway were observed for nearly all
considered contingencies in the Norwegian system.
Even for remote and single-phase faults common commu-
tation failures cannot be avoided. Nevertheless the system
showed satisfactory behavior for all fault cases considered,
when repetitive commutation failures, which severely
disturb the system, could be avoided. The most critical
faults are outages of highly loaded ac lines in the converter
area, for example the outage of the Holen-Kristiansand line
because it considerably weakens the AC system.

Fig. 6 shows as an example the outage of the heavily
loaded line Holen-Kristiansand for the power import situa-
tion in Norway. The frequency and the system voltage that
is supported by the SVCs in Tonstad and in Kristiansand
show good behavior. The high overcurrents of the new
HVDC converters are a result of the relatively large
amount of energy stored in the long cables. For the cases
where two or three new converter stations were used, re-
petitive commutation failures were observed subsequent to
3 phase AC line faults as a result of the transient voltage
drop at the HVDC busbars and the converter interaction.
These critical cases were investigated in details by use of
the instantaneous value mode of NETOMAC. The features
of NETOMAC allow the switchover between the different
modes in an easy way.
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Fig. 6: Influence of the AC/DC conversion in Tonstad during
the outage of the line Holen-Kristiansand

A simple tuning of control parameters without further
countermeasures could not guarantee safe operation for all
fault scenarios. The system behavior was very sensitive to
control parameter variations. Repetitive commutation fail-
ures could be avoided and satisfactory system behavior
could be achieved by temporary power reduction of the
converters in Feda and Tonstad.

Fig. 7 monitors the valve voltage and the firing angle
before, during and after the fault. During the fault recovery
the firing angle of the inverter is close to the commutation
limit but with the described measures the system operates
stable.

valve voltage b-c firing pulse valve current b-c

firing angle

critical decrease

Fault

uration” Normal opnraﬁori-

Normal operation Recovery

Fig. 7: Simulation in the instantaneous value mode

The export situation was found to cause no problems
for two, three or four new converter stations, because the
converters are working as (uncritical) rectifiers in Norway
on one side and on the other side the strength of the UCTE
system and the sufficient electrical decoupling of the
inverter stations helps to avoid commutation problems.

However, for the export case power oscillations be-
tween Norway and Sweden were observed. A detailed
investigation was carried out by use of the NETOMAC “

Eigenvalue analysis” on the same database as the above
mentioned studies (Fig. 8). These oscillations can be ef-
fectively damped by the TCR located in Hasle (see
Fig. 5). The eigenvalue moves in the uncritical direction.
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Fig. 8: Results of “Eigenvalue analysis” in the NORDEL
system

These examples demonstrate clearly that the computer
study allows a wide range of complex investigations and
supports the evaluation of measures to increase the system
stability. These investigations for the HVDC links between
the power systems NORDEL and UCTE are typically for
links between a strong and a weaker power system. The
experience is valid for similar projects too, e.g. for an
HVDC link between Australia and Tasmania.

ll. REAL TIME SIMULATION

A. Protection testing by simplified real- time simulation

The program NETOMAC is used to determine the cur-
rents and voltages in real time conditions for protection
testing [3].

In a simple scheme with a special I/O interface for the
input of the protection responses (e.g. trip signals) and for
the output of the digital samples of the values and their
following digital/analogue conversion and amplifying (see
Fig. 9), the performance of protection relays may be evalu-
ated under realistic and utility specific circumstances.

Digital

1 Real-Time- [i!
Simulator

Fig. 9: Scheme for real time protection testing

Normally an open loop test of the protection is used:
the pre-calculated transient currents and voltages are send
to the protection relay and the behavior of the relay is
monitored. The transient process simulation of the utility
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specific conditions has the main benefit that special effects
like saturation or power swing can be investigated.

In many cases a closed loop testing approach enhances
the test efficiency e.g. for the analysis of unsuccessful
auto-reclosure or complex multiple single phase faults
especially in neutral compensated networks. In the past
large analogue models were used for these purposes.

Realizing the digital closed loop testing approach two
special methods were developed and introduced:

1. To achieve more time for the simulation the commu-
nication task is separated from the PC and handed over to
the I/O interface. This principle of increasing the simula-
tion time resources is demonstrated in Fig. 10. By the way,
the number of signal channels (V,I) has no more influence
on the simulation time. The PC has to write all calculated
data immediately in the input buffer of the I/O interface in
few ;s per value. After this short time the PC continues the
simulation. The I/O interface is responsible for the further
handling of the samples up to the relay input.

le— At (old

At (new)

PC only

I PC + ifo-card

«———— At=1ms ———»!
B Communication
[ Simulation

Fig. 10: Separation of simulation and communication

2. An asynchronous data transfer is used to overcome
the situation when the simulation is slower than in real
time. The main bottleneck is the occurrence of alternations
of the nodal admittance matrix, e.g. due to a fault or a
switching operation.

The samples output rate has to be adapted to the slow-
est simulation time step. For the closed loop simulation the
differences between the simulation time of continuities and
discontinuities is used, because the simulation of continui-
ties is any time faster as real time. Continuitiés are the
duration between the tripping signal and the circuit breaker
switching (40-60 ms) or the auto-reclosure cycle time.

The simulation time step is fixed (typical 150y;s).
The asynchronous data transfer does not effect the closed
loop simulation because of a constant output rate of 2-5
KHz. The pre-simulated time steps in the output buffer are
able to buffer the delays in the simulation process (in-
creased simulation time during changes in the simulated
process like switching operations).

The 1/O interface has to buffer a number of pre-
simulated output samples during such continuities as
shown in Fig. 11. The main point of the closed loop testing
approach is that the buffer is decreasing during simulation
discontinuities and increasing during simulation continui-
ties.

Since 1996 this special digital method of closed loop
testing is successfully introduced in the official system
tests of all protection relays in Siemens. Further more in
many cases the digital closed loop simulation helped sig-
nificantly in disturbance analysis especially in complex
multiple fault situations. Certainly, the size of the simu-
lated power system is limited by using this method.
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Fig. 11: The principle of providing real time samples in an
auto-reclosing cycle

B. Structure and tasks of Advanced AC/DC Real Time
Digital Simulators

For development and acceptance test of FACTS and
HVDC in large power systems an advanced AC/ DC Real
Time Digital Simulator (RTDS) is used to verify the per-
formance and functionality of the real control and protec-
tion equipment [4].

The structure and the facilities of the AC/DC RTDS are
shown in Fig. 12. Eight test stations can operate coordi-
nated for large power system simulations or independent
for parallel work on different projects. Six of these test
stations are specially designed for FACTS and HVDC
investigations. One station covers the special requirements
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for protection testing and a special test station is used for
Custom Power applications.

Fig. 12: AC/ DC real time simulator facilities
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Fig. 13: Comparison of the results from Computer study and Real time simulation

The analogue converter models are still in use for dedi-
cated applications with regard to the high frequency (over
10 kHz) requirements. The system models are completed
by new digital models in a close cooperation with the
worldwide largest supplier of such models (Canada). This
hybrid simulator matches all transient requirements for
converter testing perfectly. In addition to the digital real
time closed loop simulation the method of digital data
injection (playback of NETOMAC runs) can be applied at
each test station.

The AC/DC RTDS has been used for the design verifi-
cation and acceptance tests of all HVDC projects from
Siemens, also for the Chinese TITAN-GUANG HVDC long
distance link [4].

The long distance HVDC transmission includes two
terminal stations, each configured as a bipolar 12 —pulse
HVDC system with a total rated power of 1800 MW. The
DC lines have a length of 960 km and are rated for a DC
voltage of +/- 500 kV. The recordings in Fig. 13 show a
test case with a three-phase fault at the HVDC rectifier
bus. In the test the AC system operates at a maximum short
circuit level with full bipolar HVDC load transfer. After
150 ms AC fault clearance time the HVDC performs fast
restarting. ¥

In the first step the HVDC link was investigated for
network planning and design by a computer study. For the
verification and during the acceptance test phase the ad-
vanced real time simulation was used. The recordings of
both methods show a very similar result. This fact under-
lines the high accuracy, efficiency and reliability of both
approaches.

IV. CONCLUSION

The simulation of large power systems comprises two
basic approaches — computer study and real time simula-
tion. The computer study is an important task for the de-
tailed and complete system representation in order to in-
vestigate the performance of existing systems and the fea-
sibility of their intended, future extensions. It is used in the

planning stage, for the design of innovative equipment, to
analyze disturbances and to develop mitigation strategies
for operational problems and their optimization.

Additionally the real time simulation is needed for the
on-line verification tests and the disturbance analysis of the
original protection and control equipment under realistic
and customer specific conditions.

The combination of both approaches supports an opti-
mized project development, a short and efficient commis-
sioning and a save operation. Future upgrades can be han-
dled easily and economically.

The prerequisite for these benefits are advanced tools
like the program system NETOMAC and skilled engineers
with experiences on studies which have been verified by
the comparison between simulations and field tests. The
application of RTDS opens the simulation facilities for the
testing of physical control and protection equipment in a
very effective way.

Many tests that have been up to now very difficult or
even impossible to be applied in real-time are now rela-
tively simple to be carried out by using this advanced
simulation technology.
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