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SUMMARY

This study was initiated to investigate if it could be feasible to supply
offshore ail installations in the North Sea with electrical power from land. A
prestudy of alternative converter topologies indicated that the most prom-
ising solution would be to investigate a conventional system with reduced
synchronous compensator rating.

The study starts with a summary of the state of power supply to offshore
installations today, and a short review of classical HVDC transmission. It
goes on to analyse how a passive network without sources influences the
inverter. The transmission, with its current controlled rectifier and large
inductance, is ssimulated as a current source. Under these circumstances the
analysis shows that the network frequency has to adapt in order to keep the
active and reactive power balance until the controllers are able to react. The
concept of firing angle for a thyristor is limited in a system with variable
frequency, the actual control parameter is the firing delay time.

Sensitivity analysis showed some astonishing consequences. The
frequency rises both by an increase in the active and in the reactive load. The
voltage falls by an increase in the active load, but rises by an increase in the
inductive load.

Two different control principles for the system of inverter, synchronous
compensator and load are defined. The first takes the reference for the firing
delay time from the fundamental voltage at the point of common coupling.
The second takes the reference for the firing delay time from the smulated
EMF of the synchronous compensator. Of these, the second is the more
stable and should be chosen as the basis for a possible control system.

Two simulation tools are applied. The first is a quasi-phasor model
running on Matlab with Simulink. The other is a time domain model in
KREAN. The time domain model is primarily used for the verification of the
quasi-phasor model, and shows that quasi-phasors is still a valuable tool for
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Summary

making a quick analysis of the main features when the details of the tran-
sients are of less importance.

The study indicates that power supply by HVDC transmission from land
to offshore ail installations could be technically feasible, even without the
large synchronous compensators normally required. It has been shown that in
a network only supplied by an inverter, variations of active and reactive
loads have significant influence on both voltage and frequency. Particularly
it should be noted that the frequency shows a positive sensitivity to increases
in load. This could make the system intrinsically unstable in the case of a
frequency dependent load such as motors.

It was not a part of the study to optimize controllers, but even with simple
controllers it was possible to keep the frequency within limits given by
norms and regulations, but the voltages were dynamically outside the limits,
though not very far. These voltage overswings take place in the first few
instances after a disturbance, so it takes unreadlistically fast controllers to
handle them. They are partly due to the model, where the land based rectifier
and the DC reactors are smulated by a constant current source, but partly
they have to be handled by overdimensioning of the system.

The simulationsindicate that it should be technically possible to supply an
oil platform with electrical power from land by means of HVDC transmis-
sion with small synchronous compensators. Whether this is financially
feasible has not been investigated. Neither has it been considered whether the
necessary equipment can actually be installed on an ail platform.

Recently both ABB and Siemens have presented solutions for HYDC
transmission in the lower and medium power range based on voltage source
converters based on IGBTs. Fully controllable voltage source HVDC
converters have properties that may be better suited than conventional line
commutated current source thyristor inverters, to supply weak or passive
networks, such as offshore oil installations, with electrical power. But they
aso have some disadvantages, and a complete technical and financial
comparison must be performed in order to decide about any potential project.

-Vi-
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1 INTRODUCTION

This chapter is intended to give a brief overview of the content of the
thesis.

1.1 ENVIRONMENTAL ASPECTS

From its beginning, oil production inthe North Seaand North Atlantic has,
with afew exceptions, based its consumption of electric energy on local pro-
duction by means of generators powered by gas turbines. Additionally, tur-
bines have been the prime mover of many compressors and pumpsin the MW
range. On mobile or small units, diesel engines have also been used for elec-
tric power production or as the prime mover of machines. Power production
based on combustion of gas was a natural solution, the gas is always present
in sufficient amounts, on an oil production unit it was sometimes even consid-
ered awaste, which one had to get rid of anyway. Lots of gaswas just flared
off.

Gradually, this gas acquired a value. It could be used for reinjection to in-
crease the amount of oil that could be extracted from areservoir, or eventual -
ly, with the necessary infrastructure coming in place, it can be processed and
sold at a profit. At the same time, people became aware of the threatening
greenhouse effects; they fear aglobal increasein the temperature, mainly due
to increased concentration of carbon dioxide (CO,) inthe atmosphere. Protec-
tion of the environment came into the political agenda, and as a part of the ef-
forts to stabilize the production of CO,, the Norwegian Government imposed

atax on the emission of CO, on Norwegian offshore installations, as well as

onshore facilitiesrelated to the oil industry. The flaring of gas on offshore in-
stallations has amost come to an end, and the oil companies are looking at
other possibilities to reduce CO,-emissions.

-1-

M:\MAKERS\AVHANDL\Intro 21 Apr 2001



Chapter 1 Introduction

The largest source of CO,-emissionsin Norway and Norwegian waters is

offshore gas turbines for power production and directly driven machines. Al-
together, 196 gas and diesel turbines with a total power rating of approxi-
mately 2780 MW turbine power were installed or planned in the Norwegian
Economic Zone at the beginning of 1995 [35], which representsayearly emis-
sion of 8.9 million tonnes CO, or about 24 % of the total Norwegian CO,

emission of 37.5 million tonnes yearly. If some of the energy needed for the
operation of Norwegian oil production could be replaced by electricity from
hydroel ectric power plants on land, it would be a substantial step towards the
goal of reducing the CO,-emissions to 1989-level, where they should be in

year 2000, according to national obligations, taken on after the Rio World cli-
mate conference.

1.2 FINANCIAL ASPECTS

(Al cost comparisons are based on the exchange rate
USD1.00=NOK7.00)

The financial aspects are perhaps just as important as the environmental
ones. The gas price on the European market was approximately USDO0.10/

Sm3in 1995. If transportation costs are neglected, this can be regarded as the
maximum value of the gas on a platform with exportation possibilities. On an
oil production platform without gas exportation possibilitiesthe gas can bere-
injected into the reservoir to increase the oil yield soit still hasavalue. But as
thisvalueis difficult to estimate, the minimum value of the gasis zero. Based
on these upper and lower limits in the gas price, a Norwegian CO,-tax of

NOK 0.857 (USD0.122)/Sm? and an efficiency of a modern gas-turbine of
30 %, the cost for electric energy produced on site is between USD0.061/kWh
and USD0.033/kWh. The price of bulk, long term supply of electric energy
on shore in Norway was approximately USDO0.029/kWh in 1995, which
leaves between USD0.004/kWh and USDO0.032/kWh to pay for the difference
in investment between gas turbine generators and transmission system from
ashore.

One very important factor in the investment cost is the total weight of the
systeminstalled on aplatform. A rule of thumbsin the Norwegian oil industry
isthat 1 tonne of equipment requires 10 tonnes of construction materials for
support in case the platform is resting on the sea bed. In the case of afloating
construction the relation can be even worse. In the case of one specific floater,
the calculated price for carrying 1 extra ton equipment was approximately
USD1500.

-2.
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Chapter 1 Introduction

It should be kept in mind that rebuilding existing installations is not very
likely, but these aspects can come into consideration for new platforms.

1.3 RECENT DEVELOPMENTS

Recently, both ABB [41] and Siemens [42] have introduced concepts for
HVDC transmission based on pulse width modulated IGBT converters. Still
the rating of these unitsisfairly low, typically about 200-250 MW per unit.
Transmission voltage is in the range of 145 kV, and the losses are several
times higher than conventional HVDC. Still this new technology offers some
interesting perspectives. As the new technology is based on voltage source
converters, there is afar better possibility of constructing multiterminal sys-
tems. It is aso possible to connect these unitsin parallel in order to increase
capacity. On the other hand, the announced possibility of providing the nec-
essary reactive may be somewhat overstated, taking into account that thisre-
quires increased current carrying capability and consequently
overdimensioning. But they may offer an interesting provider of part of the
reactive power required. At least they may be operated so that they do not re-
quire reactive power themselves under normal conditions.

With these new possibilities, BP has started a prestudy of supplying their
installations in British Sector of the North Sea with electric power from land.
Potential suppliers have already presented ideas of compact prefabricated in-
verter units to be lifted onto abandoned production platforms. From these in-
verters, electric power will then be distributed by ordinary AC cable grids for
supply to clusters of platforms.

1.4 SCOPE OF THE THESIS

The scope of thisthesisisto evaluate possible methods of supplying power
to an offshore oil/gas production installation by means of HVDC, thereby re-
placing local power generation by gas turbines. The solution should be feasi-
ble for use where direct AC transmission is not technically or economically
possible. The system must be able to transmit the necessary power for all op-
erations of an oil production installation, units that are directly powered by
gas-turbines today are also to be electrically powered. The era of big plat-
forms may possibly soon come to an end and smaller oil production unitswill
be placed subsea in the future, so the system should be based on components
and technology available at the start of the project.

-3-
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Chapter 1 Introduction

Initially, astudy of possible converter topologies [12], [13], [14] was per-
formed, and a comparison of the most likely alternatives on the basis of
weight [15]. This comparison was presented at the Stockholm Power Tech in
1995, Appendix D. Finaly it was decided to perform the study for a conven-
tional line commutated thyristor converter, with the aim to minimize the syn-
chronous compensator. This was regarded as the most acceptabl e solution for
oil and gas companies. Such a solution includes line commutated converters
feeding power into aweak network, with the stability problemsthisis known
to imply.

1.5 STRUCTURE OF THESIS

Thethesisstartswith an overview of traditional offshore power supply sys-
tems (Chapter 2). Some simplified models for typical motor loads are intro-
duced (Chapter 3). After a short summary of conventional HVDC theory
(Chapter 4) and problems with weak AC networks (Chapter 5), the require-
ments for an HVDC transmission to offshore oil production platforms arere-
viewed (Chapter 6).

Asthenormsallow for larger frequency deviations on such installations, it
was decided to investigate if it could be a solution to make the most of this
freedom and exploit the kinetic energy available in rotating machinery. Fur-
ther it was decided to perform the analysis with a quasi-phasor model. This
makes simple and fast simulations and gives sufficient quality of the results
to conclude about the stability. Detailed analysisin the time domain was con-
sidered superfluous, but is applied as verification of the resultsin certain cas-
es. In order to understand the consegquences of an inverter feeding a weak
network with variable frequency, the network is replaced by a simple RC cir-
cuit, and the behaviour investigated (Chapter 7). Surprisingly it is found that
in a system without controllers the frequency will increase when the load in-
creases. Thisisan inherent feature of the current source line commutated con-
verter, which has gone largely unheeded.

Another aspect that had to be taken into consideration was the dissimilar
reactive power production characteristics of capacitorsand synchronous com-
pensators (Chapter 8).

Two distinct models of a passive network fed by a thyristor inverter with
reactive power supply from a small synchronous compensator together with
capacitor banks are developed. In one of these, the reference for the firing
pulses to the thyristorsis taken from the voltage at the point of common cou-
pling. In the other the reference is taken from the EMF of the synchronous
compensator (Chapter 9). The models are analysed for operations without
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controllers to investigate the intrinsic stability. Then the models are enlarged
with alargeinduction motor to be started. (Chapter 10). The simulations show
that a system consisting of initially resistive load, fed by an uncontrolled thyr-
istor inverter and with reactive supply from capacitors and a synchronous
compensator rated at 20 % of the inverter, is able to start up an induction mo-
tor with power rating 10 % of the inverter.

Conclusively some aspects of a practical implementation are discussed
(Chapter 11) and asimulation of a system with active controllersis performed
(Chapter 12). These simulations give an unacceptable dynamic deviation in
the voltage, but the controllers are not optimized and it is assumed that better
controllers can remedy some of this. It has not been a scope of this thesis to
optimize the controllers.

The worst voltage overswings take place in the first few instances after a
disturbance, so it takes unredlistically fast controllers to handle them com-
pletely. They are partly due to the model, where the land based rectifier and
the DC reactors are ssimulated by a constant current source, which may be a
too stiff model. But partly they have to be handled by overdimensioning of the
system.

The conclusion is that aline commutated current source thyristor inverter
with minimized synchronous compensator might be a possible solution for
electric power supply to offshore installations from land. Meanwhile voltage
source converters for HVDC have become practically available, and may be
a serious competitor to classical line commutated inverters. But the classical
converters still have their good sides too, better efficiency isone vital aspect.

Anyhow, this work has hopefully brought forward some interesting as-
pects as to the supply of power by HVDC to networks without power gener-
ation of their own.
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2 OFFSHORE POWER SUPPLY
SYSTEMS

In this chapter | will give a short introduction to the normal power supply
systems on oil and gas platforms of today, and consequently what is required
of an electric power supply from land.

2.1 POWER SOURCES OF TODAY

The need for power on offshore installations in the Norwegian Economic
Zone is amost without exception met by local production, mainly in two
ways. Heavy machinery such as gas compressors and pumps are in most cases
powered directly from gas turbines or diesel motors, if necessary with a gear
in the middle. Electricity is produced from generators powered by gas tur-
bines, occasionally by diesel engines. The main part of the electricity is then
consumed by electric motors, another part is consumed in electric heating in
the production process, and some goes to lighting, comfort heating and auxil-
iary equipment. Additionally some heating is provided from heat exchangers,
and in the early years some heat was produced in direct-fired boilers, but this
IS not common today due to safety.

Therearelarge variationsin the total need for power on the offshoreinstal -
lations on the Norwegian Economic Zone. Some of the factors that decide the
need for power are:

. Field size and type.
Temperature, pressure, oil/gasratio
. Processing.
What happens to the product on the installation. Separation,
.7-
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compressing, heating, cooling.
. Water and/or gas injection.

To retrieve as much oil or gas as possible from the reservaoir.
. Transportation system.

Pipelines or ship transportation.

The need for power varies for different installations, from 10-100 kW for
small wellhead installations to more than 100 MW for the biggest platforms.
The total need for power for large fields like Ekofisk or Tampen (Statfjord/
Gullfaks/Vedefrikk) is close to 500 MW each.

The choice between an el ectric motor and a gasturbine for powering a ma-
chineismainly decided by the short circuit capability of the network. Thisde-
cides how large squirrel cage motors can be directly started without
unallowable disturbances on the network. The limit for directly started elec-
tric motors has gradually increased, from 5 MW in the early daysupto 8 MW
today, with increasing electric power rating in the supply systems. In the case
of adjustable speed drives the start-up is far less disturbing for the network
and drives up to 13 MW have been installed recently. For machines of higher
ratings, gas turbines have been the main power source.

The limits on motor size are not absolute, they depend on many other fac-
tors as well, company traditions among others. So the ratio between electric
powering and turbine powering varieswidely. Ula, with aload of 30 MW and
motors up to 4 MW, is an example of a 100 % electric powered platform.
Ekofisk, with a total mechanical and heating load of 400 MW, is 90 %
equipped with directly driven machines.

The cost of the drive systems is an important factor when selecting be-
tween direct turbine drives and electric drives. An interesting internal study
was made by Statoil [1] regarding the Vedefrikk platform, where the choice
was between three small turbines driving compressors, or to increase the gen-
erating power capability to full electric supply. The investigation proved that
the cost for the driveswould be equal in both cases, but there was a small sav-
ingintotal for thefully electrical system dueto savingsregarding exhaust sys-
tem etc. Thetotal efficiency was equal, the el ectrical |osseswere compensated
by a better efficiency in the larger generator turbines. There were no savings
inweight and volumein either case. Finally the electric solution was selected,
and afterwards savings have been reported in the processing, due to smoother
operation and less maintenance.

The most important exception from the rule of local power production is
thegasfield Troll. Thefirst platform, Troll A issituated approximately 70 km
off the coast. As most of the gas processing is removed to Kollsnes onshore,
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it had an estimated maximum load of 17 MW when it started production in
1996. Due to the relatively short distance it was decided to supply the plat-
form with electric power from land, viaa 52 kV U5 AC cable connection

with atransmission capability of 17.5 MW.

2.2 ELECTRIC POWER SYSTEMS

The electric power supply on an oil production platform is regarded as an
auxiliary system, designed to supply the platform with the necessary electric
power throughout its lifetime with sufficient reliability and availability. The
power systems have usually been split into the following three categories:

. Main power system.
. Essential power supply.
. Emergency power system.

2.2.1 Main power system

The main power system is designed to supply all the electric power needed
for the daily operation of the platform according to certain criteria regarding
redundancy, flexibility, minimum load, cost optimization and environmental
considerations. There are usually 2 to 4 identical generators, normally pow-
ered by gas turbines. The generator ratings vary in steps determined by the
available standard gas turbines, traditionally not more than approximately
20 MW, but recently up to 35 MW turbines have been installed. One main
consideration when selecting generators is to keep the short circuit current
within reasonable design limits, 40 kA by high voltage distribution, 50 kA by
low voltage distribution.

2.2.2 Emergency power system

To comply with Norwegian Petroleum Directorate (NPD) requirementsre-
garding power supply in emergency situations, there has to be an emergency
power supply, normally powered by diesel engines. Thissystem isto be com-
pletely independent of the main power system and supply necessary power for
fire fighting equipment, emergency lighting, cooling systems etc. for up to 24
hours, starting automatically when the main power system fails. The rating of
these systems vary widely, but is normally between 0.5 and 1.5 MW.

-9-
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2.2.3  Essential power supply

During commissioning of a new platform and in the drilling period before
the platform comes into production, the power has often been provided by a
separate power supply, the essential power system. This is usually powered
by diesel engines, in some cases by dual-fuel gas-turbines. This system can
also allow certain critical operations to be continued or to be terminated in a
controlled way if a major fault occurs in the main power supply or during
maintenance periods. It also keeps the living quarters habitable if the main
power is down for an extended period. On large platforms the generator ca-
pacity for such systems can have arating of up to 2x4 MW. The distribution
system for essential power supply is usualy part of the normal distribution
system. There is atendency to omit this category on newer platforms as the
main power supplies prove their reliability. The need during commissioning
can be met in several ways including dual-fuel main generator turbines, tem-
porary diesel generator sets or supply from auxiliary vessels and hotel plat-
forms.

2.3 TECHNICAL REQUIREMENTS FOR POWER
SUPPLY TO OFFSHORE INSTALLATIONS

2.3.1 Normsand regulations

Thetotal responsibility for supervision of the permanent oil installationsin
the Norwegian Economic Zone has been transferred to the Norwegian Petro-
leum Directorate (NPD). NPD has prepared regulations for electrical installa-
tions on oil platforms [3]. These regulations are not technical regulations
however, they refer to the regulations for electrical installations in ships and
marine equipment [2] for the technical design.

During the first years the electrical ingtallations on most platforms have
been built according to American practice with voltages of 13.8 kV or 6 kV
for large motors, 440 V for smaller motorsand 220 V for lighting and heating.
The frequency has been 60 Hz. One exception is Frigg. Here the same volt-
ages were applied but the frequency was 50 Hz.

Now the operating oil companies in the Norwegian Zone have agreed on
new norms for the electrical installations, the NORSOK-OLF specifications,
for new offshore oil facilities. These specifications require standard 1EC volt-
ages, upto 11 kV for large motors (above approx. 300 kW), 690 V TT system
for smaller motors and 230/400 V TN-C-S systems for lighting and heating.

-10-
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Thefrequency isto be 50 Hz. The voltages have to be kept within +2.5 % sta-
tionary and are allowed to vary +20/-15 % dynamically at the largest normal
load switching [2] (81306). The frequency variations are 5 % stationary and
+10 % transiently (81307).

2.4 TYPES OF LOAD

The most important types of load on an offshore installation can be split in
the following categories:

. Drivesfor process- and auxiliary systems.

. Process heating systems.

. Electrochemical systems.

. Lighting-, heating- and ventilation systems.

2.4.1 Drivesfor process- and auxiliary systems

The drives for process-systems are almost exclusively powering pumps
and compressors for oil, gas, water or chemicals. The required power rating
can reach as high as 20 MW per unit. Traditionally units with more than 5 to
8 MW have been directly powered by turbines, while smaller units have been
powered by electric motors. On afield like Ekofisk, for example, this type of
load amounts to more than 90 % of the total power consumption of 400 MW,
and most of it isdirectly powered by turbines.

2.4.2  Process heating systems

The need for process heating varies from installation to installation. When
large amounts of heat are needed, these are mostly supplied by oil- or gas
burners, but electric boilers with ratings up to 20 MW have been installed.
Additionally electric heat tracing cables and heat elements are used for local
needs with low rating, and for special applications.

2.4.3 Electrochemical systems

These aretypically systemsfor the desalination of seawater, both for drink-
ing water and for injection into the reservoir to increase the oil yield.

-11-
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2.4.4  Lighting-, heating- and ventilation systems

A large platform can have atotal need for lighting of 500 kW. Power for
ventilation and heating of processing areas, control rooms and living quarters
can reach the MW range.

2.4.5 Typical consumers

A typical list of power consumers for an oil production platform is found
in Table 2-1. It is clear that the load will consist mainly of drives, most of

Table 2-1 Main power consumption areason an oil production platform

Consumption area Power Type
Oil processing equipment. 1 - 2MW |Heating/drives
Oil export systems 2 -12MW |Largedrives
GchoI/m_ethanoI 0.5 - 3MW |Heating/small drives
regeneration systems
Gas recompression 2 -10MW |Largedrives
Auxiliary systems 1 - 2MW |[Smal/medium drives
Water injection systems 12 -25MW |Largedrives
Drilling systems 3 - 5MW |Medium drives
Living quarters 0.5 - 2MW |Lighting/heating/drives
Lighting, heating and ventilation | 0.2 - 2 MW |Lighting/heating/drives
Heat tracing cable installations 0.1 - 1MW |Heating
Emergency power consumers 0.5 - 6 MW |Lighting/heating/drives

them large. If the platform isto be fully electrically powered, the drives will
mostly be large induction motors and synchronous motors with adjustable
speed drives. For example, a study of the load on Midgaard presupposes two
synchronous motors, each 30 MW fed by two separate frequency converters,
four 5.5 MW high voltage induction motors and approximately 15 MW low
voltage motors and passive load.

-12-
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2.5 ELECTRIC POWER SUPPLY FROM LAND

2.5.1 Power ratings

If the supply of electric power from land to an offshoreinstallationisto be
feasible, it should be able to provide all the power needed on that installation.
No gasturbines or diesel engines should beinstalled for normal operation, as
themarginal cost of more power transmitted from land is much lower than tur-
bine power. If possible, all theinstallationsin one area, for examplethe whole
Statfjord field together with Gullfaks and Vedefrikk or the whole Ekofisk
area could be connected and supplied from the same source. But as these
fields are already in production, rebuilding is not likely. When looking at the
existing installations on the Norwegian Economic Zone, the required rating
for atransmission project can easily rise to several hundreds MW.

2.5.2 Transmission methods

The electric power supply from land has to be transmitted by sea-cables.
These are individually designed and their electrical parameters can be varied
within wide ranges to fit the actual need. Sintef Energy Research (formerly
EFI) [22] has completed a study on the feasibility of AC power supply to off-
shore installations, based on a case of supplying an ail field with 100 MW at
132 kV over adistance of 180 km, which they found to bejust at the technical
limit. Due to redundancy requirements the possible alternatives were two

240 mm? three-core copper cables or four 500 mm? single-core copper ca
bles. Electrically the single core alternative was best, while the three-core al-
ternative had the best reliability. The cost of the three-core cable including
laying and protection, but without switchgear and transformerswas as high as
acomplete bipolar HVDC transmission with full capacity in monopolar oper-
ation. As the AC solution has much higher losses and voltage variations this
alternative was without interest in this example. The single-core AC alterna-
tive could compete economically with a bipolar HVDC transmission with
67 % capacity in monopolar operation, but the reliability would be less and
the losses higher for the AC alternative.

All alternativesfor electric power supply from land were found to be more
expensive than a conventional offshore power supply system when the power
need was as low as 100 MW. If electric power supply from land is to be fea-
sible for distances over 100-150 km and power ratings over 100 MW, it has
to be an HVDC system, but with reduced converter station costs.
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As mentioned earlier, the Troll A platform, situated about 70 km from
shore with arated power need of 17 MW is supplied with electrical AC power

from land transmitted by one 3x240 mm? 52 kV Umax copper cable. This ca-

ble also integrates an optical fibre communication link with 24 fibres, which
is used as the main communication line between the platform and land.

2.6 SUMMARY

Power consumption on oil and gas platforms vary in wide ranges, from
some tens of kW for small wellheads to several hundreds of MW for grest
clusters, and isnot always met with electric power. If an electric power supply
from land shall be of interest, it must replace both the electric power produc-
tion and combustion machines for direct drives.

Transmission must be by sea cables, and AC systems will not be techni-
cally feasible by the distances involved. This leaves HVDC transmission,
which until now has been considered unfeasible, mainly due to the large and
heavy synchronous compensators necessary in atraditional solution.

-14-
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3 M ODELS FOR ELECTRIC
MACHINES AND DRIVES

Inthischapter | will review thetraditional textbook modelsfor motors, and
modify them to be based on parameters easily available from catalogues and
data sheets. | will also look at adjustable speed drives and their behaviour at
variable network voltage and frequency.

3.1 L EVELS OF MODELS

When analysing the behaviour of a network like that of an electrically
powered oil production platform, two levels of modelling are required. When
analysing system stability, the time constants of the events will be of amagni-
tude in the order of severa periods of the network frequency. This alows us
to smplify the electrical problem by neglecting the harmonics and operate
only with RM S values of the fundamental. On the other hand, it will be neces-
sary to take into account the mechanical properties of the system like load
torque characteristics and machine inertia, and the influence of controllers
present in the system. This can be compared to the transient model of a
synchronous machine.

Additionally there is need for a subtransient level of modelling. This is
required to analyse functional feasibility, for example commutation analysis
of an unconventional type of converter. For such analysis the time constants
are much shorter than one period, and time domain analysis will be the best
tool. But in these cases, the frequency of the network and the speed of the
machines can be considered constant.
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3.2 INDUCTION MOTORS

3.2.1 Transient model

For electric motor drives offshore the squirrel cage induction motor isthe
preferred one aslong as the network has sufficient short circuit power to allow
direct on line (DOL) starting. The largest induction motorsin the Norwegian
Zone were approximately 8 MW in 1995. Such large high voltage induction
motors usually have a very steep speed/torque characteristic at the operating
point. Normally the operating slip isabout 0.3 % to 0.7 % and the pull-out slip
isonly 1.5 %to 2 % [20]. Figure 3-1 shows atypical load curve for one such
large induction motor (Siemens type 1RQ1805-4HN.O, 6.6 kV, 7480 kW,
1493 rpm). The same figure aso presents a torque curve calculated on the
basis of a motor model with constant parameters, together with a typical
square load curve. The correspondence between model and reality is quite
good for dlip less than the pull-out dlip, as shown in the blow-up of the range
above pull-out in Figure 3-2. Here the curves for square load torque and
constant load torque are also drawn. As can be seen, the correspondence
between the linear motor model and real motor data is quite good. It is also
obvious that within the normal dlip range, the square load curve may be
replaced by the simpler constant load curve.

The classical linear model of an induction motor is shown in Figure 3-3.
Here, r, and wl; are armature resi stance and | eakage reactance, r, and wl, are

rotor resistance and leakage reactance and wl ,, is total magnetizing reactance.

md2

myes ——---+----+4----+--- -+ - - Ly
| | | | | | | | | |
(p,u,) | | | | | | | | |

E e e e
—————————————————————————————————————————————————
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

DB speeg(pJL)]
Figure 3-1 Typical torque curve for large induction motor
(Semens type 1RQ1805-4HN.0, 6.6 kV, 7488 kW, 1493 rpm),
compared with calculated curve for linear model and square load torque
curve.
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my *

my .,
(p.u.)
mgy.linear

****************************************************

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

speed (p.u.)
Figure 3-2 Typical torque curve for large induction motor (Semenstype
1RQ1805-4HN.0, 6.6 kV, 7488 kW, 1493 rpm), compared with calculated

curve for linear model. Square load torque curve compared to constant
torque load. Sip less than pull-out dlip.

ro(1-o0)/o represents the mechanical load, where o is the slip. The terminal
voltageisu.

A simplified model based on the linear model is shown in Figure 3-4. Here
wl’ is the sum of the leakage reactances in stator and rotor whiler,/o is the
sum of rotor resistance and load. The normally high magnetizing reactancein
parallel isregarded asinfinite and disregarded. We can use this model to find
approximate values for wl’ and r,, and to find the relationship between
voltage, current and slip. Thismodel does not account for the time constant of
the air gap voltage in the motor. In real motors of this size this time constant
can be in the magnitude of 10 to 20 periods, giving the motor the ability to
transiently act as a generator and support the network voltage. Disregarding
this, however, gives more conservative resultsin the smulations.

In order to find asimple model of induction motors, whichisvalid for vari-
able electrical voltage and frequency and based on readily available
parameters, we make a quick review of the motor theory.

wly r wlp ro

u Wy r,(1-o)/lo

Figure 3-3 Per phase diagram of classical linear model of induction motor.
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I'2/0'

Figure 3-4 Smplified per phase diagram of classical linear model of induc-
tion motor.

At pull-out we have the maximum power transmitted through the air gap,
that isthe sum of rotor losses and mechanical power is maximum. That occurs
when we have impedance adaptation in the rotor:

2 _ ol (3-1)
2 =

where oy, is the pull-out slip. The pull-out current will be

i = 4 X
LRNEERY) &2
The power transmitted through the air gap at pull-out will be
U’ u?
= Re(ul = Re ;Q1+))| = - 3-3

This power is transmitted through a synchronously rotating magnetic field
and the pull-out torque in p.u. will be

pp U2
m=-L=-——— (3-4)
P wel 2 [t'oel [t'oell

Using the rated values of voltage, frequency and pull-out torgque, the induct-
ance |’ can be calculated

I" = (3-5)

M:\MAKERS5\AVHANDL\models 22 Apr 2001



Chapter 3 Modelsfor electric machines and drives

From (3-1) we get

p = OO = B (3-6)
2 pN ZanN

Inserting (3-5) and (3-6) into Ohm'’s law for the model we find the genera
relationship between voltage and current in the motor for an arbitrary elec-
trical frequency.

i = 200y D—m——)— 5 Loy —] [00y) (3-7)
pN

The active power transmitted through the air gap is

pg = Re(udD) = Re(z ? (Mo D———— 5> O + ] Ebooe,)j

pN + (0w, )

(3-8)
o Eb
Py = 2 [P [, D— (39
pN + (0w, )
The air gap torque for an arbitrary electrical frequency then becomes
u® m olo
my= 4 = pp—PNp_— N (3-10)
W, W,

2
el OpN + (owel)

where my is air gap torque, myy; is rated pull-out torque, o is slip and oy is
rated pull-out slip. Normally, rated pull-out torque is given in relationship to
nominal torque,

Moy = ky DMy (3-11)

and rated pull-out slip is not given in the data-sheets. Using (3-10) with rated
values and inserting (3-11) gives

_ On Opn ]
mN—2EkamdND2—2 (3-12)
Opn * Oy
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which can be solved to give

2
Opn = (Ko + JKo—1) Doy, (3-13)

The equation for the mechanical torque balance in the motor in absolute
valuesis

Q
My = M, +J Dg—t (3-14)

where M is the air gap torque, M, is the load torque, J is the total inertia of

machine and load and Q is the rotational speed. Introducing per unit values
and the acceleration time

Q@
T, = =1

& Mgy’

(3-15)
where Mgy istherated air gap torque and Qy is the rated rotational speed, we
get

T, Onyy dw
(*)mekN dt

mek

my = m+ (3-16)

The large drives on an oil production platform will be either compressors
or pumps. There may be differencesin sticktion torque, but these are of minor
importance and basically there is a square relation between speed and torque
if the losses are ignored. So we have for the load torque:

2

my = K Dy [opex (3-17)
For simplicity we assume that the machineisfully utilized, k, = 1
2
my = Mgy Monpex (3-18)
Inserting the first part of (3-10) and (3-18) in (3-16) gives
Pd 2 Ta EmdN d(’“)mek
=g - -1
Wy My mmek WrrekN dt (3 9)
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Inserting (3-11) into (3-19) and solving for dwy,gd/dt gives

dwpex ( Pq 2) Wmekn
__ = — -2
dt wel [mdN wmek Ta (3 0)

Because both the network frequency and the mechanical speed isvariable,
the dlip should be replaced by

o=1- mek _ el mek (3-21)

in the electrical equation for the current (3-7). This gives

. (wel _wmek)
i = 2k, gy O

Hopn =1 (g — el
Wey [GPN2 + (wel - (*)mek)z] P ) "

(3-22
The apparent electric power becomes

D(wel — (*)mek) a| 0pN ] (wel — (*)mek)]

2 2
wel[opN + (wel - (’omek) 1

Sm = U000 = 207 Tk gy

(3-23)
which splitsinto
2 Opn {0 — Wey)
Py = Re(s,) = 20 k(g ——5——— (3-24)
wel[opN + ((*)el _wmek) ]
and
— — 2 (wel B (*)mek)z
Qg = Im(s,) = 2 Ekp Oy O (3-25)

2 2
weI[GpN + (wel - (’omek) ]

where the rated pull-out slip must be calculated from (3-13).

Equations (3-24), (3-25) and (3-20) give afull quasi-stationary description
of an induction motor in normal operation when voltage and/or frequency
varies. This model is based on values found on the rating plate or in
catalogues.
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XL:(JO|1+(A)|2 [ =rq+rp

Upnsinot é sin(wt+d))

Figure 3-5 Induction motor subtransient equivalent according to [ 26].

3.2.2 Subtransient modd

If athyristor converter system shall be analysed with regard to commuta-
tion, or harmonic analysis is to be performed, another motor model is
required. But aslong aswe are not directly interested in the detail ed behaviour
of the motor itself, B. K. Bose [26] has shown that both synchronous and
induction motors can be modelled as an impedance in serieswith a sinusoidal
counter electromotoric force (EMF) for each phase, as shown in Figure 3-5.
Thereactance x_isthe sum of the |eakage reactancesin stator and rotor, while

theresistancer| isthe sum of the stator and rotor resistances.

Large induction motors will constitute an important part of the load. If the
normally high magnetizing reactance is neglected, only the leakage reactance
remains. For the motor-ratings that come into question, thisistypically in the
magnitude of 0.2 p.u. [20]. The resistance consists of copper- and iron-losses.
A traditional estimate is that each of these account for 1/3 of the total motor
losses, air and bearing friction accounts for the last 1/3. With an efficiency of
typically 97 %, [20], the resistance is typically 0.02 p.u. The time constant of
the counter EMF amplitude is typically in the range of 500 ms or even more
for these large motors. Thus the counter EMF can be regarded as constant for
the short time periods in question for commutation.

3.3 | NDUCTION MOTORS AT START-UP

From Figure 3-1 it is obvious that the linearized model cannot be applied
to an induction motor during start-up. The linearized model differs from
reality because the parameters in the model are constant, while they actually
vary with dip frequency, dueto skin-effects etc. There are several waysto get
around this problem. One possibility isto create a model with more than one
cage. The simplest model then is a double cage model, where the first cageis
the standard linearized model, and then an additional cage is designed to
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provide the missing torque during start-up. One easy way to do thisisby a
cage with pull-out slip equal to 1 and pull-out torque equal to the missing
breakaway torque. But this easy model still does not fit well with real torque
curves for intermediate speeds. Then there remains the possibility of making
amulticage model, with cages that have to be adjusted and trimmed to fit the
measured curve, or the much smpler method of replacing the model with a
look-up table with the real figures for torque and current during start-up.

Such atable usually contains values for torque and current depending on
n

relative speed (n ) at rated voltage. The active and reactive power drawn
syncr
from the network can be calculated as a function of the table values and the

instant voltage under the following conditions:

. The losses can be ignored.
. The network frequency does not vary too far from the rated
frequency.

Then we get, as shown in Appendix A

) [y (3-26)

U,

2 (*)mek
| ~(m

u, el

2 Wmek
= Cmi
p = u” m( "

el
2 . wmek
g=u0 (|(
J O

3.4 SYNCHRONOUS MACHINES

2
) [t'oelj (3‘27)

U,

3.4.1 Transent model

Synchronous motors have worse starting characteristics than squirrel cage
induction motors and will normally be frequency controlled. They are never
connected directly to the network on oil platforms. Synchronous compensa
tors and generators will naturally be connected directly to the network.
Practically all synchronous machines offshorewill be of full pole type, so this
isthe type we shall concentrate on. What is said will also be principally valid
for salient pole machines.

The traditional model of a synchronous machine is the Thevenin equiva-
lent, Figure 3-6, where the electromotoric force (EMF) and the impedance
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Figure 3-6 Thevenin equivalent of synchronous machine.

applied will vary according the problem. They can be subtransient, transient
or stationary. In this case the time constants of the disturbanceisin the magni-
tude of 1 s, so it isthe transient values that are to be applied. The phasors for
the model are shown in Figure 3-7, transient as well as subtransient and
stationary values. The phasors are drawn for an overmagnetized full-pole
generator with motoric reference, (consumed power is positive).

To find how the machine behaves during a disturbance it is feasible to
analyseit by two axistheory [38]. Thefollowing equations (in p.u.) describes
a synchronous machine with motoric reference, disregarding the damper
windings [39].

ixjooly
ixjooly’

Blple

ixjewlg”

Figure 3-7 Phasor diagram of full pole synchronous machine, drawn for
overmagnetized generator, with motoric reference (consumed power is
positive).
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Disregarding the null-system, which we normally can in a symmetric
system, we have for the voltages:

Uy = rl +%—w (3-28)
d ™ 'ad (Dth mLIJq
dy
Ug = Taig ¥ 6N‘1(§t + 00, Wy (3-29)
o dyy
U = el + —— (3-30)
T ot
The fluxes are given by:
Wy = Xgig* Xadls (3-31)
Wq = Xqlq (3-32)
Wp = Xaglg * Xl (3-33)

Inserting the flux equations into the voltage equations and rearranging, we
arrive at the following explicit differential equations for the currents in the
machine

X

, . d -
g ud+O\)quIq—rald—Xif(uf_rflf)
—i, = 7 (3-34)
wydt d X4
U, — (Xl g+ Xogie) =T A
LI - 9 m( d'd ad f) ag (3_35)
wydt a Xq
X(Us— i) =X (U + @ X0 —r_i
d =i = d(U—Tlg) ad(,d m¥qlq ~"ala) (3-36)
wydt Xy Xt
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where we have defined the transient d-axis reactance as;
2

X4 = xd—j‘(—‘: (3-37)

The air gap torque can be expressed by:

‘md = Xadlflq + (Xa =%g) Hgig (3-39)
The mechanical torque equation for a synchronous machineis, in p.u.

2
my O, Ef;TE D Dd—B = my— (3-39)

where 3 is the pole angle between the rotor EMF and the terminal voltage, D
is the damping constant which substitutes the damper windings, and my is the

load torque. In the case of a synchronous compensator, m, = 0. For agener-
ator, my and my is negative (motoric reference).

The instantaneous active power delivered or consumed by a synchronous
machineis given by

‘p = ugOg+u, O, (3-40)

and the reactive power can be expressed as

’q = ugOg—ug Oy (3-41)

The machine rotates with a speed wy, While the electrical frequency is
Wy These two are equal in the stationary state, but can vary transiently. The

difference between electrical frequency and machine speed gives the varia-
tionsin the pole angle.

dB _ )
3t = (W — Wpek) (3-42)
B = [(wy—Wpedt+ By (3-43)
to
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where 3y has to be calcul ated from the steady state before the disturbance. For
a synchronous compensator, 3, = 0.

Equations (3-34), (3-35), (3-36), (3-38), (3-39), (3-40), (3-41) and (3-43)
congtituteamodel of the synchronous machinewith propertiesthat are similar
to aphasor model. Thisisfurther discussed in Section 9. 2. and Section 9. 4. 2

3.4.2 Subtransient modd

The same model as described in Section 3. 2. 2 can, as mentioned, be used
for synchronous machines with regard to analysis of commutation or
harmonic analysis. For synchronous machines of salient pole type the d- and
g-axisinductance are of the same value, and thisvalueisapplied in the model.

For synchronous machines of salient pole type a common simplification,
especially when dealing with several motors together, will be to apply the
average of the d- and g-axis inductance.

The subtransient time constant is typicaly in the range of 20 to 50 ms,
while a commutation period will be in the range of 0.5to 1 ms. So it isthe
subtransient inductance that is relevant for commutation analysis due to the
short time spans involved. This inductance will be in the range of 0.15 to
0.25 p.u. In the model of a synchronous machine the resistance will be the
stator resistance, the inductance will be the subtransient inductance and the
EMF will be the subtransient air-gap voltage.

A load consisting of several motors can be represented by alumped motor,
with p.u. ratings a weighted average of the individual p.u. ratings. The EMF
has to be adjusted to represent the true load factor of the motors, but, being a
sinusoidal source of fundamental frequency, this only has influence on the
fundamental currents and voltages.

3.5 ADJUSTABLE SPEED DRIVES

3.5.1 Current sourceinverters, transient model

If the process requires adjustable speed or the power rating for an electric
motor is so high that an induction motor cannot be directly started, adjustable
speed drives are applied. For large drives synchronous motors are usually
applied with inverters of current link type with controlled rectifiers. The
drives are normally operated to keep a constant speed independent of the
network frequency and voltage variation and independent of load variations.
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The DC link current is proportional to the load torque, i.e. with stable
mechanical conditions the absolute value of the AC current drawn from the
grid is constant. The voltage of the link is directly proportional to the speed
which impliesthat a controlled rectifier with constant load has a power factor
proportional to relative speed at constant network voltage. If the grid voltage
drops, the rectifier must reduce itsfiring angle a to keep the link voltage and
the speed constant. The active power required by the drive will be constant,
independent of the voltage. Altogether the active current will be inversely
proportional to the voltage, the absolute value of the current will remain
constant and the reactive current will decrease proportional to sina, as shown

in Figure 3-8. The half circle over u, is the geometrical place for

Uyq A/ cosa 12 +sina 12 , Where the phasor u,, cosa; must end. The half circle

over Uy, = U, —Au,is the geometrical place for

(uy, —Au,) A/ cosa 22 + sinazz, where the new phasor u,,,cosa, must end.
The DC link voltage has to remain constant to keep the speed constant, i. e.
|u,,c08a,| = |u, cosay|. This gives the new firing angle a,. The DC link

current has to remain constant to keep the torque constant, i. e. |i,| = |i|.

[»]

Re(i;) Re(,)  Au, uy,
Iy

/

y UyaSinay
/
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/
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Figure 3-8 Phasor diagram of voltage and current drawn by a current
source, constant speed drive after a voltage drop of Au,.
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Thus it is possible to find the new the active and reactive current,
Re(i,) + ARe(i) and Im(i,) + Alm(i) .

liya] = |iyo] = const (3-44)
Ug = g—nf—zuvzcoscx2 = ?’—I{ZU\,lcoscxl (3-45)
Uy
CosO, = —-C0Sa (3-46)
Uy
iy = [iyq|(cosa,—jsinay) (3-47)
u u 2
o = [ivg] [u—\’lcosal—j Jl—(u—\llcosal) } (3-48)
v2 v2
= J/3u,,Re(i,,) = J/3u,,li l-Jl’—lcosm (3-49)
p2 - v2 v, — v2| vl‘ uv2 1
‘pz = /3U,|i,ycosay; = p; (3-50)

. , Uyy 2
Uy = —/3UlMiiy,) = /3Uyliy| Jl—(écosal) (3-51)

’qz = ﬁ|ivl| A/ uv22 — uvlzcosa 12 (3-52)

Equation (3-52) makes it obvious that normal operation cannot be
continued if the AC voltage drops below u,;cosa ;. Normally such adrive is
designed to operate in the normal mode down to where the rectifier reaches a
minimum firing angle a,,,,. It can even operate at lower voltages, but then the
DC link voltage cannot be kept up and the speed has to be reduced propor-
tional to the voltage. If the load torque is constant, like a hoist, the inverter
acts as a constant current load on the network. If the load torque is propor-
tional to the square of the speed, asin pumps and compressors, the current is
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reduced likewise and the inverter acts as a voltage proportional admittance
with cosp near one.

3.5.2 Voltage sourceinverters, transient model

Normally, voltage source inverters are made with diode rectifiers and
PWM inverters. Under stable mechanical conditionsthey represent a constant
active power load with cosp very near one when seen from the network. This
means that they consume an active current inversely proportional to the
terminal voltage, and no fundamental reactive current. If the voltage drops
below the level where the current reaches maximal value, the mechanical load
isreduced by slowing the speed, and the network current iskept at maximum.

3.5.3 Subtransient modd

Both the current source and voltage source drives draw an approximately
square wave current (6-pulse converters) or stepped wave current (12-pulse
converters) from the AC source. So for subtransient analysis this type of 1oad
can be modelled by a current source with the correct form. If several variable
speed drives are present an analysis can be based upon a square wave current
source with current and displacement angle equal to the resulting current and
displacement angle of the sum of the drives.

3.6 SUMMARY

In this chapter we have found simple models for electric machines and
drives, to be used in building a model of the total oil platform to be supplied
with electric power by HVDC transmission from land. The modelsdo not aim
at exact descriptions of the machines, they are intended to give adequate
description of the load that the inverter sees.
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4 CONVENTIONAL HVDC
TRANSMISSION

In thischapter | will give ashort review of traditional HVDC transmission
theory. The review is based mainly on [4] and [5].

4.1 GENERAL

4.1.1 HVDC transmission systems

There are different waysto build an HVDC transmission system, as shown
in the following figures. Figure 4-1 presents the simplest solution, a mono-
polar system where earth is used as a return path for the current. Since the
earth current has atendency to cause corrosion in underground metallic struc-
tures, this mode of operation is only alowed for short time periods for
overhead lines in most countries. For sea cable transmissions, however, this
arrangement is often used due to the high cable costs, as only one conductor
is required. In such cases the earth electrode is located in the sea and

<0 Q-

Figure 4-1 Monopolar HVDC transmission with earth return.
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) = ¥ (-

Figure 4-2 Monopolar HVDC transmission with metallic return.

connected to the converter by an electrode line insulated from ground over
land to avoid corrosion. This solution has increasingly come under question
in shallow waters with heavy ships traffic, like the North Sea, as it anong
other factors may have serious influence on magnetic compasses. Addition-
aly in the North Sea, both oil companies and public authorities will not be
happy for uncontrolled earth currents flowing in and around their highly
sophisticated equipment.

If itisrequired to avoid the earth current, anatural extension of this system
is the monopolar system with metallic return, which is shown in Figure 4-2.
A special case of the monopolar transmission with metallic return is the
HV DC back-to-back link. The HVDC back-to-back link is often used on the

border between two asynchronous grids or grids of different frequencies to
allow power transmission from one system to the other.

Q& | |4 |QD-
ik
Q4| |4 |QD-

| |

Figure 4-3 Bipolar HVDC transmission.
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For overhead lines the system is normally bipolar asin Figure 4-3. In each
converter station two converters are connected in series and the middle point
is connected to earth. The insulation level for each line has only to be the
voltage of one converter and the capacity of the transmission isdoubled. This
bipolar system can be operated at 50 % capacity as a monopolar system in
case of faults. If one pole is out of operation for an extended period, the
system can usually be reconnected to form a monopolar system with metallic
return.

4.1.2 HVDC converters

The basic design for practicaly all HVDC converters is the 12-pulse
double bridge converter which is shown in Figure 4-4. The converter consists
of two 6-pulse bridge converters connected in series on the DC side. One of
them is connected to the AC side by a Y'Y -transformer, the other by a YD-
transformer. The AC currents from each 6-pulse converter will then be phase
shifted 30°. This will reduce the harmonic content in the total current drawn
from the grid, and leave only the characteristic harmonics of order 12 m+1,
m=1,2,3..., or the 11th, 13th, 23th, 25th etc. harmonic. The non-characteristic
harmonics will still be present, but considerably reduced. Thus the need for
filtering is substantially reduced, compared to 6-pulse converters.

The 12-pulse converter is usually built up of 12 thyristor valves. Each
valve consists of the necessary number of thyristorsin series to withstand the
required blocking voltage with sufficient margin. Normally there is only one
string of thyristorsin each valve, no parallel connection. Four valves are built
together in series to form a quadruple valve and three quadruple valves,

X
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/

L1

L1

~NJ

[
|
|
|
|
|
|
|
|
|
|
l

I
|
|
|
|
I
|
|
I
|
|
/

— I\ZE

Figure 4-4 12-pulse converter.
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DC reactor
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Converter H
transformer
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AC supply 12-pulse —
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DC reactor .
transformer - T DC line

Figure 4-5 Main elements of a HVDC converter station with one bipole
consisting of two 12-pulse converter unit.

together with converter transformer, controls and protection equipment,
congtitute a converter.

The converter transformersare usually threewinding transformerswith the
windings in Y ydN-connection. There can be one three-phase or three single-
phase transformers, according to local circumstances. In order to optimize the
relationship between AC- and DC voltage the converter transformers are
equipped with tap changers.

4.1.3 HVDC converter stations

AnHVDC converter station (Figure 4-5) isnormally built up of one or two
12-pulse converters as described above, depending on the system being
mono- or bipolar. In some cases each pole of abipolar system consists of two
converters in series to increase the voltage and power rating of the transmis-
sion. It is not common to connect converters directly in parallel in one pole.
The poles are normally as independent as possible to improve the reliability
of the system, and each pole is equipped with a DC reactor and DC filters.

Additionally the converter station consists of some jointly used equipment.
This can be the connection to the earth electrode, which normally is situated

-34-

M:\MAKERS\AVHANDL\convent 22 Apr 2001



Chapter 4 Conventional HVDC transmission

Station A Station B

Id

5w || ¥
T T

Figure 4-6 Monopolar HVDC transmission.
Voltage in station B according to reversed polarity convention.

some distance away from the converter station area, AC filters and equipment
for supply of the necessary reactive power.

4.2 BASIC CONTROL PRINCIPLES

4.2.1 DC transmission control

The current flowing in the DC transmission line shown in Figure 4-6 is
determined by the DC voltage difference between station A and station B.
Using the notation shown in the figure, wherer 4 representsthe total resistance

of the line, we get for the DC current

, Uga — Ug
Id = —ATB (4-1)

and the power transmitted into station B is

Uga —Uas
Pg = Ugg g = Ugg U o (4-2)

In rectifier operation the firing angle a should not be decreased below a
certain minimum value oy, normally 3°-5° [4], [5], in order to make sure

that there realy is a positive voltage across the valve at the firing instant. In
inverter operation the extinction angle should never decrease below a certain
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minimum value yi,, normally 17°-19° [4], [5], otherwise the risk of commu-
tation failures becomes too high.

On the other hand, both a and y should be as low as possible to keep the
necessary hominal rating of the equipment to a minimum. Low values of a
and y also decrease the consumption of reactive power and the harmonic
distortion in the AC networks.

To achievethis, most HVDC systems are controlled to maintain y =y, in
normal operation. The DC voltage level is controlled by the transformer tap
changer in inverter station B. The DC current is controlled by varying the
DC voltage in rectifier station A, and thereby the voltage difference between
A and B. Due to the small DC resistances in such a system, only a small
voltage difference is required, and small variations in rectifier voltage gives
large variations in current and transmitted power.

The DC current through a converter cannot change the direction of flow.
So the only way to change the direction of power flow through aDC transmis-
sion line is to reverse the voltage of the line. But the sign of the voltage
difference has to be kept constantly positive to keep the current flowing.

To keep the firing angle a as low as possible, the transformer tap changer
in rectifier station A is operated to keep a on an operating value which gives
only the necessary margin to a,i,, to be able to control the current.

4.2.2 Converter current/voltage characteristics

Theresistive voltage drop in converter and transformer, aswell asthe non-
current voltage drop in the thyristor valves are often disregarded in practical
analysis, as they are normally in the magnitude of 0.5 % of the normal oper-
ating voltage. The commutation voltage drop, however, has to be taken into
account as this is in the magnitude of 5 to 10 % of the normal operating
voltage. The direct voltage Uy from a 6-pulse bridge converter can then be

expressed by

Uq = Ugio L] cosa —d,y Ei;l DE (4-3)

where a isthefiring angle,
_ 3 dan B 1 . o _
dpy = /= 5 [, isthe rated relative inductive voltage drop,
T Ugion
Iq and iy are the actual and rated direct current respectively
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Figure 4-7 Principal current/voltage characteristics for a converter. Firing
angle a and extinction angle y as parameter.

Ugio and Ugjon are the actual and rated no-load direct voltageat a = 0
Xy 1S the commutation reactance, normally the transformer short circuit reac-

tance and
& isthe relative short circuit voltage of the transformer.

If the converter is operating as inverter it is more convenient to operate
with extinction angle y instead of firing angle a. The extinction angle is
defined asthe angl e between the end of commutation to the next zero crossing
of the commutation voltage. Firing angle a, commutation angle p and extinc-
tion angle y are related by

a+p+y = 180° (4-4)

In inverter mode, the direct voltage from the inverter can be written as

— id udioN
Ug = —Ugo [ cosy—d, O— 00— (4-5)
lan  Ydio

The current/voltage characteristics expressed in (4-3) and (4-5) are shown
principally in Figure 4-7 for normal values of iy and d,y. In order to create a

characteristic diagram for the complete transmission, it isusual to define posi-
tive voltage in inverter operation in the opposite direction compared to
rectifier operation, as shown in Figure 4-6. Doing this and drawing only the
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A Ug
Udio
10— Rectifier a=const
y=eonst . verter ~
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0 | -
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idN

Figure 4-8 Typical current/voltage characteristics for rectifier
and inverter (reversed polarity convention).

limit characteristics we get the typical diagram in Figure 4-8, where the recti-
fier characteristic is continuous and the inverter characteristic is dashed.

It is clear that to operate both converters on a constant firing/extinction
angle principleislikeleaving them without control. Thiswill not give astable
point of operation, as both characteristics have approximately the same slope.
Small differences appear due to variations in transformer data and voltage
drop along theline. To gain the best possible control the characteristics should
cross at as close to aright angle as possible. This means that one of the char-
acteristics should preferably be constant current. Thiscan only be achieved by
acurrent controller.

If the current/voltage diagram of the rectifier is combined with a constant
current controller characteristic we get the steady state diagram in Figure 4-9
for converter station A. A similar diagram can be drawn for converter station
B. If we apply the reversed polarity convention for the inverter and combine
the diagrams for station A and station B we get the diagram in Figure 4-10.

In normal operation, the rectifier will be operating in current control mode
with the firing angle a >a,,,. The inverter has a dightly lower current
command than the rectifier and tries to decrease the current by increasing the
counter voltage, but cannot decreasey beyond Vi, Thuswe get the operating

point A. We assume that the characteristic for station B is referred to station
A, that isit is corrected for the voltage drop along the transmission line. This
voltage drop isin the magnitude of 1-5 % of the rated DC voltage.
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Uda A
———— 0=0min g
A
Rectifier lq=iorder
operation

iorder Iq

Inverter
operation

. E
Y=Ymin

Figure 4-9 Seady state ugy/iq diagram for converter station A.

If the AC voltage at the rectifier station drops, due to some external distur-
bance, the voltage difference is reduced and the DC current startsto sink. The
current controller in therectifier station startsto reduce thefiring angle a, but
soon meets the limit o, SO the current cannot be upheld. When the current

sinks below the current command of the inverter, the inverter control reduces
the counter voltage to keep the current at the inverter current command, until
anew stable operating point B is reached.

Ud A amin,a

- Canverter A 4
B Converter B

Ymin,b

iorder,a id

L. C Vmin,a

Figure 4-10 Steady state uy/iq characteristic for converter station A and
station B.
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Ug A Rectifier

Inverter

Inverter characteristic
corner cut off

Inverter dyin

S Voltage dependent current command range
limitation o

Ig
Figure 4-11 Complete uy/iy4 characteristics for HVDC transmission.

If the current command at station A is decreased below that of station B,
station A will see a current that isto high and start to increase the firing angle
a, to reduce the voltage. Station B will see a diminishing current and try to
keep it up by increasing the extinction angle y to reduce the counter voltage.
Finally station A meets the y,,, limit and cannot reduce the voltage any
further and the new operating point will be at point C. Here the voltage has
been reversed to negative while the current is still positive, that is the power
flow has been reversed. Station A is operating as inverter and station B as
rectifier. The difference between the current commands of therectifier and the
inverter is called the current margin.

It is possible to change the power flow in the transmission simply by
changing the sign of the current margin, but in practiceit isdesirableto do this
in more controllable ways. Therefore the inverter is normally equipped with
a Oy, limitation in the range of 95-105°. To avoid current fluctuations
between operating points A and B at small voltage variationsthe corner of the
inverter characteristic is often cut off. Finally, it isnot desirableto operate the
transmission with high currents at low voltages, and most HVDC controls are
equipped with voltage dependent current command limitation. The final
complete uy /iy characteristics of the transmission then looks like those shown

in Figure 4-11.
4.2.3 Tap changer control

The preferred operation of an HVDC transmission system is, as described,
with the inverter in y,,-control to minimize reactive power need. Addition-
aly itisrequiredto operate the system as close to the rated voltage as possible
to minimize theresistive power |osses. The rectifier needsto be operated with
as small a as possible and still keep sufficient margin. This requires the
commutation voltage, both for the rectifier and the inverter, to be controlled
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_A

Station A - Station B
%X Uda Ugp #Z

— - =

a r4ig
+ - Tap changer ——8M83 — _ +
— / control Udo Tce

Figure 4-12 Tap changer control.

according to the DC current. Additionally the norma variations of the
AC voltages haveto be considered. All thisistaken care of by the tap changer
control of the converter transformers. The tap changers have to have arather
wide range of operation, often £15 %. The function of the tap changer control
isshown in Figure 4-12. With the inverter in constant extinction angle (CEA)
control, the inverter tap changer is controlled in such a way that the DC
voltage at the rectifier end is close to its rated value. This is achieved by
compensating the measured voltage at the inverter by an amount calculated
from the measured DC current. To avoid hunting of the tap changer, the
control deadband has to be wider than the size of one tap step. The rectifier
tap changer iscontrolled in such away that if o getstoo closeto oy, it raises
the commutation voltage, and if o getstoo large it lowers the voltage. Typi-
cally the control triesto keep a between 10° and 20° [4]. These limits give a

voltage band of Auy = uy [{cos10° —cos20°) = 0,045uy . Allowing for
some error in the measurement of the angles reduces this band to about
2.5-3 % of uyg. Thetap steps have to be less than this band, typically 1.3-2 %.

The tap steps naturally have to be the same for both rectifier and inverter, as
the system normally is designed to carry power in both directions.

Mechanical tap changers are still the normal solution, and the speed of
operationisstill considerably slower than thefiring control system. The coop-
eration between the two controls thus does not cause any problems.
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4.2.4 Master control system and telecommunications

The controls described above are basic and fairly standardized and similar
for al HVDC converter stations. The master control, however, is usually
system specific and individually designed. Depending on the requirements of
the transmission, the control can be designed for constant current or constant
power transmitted, or it can be designed to help stabilizing the frequency in
one of the AC networks by varying the amount of active power transmitted.

The control systems are normally identical in both converter systemsin a
transmission, but the master control isonly active in the station selected to act
as the master station, which controls the current command. The calculated
current command is transmitted by a communication system to the slave
converter station, where the pre-designed current margin is added if the slave
isto act asrectifier, subtracted if it isto act asinverter. In order to synchronize
the two converters and assure that they operate with same current command
(apart from the current margin), a telecommunications channel is required.
Should the telecommunications system fail for any reason, the current
commands to both converters are frozen, thus allowing the transmission to
stay in operation. Special fail-safe techniques are applied to ensure that the
telecommunications system is fault-free. The requirements for the telecom-
munications system are especialy high if the transmission isrequired to have
afast control of the transmitted power, and the time delay in processing and
transmitting these signals will influence the dynamics of the total control
system.

4.3  QUASI-STATIONARY MODEL OF HVDC
SYSTEMS

The characteristic equations for rectifier, (4-3), and inverter, (4-5), can be
modified and expressed in p.u. form as:

3
Ug,r = UYdio, r [cosa — T D(k,r Eid (4-6)
and
3
Ug,i = = Ugio,i LEOSY + = [ i Hg (4-7)
_42-

M:\MAKERS\AVHANDL\convent 22 Apr 2001



Chapter 4 Conventional HVDC transmission
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Figure 4-13 Rectifier and inverter modelled as quasi-stationary voltage
sources and seriesresistors.

These equations each represent a controlled voltage source and a series
resistor, as shown in Figure 4-13. The diode isinserted to indicate that current
can only flow in one direction. In the case of an HVDC transmission to an
offshore oil or gasfield, the frequency of the supplying network on shore can
be regarded as constant and hence the resistor representing the commutation
voltage drop in the rectifier can be regarded as constant. On the platform,
however, the frequency is allowed to vary and thus the resistor representing
the commutation voltage drop in the inverter has to vary accordingly. Equa-
tion (4-7) must be modified to:

3
Ug i = —Ugio,i LPOSY + = Ltog [y ; g (4-8)

where wy isthe p.u. frequency at the platform.

The DC current can vary in time, thus we have to consider the inductance
of the circuit, also outside the commutation interval. Then there are aways
two phases conducting in a bridge converter, and the internal inductance of a
converter in thisinterval is:

I = 21, (4-9)

Additionally there will be a large inductance |4 present in the DC circuit to

provide smoothing of the current. The resistance of the transmission lineis so
small (1 % - 5 %) that it can practically be neglected for dynamic analysisand
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Figure 4-14 Final model of HVDC transmission.

stability analysis. The final circuit can be remodelled asin Figure 4-14. This
circuit can be described by:

3
diy  Udio,r HEOSA —Ugig i LXOSY — = L(X r — 00 Dy ) Hyg

_% = 4-10
dt 2 2 i+ (4-10)

wherethefiring angle a for therectifier and extinction angley for theinverter
are determined by the control system as previously described.

4.4 SUMMARY

This chapter summarizes the conventional construction and control of
HV DC transmission and the cooperation of the different controllersinvolved.
A quasi-stationary description of an HVDC transmission, which can be used
in acomplete model, is given by (4-10).
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5 HVDC SUPPLY TO WEAK
AC NETWORKS

In this chapter | will briefly introduce the traditional stability analysis of
HVDC transmission into weak AC networks.

5.1 VOLTAGE STABILITY

An important parameter when we consider supply to an AC network by
means of HVDC, isthe ‘strength’ of the AC network. This‘ strength’ reflects
the sensitivity of the AC system to disturbances, a strong system is not signif-
icantly disturbed by changes in load power or faults. The short circuit ratio,
which will be defined below, in a system is normally a good measure of the
strength of the system.

The mechanical inertia is another indicator of the strength of the
AC system. A system with low mechanical inertiamay suffer large frequency
deviations as aresult of the disturbances. In order to simplify the analysis of
the voltage stability in this chapter the mechanical inertiais assumed to be so
large that the network frequency is kept constant during load transients.

A model for analysing the interactions between an HVDC converter and a
weak AC network is shown in Figure 5-1. This model has been extensively
analysed, among others by Joint Task Force, Cigré 14.07/ IEEE15.05.05 [28],
[29], [30].
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Figure 5-1 Smplified model of an HVDC converter connected to an
AC network.

The definition of short circuit power (SC) at a given busbar in an
AC network is, according to |EC:

sc= N (5-1)

where Uy, isthe nominal voltage and Z; is the equivalent network impedance.

When cal culating the equivalent network impedancefor thisanalysisthe tran-
sient impedances of synchronous machines should be used due to the
magnitude of the time constants involved. The short circuit power of a
network, according to this definition, is a fictitious parameter. When calcu-
lating the real short circuit current, for example, one must consider the
equivalent source voltage Eg, which isnormally higher than the rated voltage.

When analysing the connection of a converter to a network when there is
a shunt compensation capacitor bank present, this unit has to be taken into
consideration as well. To the converter, the shunt compensator will look like
apart of the network. The new, effective equivalent impedance Z; is found
according to the Thevenin theorem by zeroing all sourcesin the network to be
replaced, thus the resulting impedance will be the parallel connection of the
original network impedance Z; and the shunt compensator impedance Z...

> =
72 = Atk 5-2
E~ 5 =S (-)
Z|+ZC
- 46 -

M:\MAKERS5\AVHAND L\weakac 22 Apr 2001



Chapter 5 HVDC supply to weak AC networks

The equivalent source voltage Eg will also have to be corrected, in order to
supply the correct open terminal voltage and short circuit current.

%
—> Z.
Ee = Esl5— (5-3)
Z,+Z,

The effective short circuit power (ESC) can be calculated from the effec-
tive network impedance:

BN Ueemee

U, UyU —
Esc = |UnEIn [ o |ZN N L T TN \SC+QC\ (5-4)
Zig Z Ze

where Q. is the reactive power produced by the filters and shunt compensa-

tion capacitors in the converter station. Bearing in mind that the network
impedance is almost purely inductive and the shunt compensator impedance
is almost purely capacitive, with good accuracy, the effective short circuit
power becomes;:

ESC = SC—|Q (5-5)

where the absolute value signs are to remind us that ESC is reduced when
shunt compensating capacitors are applied.

The per unit value of the short circuit power, the short circuit ratio (SCR),
in an AC system in conjunction with HVDC converters is calculated on the
basisof therated active power of the converter station, not the apparent power
as usualy in AC caculations. Then the short circuit ratio can be calculated
from

SCR = —X

= (5-6)
IDN, con

where Py ¢on istherated power of the converter station. An alternative expres-
sionis

SCR = = (5-7)

M:\MAKERS\AVHAND L \weakac 22 Apr 2001



Chapter 5 HVDC supply to weak AC networks

with the network impedance z expressed in p.u. based on the rated active
power of the converter station.

Taking the influence of the filters and shunt compensation capacitors into
account, we find the effective short circuit ratio (ESCR) in the same way,

defined as:
SC_
ESCR = ——ﬁc—‘ (5-8)
I:.N, con
or aternatively
ESCR = - (5-9)
4

with the effective network impedance zg likewise expressed in p.u. based on
the rated active power of the converter station.

In this model, synchronous motors should be represented by their transient
reactance, due to the magnitude of the time constants present.

The phasor diagram for the circuit in Figure 5-1 will be as shown in Figure
5-2, where the phase angle ¢ o, Of the converter is given by:

cosy + cos(y + W) i
> (5-10)

$eon = acos

beon X2

|con

Figure 5-2 Phasor diagram for model of HVDC converter and net.
- 48 -
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If the network impedance is nearly inductive, as indicated in the phasor
diagram, there will be a voltage drop from the stiff source E to the converter

terminal voltage U. This voltage drop will increase with increasing need for
reactive power at the converter, while variations in active power per se have
minor influence on the terminal voltage. But variations in active power from
a line commutated converter inevitably cause variations in reactive power,
thus they indirectly influence the terminal voltage.

If we assume a converter operating at a typical constant extinction angle
y = 18° and having a relative inductive voltage drop (See Chapter 4)
d, = 0.075, there will be a need for a reactive power compensation

g. = 0.54 to have unity power factor towards the network at nominal oper-

ating conditions. If this converter is connected to a network with agiven short
circuit capacity, the terminal voltage can be calculated and plotted as a func-
tion of the DC current. This has been done for networks with varying SCR.
The result for a network with SCR=4.5 is shown in Figure 5-3. If thisHVDC
transmission system is controlled in the most usual way, to transmit constant
power around nominal operating conditions it is obvious that increasing the
current will increase the transmitted power. A simple controller will be suffi-
cient to keep the transmitted power constant. This network can be considered
as‘strong’ in this context.

If the transmission isconnected to anetwork with SCR=2.5, the results will
be as shown in Figure 5-4. Still, an increase in current from the nominal oper-

15 .
—u ; ; SCR: 415
e T S QC.084 ]
“"“RREH ESCR:§3.96
P
-
H —
H — ]
e — — .
0 P | 1 | |
0 05 1 15 2 25
Idc

Figure 5-3 Terminal voltage U and transmitted power P from a converter
connected to a strong network, as a function of DC current i 4.
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Figure 5-4 Terminal voltage U and transmitted power P from a converter
connected to a weak network, as a function of DC current i .

ating point will bring an increase in the power transmitted, but there is a
significantly reduced margin to the peak of the power curve. If the current is
increased beyond this point of maximum available power (MAP), the voltage
drop will be greater than the increase in current, and the power transmitted
will start to drop if the current is increased further. This network will be
considered weak, and the feasi bility of the HV DC transmission must beinves-
tigated closely.

If the network only has SCR=1.25, it may be that the nominal operating
point is beyond the MAP point, as shown in Figure 5-5. In this case, any
attempt to increase the power from the operating point by increasing the
current will lead to areduction of power transmitted, and the systemisclearly
unstable in the case of constant power control, which isapart of most normal
master control schemes for HVDC transmissions today [5]. In this context it
may be noted that it will be of no help increasing the rating of the HYDC
transmission, as the active power rating of thisisthe basisfor the p.u. values.
Anincrease of the rating will only decrease the ESCR twofold, first the SCR
value will decrease as the p.u. basis increases, and secondly the larger
converter needs more shunt compensation, thereby decreasing ESCR further.

The voltage drop is mainly due to the reactive power needed by the
converter. The apparently obviousway to try to remedy the problem of aweak
AC system would be to reduce this need by producing the reactive power
whereitisneeded, that iscloseto the converter. Unfortunately this also makes
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thingsworse. As can be seen from the expression for the effective short circuit
ratio (5-8), increasing the reactive compensation only reduces the effective
short circuit ratio. The reason for thisis that by increasing the compensation,
the source voltage can be correspondingly reduced, and hence the short circuit
capacity is reduced.

Fortunately there are some possibilities to solve the problem. It has been
assumed that the source voltage and network impedance will be constant
during the disturbance, while the voltage control of the system in reality acts
precisely through these parameters. If the power control is relatively slow,
compared to the voltage control system, the converter will operate in approxi-
mately constant current control during disturbances. A converter operated in
constant current control mode will be significantly more stable in case of
voltage disturbances as long as there is a control margin in the rectifier. So if
slow power control can be accepted, thiswill be helpful.

If slow power control cannot be accepted, or the voltage control systemis
not sufficiently effective, a ssmple, but usually not very practical solution is
to increase the ESCR of the AC system by more generation capacity, addition
of supply lines or installation of synchronous compensators, or by reducing
the power rating of the HVDC transmission. The installation of fast acting
voltage controllers on the commutation busbar is a better solution. A Static
Var Compensator (SVC) is such adevice that can compensate voltage devia-
tions fast. One study [18] indicates that by the introduction of SVCs on an

2 T I
LU ; ; ; SCR: 1,25

. : : : s
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I S AR H—

] S S — D0 SRR S S—
06| RN e—
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Figure 5-5 Terminal voltage U and transmitted power P from a converter
connected to a very weak network, as a function of DC current i .
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Figure 5-6 Terminal voltage U and transmitted power P from a converter
with y-control connected to a weak network, as a function of DC current iy.

offshore installation, the synchronous compensator rating could be reduced
from the usual 60 % of the transmission rating to approximately 25 %.

Stable operation can also be achieved by modification of the HVDC
control. Disregarding the slow tap-changers, the relation between AC- and
DC voltage is controlled by the inverter extinction angle y. Operating the
system at a fixed, minimum y control indeed gives the benefit of minimum
reactive power consumption, but the cost is lack of control capability. On the
other hand, acontrollable y givesincreased voltage control, at the cost of reac-
tive power consumption and some increase in valve ratings.

The weak network shown in Figure 5-4 has been recalculated with y-
control. The rated extinction angle yy has been set to 24° with an alowed
range of variation from 18° to 30°. The shunt compensation capacitor has
been increased to . = 0.59 in order to compensate for increased reactive
power demand, thereby weakening the ESCR further. The results of the cal cu-
lations are shown in Figure 5-6. Compared to Figure 5-4 thereis asignificant
improvement in the stability, seen asthe distance to the M AP-point. Addition-

ally the figure shows the variations of y (in radians). To smplify the
calculationsin thisexample, yiskept stable at 30° for currents below therated

current. Above the rated current, y is kept stable at y = y,;,, = 18°. Just
around the rated operating point, y varies from max to min., thereby control-
-52-
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ling the power transmitted by means of the DC voltage and the AC power
factor while the current shows little variation.

5.2 TEMPORARY OVERVOLTAGES

As seen from the curves presented in the previous section, load reductions
in a converter results in increased voltages before the voltage control of the
network manages to reduce the source voltage. The maximum voltages will

be the value of the voltage curve at | . = 0, which is the effective source
voltage Ege. For weak networks, the temporary overvoltages may reach as
high as 130 % or more, as seen from Figure 5-4/Figure 5-6, in this example.
The duration will last until the voltage controllers are able to regain control,

which normally may take many periods. |n comparison, the transient voltages
deviations allowed on an offshore oil installation will be +20/-15 %.

The values which are shown in the curves are naturaly only the
RMS value of the fundamental harmonic. If the voltages exceed the saturation
voltages of transformers etc., harmonic distortion can give considerably
higher peak values.

5.3 SUMMARY

In traditional HVDC systems the inverter normally operates in constant y-
min. control mode, in order to save reactive power, minimize transmission
losses and to minimize the inverter rating. The price isto give up one degree
of freedom in the control of the system. This, together with the normal oper-
ating mode, which is power control, of the master controller is one important
reason for the problems with HVDC transmission to weak AC networks.
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6 HVDC SUPPLY TO OFFSHORE
OIL INSTALLATIONS

In this chapter, the ssimulation tool for evaluation of HVDC transmission to
offshore oil platforms will be selected. Further, the models for electric
machines and drives from Chapter 3 will be put together with quasi-phasor
models for the other elements which together constitute the whole platform
network, to show a possible model for simulation of the stability of theHVDC
supply and the platform AC network.

6.1 INTRODUCTION

If an HVDC transmission isto be connected to a network, there must be a
certain short circuit ratio (SCR) present to avoid stability problems, as seen
from Chapter 5. The aim of supplying offshore oil installations with electric
power from land is precisely the opposite, to get rid of the power production
(and consequently the intrinsic SCR) on board. In the traditional case of
HV DC power supply to aweak network with low power production capacity,
SCR has been increased by means of synchronous compensators, usually with
a reactive power rating of about 60 % of the nominal rating of the HVDC
transmission. These have had the additional task of supplying inertia to keep
frequency deviationswithin limits. One study [ 18] have shown by simulations
that it is possible to reduce the size of the synchronous compensators to
approximately 25 % by introducing Static Var Compensators (SV C) with fast
voltage control.

These are, however, still too heavy synchronous compensator unitsto give
an economically feasible solution. The maximum that should be acceptedisa
synchronous machine that can serve the dual purpose of essential generator at
start-up and in case of faults, and synchronous compensator in normal opera-
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tion. The size of this generator will in many cases not be more than in the
range of 10 % of the normal power requirements. On the other hand, the
requirements for the frequency stability are not as high as on land. The regu-
lations [2] demand the frequency variationsto be kept within £5 % stationary
and £10% transiently. The voltage is allowed to vary within +2.5%
stationary and +20/-15 % transiently at the largest normal load switching. If
these limits are fully utilized, it might be possible to keep the system stable.

6.2 SIMULATION PROGRAMS

The simulations to be performed in order to decide the possibility of
keeping the system stable can be performed in several ways, with varying
degrees of exactness. The basic difference is between methods based on
instantaneous values, and methods based on average values, like phasors. The
event which is of interest in this case is network stability of frequency and
voltage, with a typical time span in the range of seconds. Thus simulation
methods based on instantaneous val ues, while more exact, will give too much
information that is not really needed, thus clouding the relevant results. These
methods al so require too much simulation time and resourcesto befeasiblein
this case.

Phasor calculation, on the other hand, is formally a representation of
constant sinusoidal values. If, however, the changes in current, voltage,
impedance or frequency are slow compared to the system frequency, the
errors arising from a quasi-stationary calculation are negligible. One must
keep in mind that the results are only correct for the fundamental harmonic,
the influence of higher harmonics must be investigated separately. Phasor
calculation requiresthe possibility of complex calculations, or at least parallel
processing of real and imaginary parts of complex numbers.

There are several possible programs which are more or less suited to
perform the simulations required. Those immediately available in the Depart-
ment of Electrica Power Engineering at NTNU at the start of this project

Were:

. Matlab with Simulink
. KREAN

. EMTP

. EMTDC

. SIMPOW
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. EDSA

Of these, SIMPOW and EM TP operate by instantaneous values, giving an
precision that is not required in thisfeasibility study. SIMPOW isalso ableto
simulate time-varying phasor-values, while EMTP is only able to calculate a
stationary starting point. Additionally our experience is that both have fairly
high entrance thresholds, requiring moretime for learning than could be spent
in this case. EMTDC was very recently acquired, and still under evaluation.

KREAN iswell known by us and has areasonably low threshold, but, like
EMTP, it isbased on instantaneous values. The computing time and resources
required for long time domain analysis of complex three-phase circuits will
quickly become prohibitive. At present it does not have the ability to operate
with complex numbers, making it unfit for phasor calculations. EDSA is a
fairly easy accessible simulation program, but it seems to lack the necessary
modules for simulation of modern power electronics in power utility context.

Matlab with Simulink is a well known, simple and efficient simulation
program, whichiseasy tolearn. Itiswell suited for phasor-based simulations,
asitisrelatively easy to implement the parallel processing of real and imagi-
nary parts.

In this work, Matlab with Simulink was selected as the tool for the smu-
lations based upon aquasi stationary model related to phasors, while KREAN
was used for control simulations in order to verify the ssmpler model, and in
other cases when atime domain simulation is required.

6.3 SIMULATION MODEL

The system to be ssimulated is shown on Figure 6-1. All loads are connected
to the main busbar.

The model could consist of the following elements:
6.3.1 Distributed load behind transformers

Thiswill sum up to approximately 30 % of the total power on the platform.
From this 1/3 can be stipul ated as heating and light. Thisload can be regarded
as frequency independent, with voltage/power relationship:

p = ku? (6-1)
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Figure 6-1 Model of HVDC supply to an offshore oil-installation.

The remaining 2/3 of the load can be stipulated as * small motor’ load, practi-
cally exclusively pumps/fans with square speed/torque characteristics, which
gives the frequency/power relationship:

p = kI (6-2)

Thisload is practically voltage independent. The inertia of these motors will
be disregarded.

6.3.2 Rotating largeinduction motor load

This will constitute of approximately 20 % of the total load on the plat-
form. These motorswill be powering the large pumps and compressors on the
platform with square speed/torque characteristics. These motors will have
relatively small deviations from nominal dip and can be described by clas-
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sical linearized models around nominal load. The relevant equations are
found in Chapter 3 to be:

dWpe ( Py WmekN

2
— —d_ -2
i = (o) 20

a

0pN [(wel B (*)mek)

2
Py = Re(sy) = 200" [k, Ongy O > > (3-24)
(*)el[opN + (wel _(*)mek) ]
and
2 (wel B (*)mek)z
Og = Im(sy) = 2 U Ok, gy O > > (3-29)

(*)el[opN + (wel - (*)mek) ]
6.3.3 Motor to be started

Thisis assumed to be alarge induction motor constituting approximately
10 % of thetotal load. Asthismotor hasto run through the whole speed range
from standstill to norma dlip, the ssimple linear model is not sufficient.
Instead, the best alternative is to make use of typical speed/torque and speed/
current curves for relevant motors. Based on these curves, active and reactive
power can be calculated as shown in Chapter 3:

2 Wmek
= u n(——
P wel

) Loy (3-26)

uy,

and

2
e

u, el

2
) [b-)elj (3‘27)

u,

2 . Wmek
g=u0 (I(
\/ Wey

Together with the speed/torque equation (3-20), these equations describe the
motor during start-up, also during varying voltage and network frequency.
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6.3.4 Adjustable speed drivesload

This will constitute of approximately 40 % of the total load on the plat-
form. Thistype of load may in some cases be rectifiers powering DC motors,
but consist mainly of current source converters today, powering adjustable
speed synchronous motors. The rating of voltage source converters are
steadily growing, and this type of converters will probably be dominating in
the future. As the motors powered by a frequency converter always will run
with a controlled speed independent of the network frequency, the load is
frequency independent. By normal control, current source converters and
rectifiers draw a constant active power from the network at a given point of
work, independent of both frequency and voltage, while the reactive power
varies with the network voltage. The equations are given in Chapter 3:

and

U = 3y A/ Uy, — U, Ccosal,” (3-52)

At line voltages below a given level the current source converters are no
longer able to maintain the termina voltage of the motors. Normally they
maintain operation in the torque control mode while the speed is allowed to
drop with the voltage for another voltage span, until finally they are discon-
nected at a minimum voltage. In this low-voltage range, current source
converters act as a constant current load on the network, with a displacement
power factor near 1.

Voltage source converters do not normally control the voltage of the
voltage link, they are in fact often equipped only with a diode rectifier. Thus
they draw a constant active power load from the network with a displacement
power factor closeto 1.

Adjustable speed drives may be equipped with additional control features
acting with automatic load reductions at large disturbancesin the network, but
thiswill not be included in this modelling.
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6.3.5 Harmonicfilters

These will be passive tuned filtersfor harmonic cancellation. They will act
as shunt capacitors for the fundamental harmonic. They will supply reactive
power according to

q=u [(w 1[c ~wy ) (6-3)

el

6.3.6 Static Var Compensator

Thiswill be modelled as a controlled source supplying the necessary reac-
tive power. This source must act together with the filters to avoid resonance
phenomena or other adverse effects.

6.3.7  Synchronous compensator

This is assumed to be an ordinary synchronous machine with transient
reactances. In Chapter 3, the following equations were found, which are valid
for a synchronous machine in a network where mechanical as well as elec-
trical frequencies may vary.

N . . Xad .
Ug+ WyXgig—Talg— X (Ug—rig)

d . _
Uy — W (Xl g+ X qie) =i
dd iq - 9 m( d'd ad f) a'q (3_35)
wyat Xq
Xq(Ue—reie) =X q(Uy+ @ X i —T i
d if — d(f ff) ad(’d m”q'q ad) (3—36)
w,dt Xq' X
p = ugly+uy, (3-40)
0 = uglg—ug g (3-41)
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t
B = [(wy—Wpedt+ By (3-43)
to
2
my DTaE%TE—D Dcclj—[t3 = my—m (3-39)

One of the purposes of the simulation isto determine the necessary size of
this machine in order to keep the system dynamically stable within the
requirements of the regulations [2] regarding frequency and voltage
variations.

6.3.8 HVDC transmission

The current flow through an HVDC transmission line was found in
Chapter 4 to be:

3
diy  Udio,r LEOSO —Ugig  LEOSY — 2 L{X r =00 Ly ) Hg

at (2l *+ 2 + 19 (4-10)

By proper selection of base valuesitisachievedthat uy,, = u, andiy = i, .

This only describes the power part of the transmission. The control part is
expressed through expressions for a and y. The tap-changer control will be
disregarded in this context, as this control is acting too slow to be of any
interest for stability purposes. The control part will be treated below.

6.3.9  Supply network with filter circuitson land

The supplying network can be modelled as a Thevenin equivaent,
consisting of a gtiff voltage source and an inductive series impedance. If the
filter circuits on land are incorporated with the series impedance, the total
impedance will reflect the effective short circuit capacity of the network with
filters. If the filters are modelled separately as shunt capacitors, the Thevenin
equivalent reflects the proper short circuit capacity of the network. As this
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study does not aim at the events on land, the simplest model is chosen, and the
filters are incorporated in the Thevenin equivalent. The effective series
impedance must be added to the leakage inductance of the converter trans-
former to form the total commutation inductance of the converter.

6.3.10 Control of HVDC transmission, SVC and synchro-
nous compensator

Traditional control has been to keep y constant at Vi, and control o to keep

constant power flow or sometimes a constant current flow. If this HVDC
transmission is going to supply an offshore installation, the first extension of
control would beto control the power flow by meansof controlling a to match
the power needs on the platform. This will require measurements on the plat-
form and a certain amount of calculationsto be performed before the need for
power can be transmitted to land. The calculations can be performed quickly
using the calculation tools available today, but some time is inevitably
required to transmit the signals to land and verify them. An estimated typical
time lag will be in the magnitude of 20 to 30 ms[21].

The interaction between the HVDC transmission, supplying active power
while consuming reactive, and the SVC, supplying reactive power needed
both by the transmission and the consumers on the platform has to be
analysed. A very efficient way of decoupling active and reactive power isto
apply d-g-transformation of voltage and current and control active and reac-
tive power independently on thisbasis[31]. To simplify the simulations, and
also dueto the dower voltage controller of the synchronous compensator, this
will be kept on a constant magnetization, and mainly act as inertia in the
system.

6.4 SUMMARY

This chapter has shown the reason to choose Matlab with Simulink as the
tool for my simulations. Further it has discussed quasi-phasor models of most
of the elements that constitute the HVDC transmission and platform network
to be used in a complete model of the whole system. But the further work
brought forth so many other interesting aspects that the simulation of the total
system never was completed. This will have to remain to another thesis, but
in my opinion it certainly should be done.
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4 ANALYSIS OF A NETWORK
WITH AN RC LOAD

In this chapter we shall initially investigate the fundamental behaviour of
an inverter feeding power into a passive network consisting of resistors and
capacitors. It will be shown that in a system with fixed firing delay time and
fixed DClink current, both voltage and frequency will vary if either resistance
or capacitance is changed. The sensitivities of frequency and voltage for
changein network parameters, aswell asfor achange in firing delay time are
found. The concept of relative sensitivity isintroduced and the relative sensi-
tivities are discussed. Especidly it shall be noted that there is a positive
sensitivity in frequency with regard to changein load, represented by network
conductance. This implies a possible instability for all types of load which
increase by frequency, like motors.

Further, a base case inverter is analysed for small signal sensitivities, and
an example system where voltage and frequency are controlled by means of
variations in network capacitance and firing delay time is simulated. The
simulations are performed both in a quasi-phasor model and a time domain
model. Both models give the same results, and show that this type of control
is possible, as well as confirms that quasi-phasors are a useful way of
modelling.

7.1 INTRODUCTION

In order to analyse the behaviour of low inertia network when supplied
from an HVDC inverter, the frequency sensitivity of the networks must be
found. This will be done by starting with a simple RC load on the inverter.
Then the capacitor size and the firing delay timewill be controlled in order to
stabilize the frequency and voltage. Finally a synchronous compensator will
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beintroduced to add inertiato the system. The aim of the KREAN simulations
is primarily to verify the proposed model and quantify the reactive power
needed by the inverter.

It may be helpful to start with some very elementary conditions to clarify
the approach to the model that will be developed. In any network there has to
be maintained a balance between produced and consumed power, active as
well asreactive. If there is balance between produced and consumed reactive
power,

Qproduced ¥ Qeonsumed = 0 (7-1)

the sum of inductive and capacitive susceptance in the network hasto be zero.
Both these parameters are frequency dependent, but they can be expressed by
means of the frequency and the frequency independent parameters capaci-
tance and inductance.

. 1 :
|wc+ﬁ-0 (7-2)

If the balance is disturbed by a change in capacitance or inductance, the
only possibility to regain the balance isto allow the system to oscillate with a
new resonance frequency.

W= —— (7-3)

It must be noted that in the case of active components, like inverters, the
capacitance and/or inductance may be voltage dependent. Thus the frequency
may vary with the voltage. In general, any load disturbance in a network can
be regarded as a change in the network impedance.

7.2 UNSTABILIZED RC NETWORK FED BY
LINE COMMUTATED INVERTER

7.2.1 Unstabilized systems

Line commutated converters need reactive power in order to perform
commutation. That makesthem look like equivalent inductors to the network.
If the rest of the network is able to supply reactive power, looking like an
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equivalent capacitor, therewill be a stable oscillation with frequency given by
(7-3). In order to see how such a system will behave, with smple simulations,
the model shown in Figure 7-1 is established. The network is represented by
aresistor R and capacitor C in parallel. The resistor represents al the active
load in the system. The capacitance represents the net surplus of reactive load.
A parallel connection ischosen, asthisisthe closest representation of theload
in paralel withfiltersand parallel compensating capacitors which isthe usual
configuration.

For simplicity, the converter is a simple 6-pulse thyristor bridge inverter,
while in redlity the inverter will certainly be 12-pulse. The commutation is
considered ideal and the DC current |4 iswithout ripple and kept constant. In

the following, the consequences of changing the firing delay time of the thyr-
istors will be analysed.

The analysis will be performed in absolute values, in order to avoid the
problems of defining suitable base values.

An inverter requires reactive power from the AC system it supplies. Thus
the inverter can be described as an active source in parallel with a reactive
load. The active and reactive fundamental power drawn from the AC network
are given by:

P = ./3U,l,cosa (7-4)
Q = J3U,l sna (7-5)
(L)
Converter
PN

= 4=

Figure 7-1 Model of simple capacitive load fed by inverter, and its equivalent
impedance model. Power consumption is defined positive and production
negative.
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The relationship between the fundamental RMS AC current and smooth
DC current in a 6-pulse thyristor bridge inverter is

/6
l, = = Oy (7-6)
The voltage relationship is
Uy = ?’—fuv [osa (7-7)

The resulting frequency is unknown, consequently the firing delay angle is
also unknown. Therefore we select the firing delay time At as parameter for
the following analysis. From the firing delay time At and the unknown period
time T we get

a = A?tmzn = At (7-8)

Combining (7-6), (7-7) and (7-8) with the active power balance gives, when
disregarding the harmonics:

Py = lg0Ug = Iy 53—qu Ccos(At W) = —U2G = —P, .y (7-9)

The minus sign arises from motoric references with the system operating in

the 2nd quadrant and the DC voltage being defined negative in inverter oper-
ation. The conductance description is chosen to better suit parallel connection
of loads later. Solving (7-9) gives:

cos(At 1) = —¥ L 13 (7-10)
lg 3.2

The fundamental reactive power balance gives:

: 342 :
Qv = ~3l,U,sna = Tf 04U, sin(At [w) = Us [C = —Qpad
(7-11)
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which gives:
sin(At (W) = HaT e (7-12)
lg 3.2
Dividing (7-12) with (7-10) gives
tan(At (ko) = —%9 (7-13)

This equation cannot be solved to find w as an explicit function of At, but
At can be found as a function of .

atan (_(JO_C)

G
At

" (7-14)

where

s

<At<
2()\)_At_

(7-15)

N =

in inverter operation

Inserting (7-14) into (7-10) givesthe resulting AC voltage as:

u, = 342 EIdD———l—— (7-16)

v 1! /Gz + (ooC)2

Inserting (7-16) into (7-9) gives the corresponding DC voltage:

Uy =

2
ug G 2
U G _ _(S_ﬁ) 02— (7-17)
lg T G+ (wC)

Base Case Example:

To giveanumerical exampleabase caseisdefined. Thiswill beaninverter
with rated power 100 MW. Nominal operating frequency is 50 Hz and
nominal extinction angley is 20°. Commutation is considered ideal, which is
a common simplification when studying the principal operation of a
converter. Then an extinction angle y of 20° is equivalent to afiring angle of
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160°. The nominal operating voltage is 120 kV. The rest of the data appear

from Table 7-1.
Table 7-1 Main data of base caseinverter.
Inverter nominal power rating at 50 hz 100 MW
Inverter nominal firing angle a at 50 hz 160°
AC nominal voltage at 50 hz 120 kV
AC nominal current 512 A

Inverter nominal reactive power rating at 50 hz 36.4 MV Ar

AC network equivalent resistance, per phase 144 Q
AC network equivalent capacitance, per phase 8.05uF
DC current 657 A
DC nominal voltage -152.3 kV

Inserting these valuesin (7-14) and solving gives the relationship between
frequency f=2rtwand firing delay time At shown in Figure 7-2, where the axes
have been exchanged to depict frequency as function of firing delay time. In
order to prove the mathematics to be valid for the whole inverter range, the
calculation aims to establish the limits for firing angles near 90° and 180°,

f [Hz]

10 “F

8.89

50

10 ’ 1 0 1
10 ° 10 10

10 °
At [ms]

Figure 7-2 Frequency as a function of firing time delay for the circuit in
Figure 7-1.
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o [0] 180

170 -

160 [~ 160 -

150 [~ -
140 =
130 -
120 -

110 -

100 -
8.89
% '

10 * 10 ° 10}

10 °
At [ms]

Figure 7-3 Resulting firing delay angle for the circuit in Figure 7-1, calcu-
lated from the frequenciesin Figure 7-2.

giving a wide frequency range. Naturaly, it is only the frequency range
around 50 or 60 Hz which is of practical interest.

The resulting firing angle can be calculated using (7-8). The result is
shown in Figure 7-3. The resulting AC and DC voltages can be calculated
from (7-16) and (7-17). Theresults of thisare displayed in Figure 7-4. Ascan
be seen from the curves, afrequency of 50 Hz corresponds to a delay time of
8.89 msand afiring angle of 160° as was presupposed. Furthermore, feeding
aDC current of 657 A, corresponding to afundamental current of 512 A into

UV‘ Ud x 10
15

1F 1.20x10° .

05 r 7

-0.5 r 7

| -1.52x10°

Uqg

2
10 * 10 ° 0} 10°

At [ms]

Figure 7-4 AC and DC voltagesin the circuit of Figure 7-1 asfunctions of the
firing delay time At
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the network at 50 Hz gives the line voltage of 120 kV and DC voltage of
-152 kV, as expected.

Figure 7-2 shows that the frequency decreases by increasing firing delay
time, while Figure 7-3 shows that the resulting firing angle increases from
near 90° at short firing delay times to near 180° at long firing delay times.
Figure 7-4 shows that the absolute values of the AC and DC voltage increase
from near zero at short firing delay times to above nominal values at long
firing delay times.

The physical explanation is that at high frequencies the capacitive part of
the network practically short-circuits the fixed current. The AC voltage drops
and only a small amount of active power is consumed. The power factor is
closeto zero, capacitive. To provide balance of active and reactive power the
inverter has to have a power factor closeto zero, inductive, i. e. afiring angle
near 90° and a short firing delay time. But the firing delay time cannot be
shorter than somewhat more than a quarter of a period, thus when the firing
delay time decreases further, the frequency must increase correspondingly.
Contrary, at low frequencies the capacitive part aimost disappears. The
network seems purely resistive, forcing the inverter to a firing angle near
180°. But the firing delay time cannot be longer than somewhat less than a
half of a period, thus when the firing delay time increases further, the
frequency must decrease correspondingly.

The basic circuit in Figure 7-1 has been modelled in KREAN and ssmu-
lated to verify if the simple mathematical model based on RM S-values of the
fundamental harmonic is acceptable. The simulations were performed by
setting the AC circuit in oscillations by means of athree-phase voltage source
with frequency and amplitude equal to the calculated at the point to investi-
gate. When the circuit has started to oscillate, the voltage source is
disconnected and the circuit |eft to stabilize. As can be expected, the resulting
voltage is rather distorted, and the zero crossing of the voltages, giving the
natural commutation points, differs from those of the fundamental harmonic.
This amountsto a shift in the firing delay time, resulting in afrequency devi-
ating from the expected. To correct this the voltages have to be filtered
through a phase-locked loop, and the firing delay time has to be measured
from the zero crossing of the filtered voltage. The phase locked loop was
designed to give voltagesin phase with the fundamental of the phase voltages.
The current and voltage forms at approximately 50 Hz are shown in Figure
7-5 and Figure 7-6.

The results of the KREAN simulations have been post-processed in
Matlab. The real firing delay times corrected for the error due to the phase
locked loop have been determined. The resulting frequenciesand RM S values
of the fundamental voltage based on Fourier analysis, as well as the phase
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f [HZ]

10 [

8.92

10 °F 4

10 °F 4

49.82

10 ! -1 0 1 2
10 10 10 10

At [ms]

Figure 7-7 Frequency asa function of firing time delay in KREAN simulation,
compared to computed values.

angle between voltage and current as a measure for the firing angle have been
compared to the theoretically calculated values in Figure 7-7, Figure 7-8 and
Figure 7-9, where the KREAN results are presented as crosses.

The agreement is quite good. These simulations show that thereisaunique
relationship between firing delay time, frequency and voltages for a given
circuit. The relationship is described by (7-14), (7-16) and (7-17) with good
accuracy. A model based on these equations will probably give satisfactory
results for the problem under investigation.

o [°]

180

170 [~ / I
159.9

160 [~

150 - n

140 =

130 -

120 -

110 -

100 -
8.92
% '

10 * 10 ° 10

10’
At [ms]

Figure 7-8 Resulting firing delay angle for the circuit in Figure 7-1. Results
from KREAN simulations compared to computed values
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Uy,Ug
x 10
15 T
o UV
.| 1.207x10° i
05 r n
| 8.92 |
0
-0.5 N |
-1 I =
L. |-1.546x10° |
— 0,

2 -1 0 1 2
10 10 10 10

At [ms]

Figure 7-9 AC and DC voltagesin the circuit of Figure 7-1. Results from
KREAN simulations compared to computed values

7.2.2  Sensitivity of frequency and voltagefor variationsin
load

A basic question in a circuit where the real load consists for a very large
part of rotating machines is how the frequency behaves for a change in the
load. If, for instance, the frequency drops when the load is reduced it leads to
a speed reduction in the machines. This will, in turn, lead to a further load
reduction, leading to afurther frequency reduction, and so thereis clearly the
possibility of an unstable situation. The same will be the case if the voltage
dropsfor aload reduction. It is necessary to find the sensitivities of frequency
and voltage for a change in load conductance.

The dependence of the frequency of the load conductance is given impli-
citly in:

tan(At () = ‘%C (7-13)

and the dependence of the voltage of the load conductance is given in:

3.2 1
U, = 040 (7-16)
v T /Gz N (ooC)2
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Partial derivation of these equations with regard to conductance G will
show how angular frequency w and voltage U,, depend on the load. (7-13) is
animplicit equation, but partial derivation on both sides and performing some
algebra gives the result. For the partial derivative of the angular frequency
with regard to the load conductance we rewrite dlightly and get:

d _ 0
E[Gtan(Atoo)] = E(—ooC) (7-18)
tan(Atw) + &2 Eg%) = —ng (7-19)
cos(Atw)
dw _ _ —tan(Atw) :
0G GAt +C (7-20)
cos(At Eb))2
By application of (7-13) to eliminate C this can be rewritten as:
0w _ —tan(Atw)
— = (7-212)
oG &2 — C—;tan(Atoo)
cos(At [tw) @
Thisreformsto:
2
0w _ —tan(Atw) cos(At [W) . Eg (7-22)
G Atw- tan( Atw) cos(At [tw)

which, by application of some sine and cosine manipulation, simplifies to:

dw _ __—sin(2Atw)
G  2Atw—sin(2Atw)

(7-23)

In inverter operation gs Atw<s 1t and sin(2Atw) <0 . Thusboth

the numerator and denominator of (7-23) is positive. The conductance and
frequency is defined positive. Therefore the sensitivity of the frequency is
positive for a change in load conductance. This means that an increase in
conductance, which is equivalent to an increase in load, leads to arise in
frequency. In the case where the load is frequency dependent, like rotating
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machines, this implies a possibly unstable situation, which perhaps may be
solved by a controller. As it later will appear that the situation really is
unstable, this entitles a closer investigation in the next section.

For the voltage we have:

o, 3 (3[2 1 ]
— = =0, 0—— (7-24)
0 0G| T /Gz+ (ooC)2
which can be devel oped to
3.2
Yy _ T 9 G2+ (wC)] (7-25)
3
0G 2( /G2+(00C)2) 0G
and further to
320 1264+ 200222
Yy __m oG (7-26)
Y = > > .
9G  JG%+ (wC)?\2[G" + (wC)’]

The part outside the parentheses can be recognized from (7-16). Following the
insertion of (7-23), this can be smplified to:

2 2 sin(2Atw)
u, U, DG ~(@C) (ZAtoo—sin(ZAtw)) 227
oG G [G + (wC)?]

Insertion of (7-13) and application of some sine and cosine manipulation
gives:

Uy
[k; (7-28)

G 20tw — sin(2Atw)

oy, _ Atw(1 — cos(2Atw))
5 = 1- )

Ininverter operation the conductance is defined positive and then (7-28) is
negative when the expression inside the parentheses is positive. This is the
case when

Atw > tan( Atw) (7-29)
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which is aways fulfilled in inverter operation, because Atw>0 and
tan(Atw) <0  inthe 2" quadrant.

Ininverter operation, the sensitivity of the voltage is negative for a change
in load conductance. This means that an increase in conductance, which is
equivalent to an increase in load, leads to afall in voltage, which counteracts
the load increase. This indicates an inherent stable situation. But also here a
controller will be required to keep the voltage within required limitation. The
design of the controllers will be discussed later.

7.2.3 Physical analysis of positive sensitivity of frequency
for variationsin conductance

In order to understand why the frequency increases when conductance
increases, a number of KREAN simulations were performed. In this section
we will consider resistance instead of conductance, as this is the way in
KREAN. In the first case an inverter with time controlled thyristor firing
pulses was feeding the RC load from the base case numerical example. By
means of time controlled thyristor firing pulses the frequency of the AC
current is locked. The frequency of the voltage was registered as previousy
described, as the mean value of the inverse of the time between the last regis-
tered zero crossings of the line voltages. Theresultsare shownin Figure 7-10,
Figure 7-11, Figure 7-12 and Figure 7-13. Figure 7-10 gives an overview of
the simulation. The system is started in the usual way by means of auxiliary
voltage sources, thisis omitted in the figure. At timet=0.2 s, the resistance of
the load was increased to the double value. After allowing some time for the
system to stabilize, the load capacitance was reduced to half the value at time
t=0.35 s. When the resistance increases, the voltage rise. This is because the
system is powered by acurrent source. The RMS current in the capacitor rise,
due to the increased voltage. Thus the RMS current in the resistor is
decreased, and the RM S voltage rise does not get as high as the increase in
resistance would imply. It can also be seen that the increase of current in the
capacitor fallsin thefirst part of the half-period, thus shifting the phase of the
fundamental of theresistive current backwards. The phase voltage of the load
isin phase with the resistive current, and thusis also shifted backwards. This
phase shifting is registered by the frequency measurement as a passing dip in
frequency.

When the capacitance is reduced, the opposite takes place. The capacitive
current is reduced, leading to increased resistive current in the beginning of
the half period and a phase shifting of resistive current and voltage forward.
This phase shifting is registered as atransient increase in frequency.
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Figure 7-10 Phase voltage, capacitor current and inverter current in phase
R, and system frequency based on line voltages. Resistanceis doubled at time
t=0.2 sand capacitanceis halved at time t=0.35 s. Time controlled firing
pul ses.

Figure 7-11 shows a blow-up of inverter current i R-phase and the phase
voltages of the load, together with their fundamentals, before the resistance is
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Figure 7-11 Phase voltages in RST and inverter current in phase R, together
with fundamentals, before resistance is doubled at timet=0.2 s. Time
controlled firing pul ses.
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Chapter 7 Analysis of a network with an RC load

increased. The system is operating with nominal values of DC current, resist-
ance, capacitance and frequency. The figure depicts that the voltage and
extinction angle also take on nominal values.

The situation after the increase in resistance, but before the decrease in
capacitance is presented in Figure 7-12. The duration of the half period isthe
same, given by the time controlled firing pulses. But the voltages have shifted
backwards in phase, thereby decreasing the firing delay time and increasing
the extinction angle. The magnitude of the voltage has increased, and the
shape has shifted somewhat. Thisis better seen in Figure 7-10.

Finaly, in Figure 7-13 the situation after reduction of the capacitance is
shown. Thisfigure is quite similar to Figure 7-11, except that the voltage is
doubled. The reason for thisis of course that by doubling the resistance and
halving the capacitance the real and imaginary part of the impedance are
changed in the same scale, keeping the phase angle constant.

Then the simulation was repeated, but thistime the frequency was allowed
to vary, while the firing delay time was kept constant. An overview of the
simulation after the initial start-up is shown in Figure 7-14. The situation
before the increase of the resistance is identical to the previous simulation
shown in Figure 7-10. When the resistance is increased, the same phase shift
and transient dip in frequency occurs. But now there is a phase difference
between the actual voltages and the phase locked loop which is the reference
for the firing pulses, which forces the PLL to start reducing its frequency.
After atime delay, which partly consists of the firing delay time and partly of
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= TS50 01540 0550

0.335 0.345

Figure 7-12 Phase voltages in RST and inverter current in phase R, together
with fundamentals, after resistance is doubled at time t=0.2 s and before
capacitance is halved at time t=0.35 s. Time controlled firing pul ses.
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Figure 7-13 Phase voltages in RST and inverter current in phase R, together
with fundamentals, after resistance is doubled at time t=0.2 s and capaci-
tance is halved at time t=0.35 s. Time controlled firing pul ses.

the delay in frequency measurement, the changed frequency also appearsin
the measured frequency. Correspondingly, when the capacitanceis decreased,
thereisfirst a phase shift leading to a transient frequency rise, just similar to
the previous ssimulation, and then secondly the PLL increases the frequency
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Figure 7-14 Phase voltage, capacitor current and inverter current in phase
R, and system frequency based on line voltages. Resistanceis doubled at time
t=0.2 sand capacitanceishalved at timet=0.35 s. Constant firing delay time.
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of the system back to theinitia value. When the system has stabilized again,
the situation isonce moreidentical with the previoussimulation. The situation
before the capacitance is decreased is shown in Figure 7-15. The shape of the
curves is quite smilar to the situation in Figure 7-12, but the frequency is
reduced. The extinction angley is not exactly the same, thisis due to the fact
that the frequency is reduced and thus the imaginary part of the impedanceis
somewhat greater.

The different situations can be described by phasor diagrams as shown in
Figure 7-16. In all the diagrams the inverter current is chosen as real and
constant. Diagram 1) shows the initial condition, asin Figure 7-11. Diagram
[1a) shows the situation with double resistance and time controlled firing
pulses, asin Figure 7-12, while diagram I1b) shows the situation with double
resistance and constant firing delay time, as in Figure 7-15. Angular
frequency w2b islower than w0. Therefore the capacitive current Ic2b isless
than Ic2aand consequently the phase angle $2b islessthan ¢2a. Diagram 111)
shows the situation with double resistance and half capacitance, asin Figure
7-14. Currents, frequency and phase angle are asin the initial situation, while
the voltage has been doubled.

It should be noted that these simulations of course do not represent real
situations, they are performed to clarify what happens when the system para-
meters, like resistance, are varied under different conditions.
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Figure 7-15 Phase voltages in RST and inverter current in phase R, together
with fundamentals, after resistance is doubled at time t=0.2 s and before
capacitance is halved at time t=0.35 s. Constant firing delay time.
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Tlm | Re

o1

Figure 7-16 Phasor diagrams for inverter feeding RC load
1) Initial condition, R=Ry, C=Cy, w=w0, At=Aty;.
[1a) Constant frequency, R=2Ry, C=Cy, w=w0.
I1b) Constant firing delay time, R=2Ry;, C=Cy, At=Aty.
[11) End conditions, R=2Ry, C=0.5Cy;, w=w0, At=Aty.

7.2.4  Sensitivities of frequency and voltage for variations
in firing delay time and network capacity

In the real world a basic requirement to a power supply isto keep voltage
and frequency within limits given by norms and specifications when the load
varies. The analysis in Section 7. 2. 1 indicates that this can be done by
controlling firing delay time and network capacity to keep the frequency and
voltage constant when the load varies. A variation in network load can be
regarded as avariation in network conductance. In order to find the necessary
capacitance and firing delay time to keep voltage and frequency constant we

-84-

M:\MAKERS\AVHANDL \rcload 22 Apr 2001
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can solve (7-16) to find the capacitance as a function of conductance with
angular frequency and voltage as parameters, which gives:

)

Wy

(7-30)

The required firing delay time is given by for instance (7-10), which can
be transformed to:

acos( v.N D??g—é EG)
At = d (7-31)

The variables to be controlled are the voltage and frequency. The para-
meters which are controllable are firing time delay and net network
capacitance. In order to determine the most efficient control strategy it is of
interest to determine the sensitivity of the frequency and voltagefor variations
in firing delay time and network capacitance. Thisis done by partial deriva-
tion. The equation best suited for partial derivation of the angular frequency
is(7-13). Thisisan implicit equation, but partial derivation on both sides and
performing some algebra gives the result. For the partial derivative of the
angular frequency with regard to the firing delay time we get:

d _ 0 ( wC
9 tan(Btw) = m(‘E) (7-32)

1 ( 0w Cow
—_—|wt M| = —=— (7-33)
cos(Atoo) 0A GoAt
(%*’-t - —— m) (7-34)
At + = Ebos(Atoo)2

G

By application of (7-13) and some sine and cosine manipulation we get:

0w _ —2Atw )
At ~ 2Dtw- Sn(2htw) At (7-35)
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In the same way we find for the partial derivative of the angular frequency
with regard to the network capacitance:

0 _ 0 wC
2 tan(ate) = _C(_E) (7-36)
1 0w 1 0w
—— At = —=(w+C3= (7-37)
cos( Atoo) oC G( ac)
3 —g cos(Atoo)2
C - c (7-38)
At + G cos(Atoo)2
Inserting (7-13) and sorting gives:
0w _ tan(Atw) cos(Atoo) EE (7-39)
oC ~ Atw — tan( Atw) cos(Atoo)
which by sine and cosine manipulation gives:
l 0w _ sin(2Atw) (7-40)

0C ~ 2Atw-— sin(2Atw)

The best starting point for the partial derivative of the voltage with regard
to the network capacitance is (7-16), we have:

WMy [3—ﬁ 0 D;J (7-41)
aC ~ aC 62+ (w0)?

aUv 3«/2 0 1 :
oC ( T Dd)% 2+ (wC)? (-42)
3.2 .
ouU T —d 0w
Y = [PwClw+C (7-43)
oC 5 A/(GZ+(00C)2) ( ac)
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Inserting (7-40) and sorting we get:

3.2 2 sin(2Atw)
ou, g Do (©C) (1 ¥ Atw— sin(2Atoo))
= 0 (7-44)

oC G2+ (wC)? C(G”+(wC)?)

We recognize the first part from (7-16) and get, by application of (7-13) and
some sine and cosine manipulation:

oy, Atw(1 — cos(2Atw)) Uy,
= : = 7-4
oC 2Atw—sin(2Atw) C (7-45)

To find the partia derivative of the voltage with regard to the firing delay
timeit is best to start by rewriting (7-10):

lq
u, = §—“[-26003(&(») (7-46)
aUv f d
= m{ 2 cos(ate)) (7-47)
oy, 3,2l4 0w
i —n—asn(Atw)(Qﬁ Ata—A_t) (7-48)

By inserting (7-35) and sorting, together with some sine and cosine manipu-
lation, we get

ou, 3[2 2sin(Atw)?
oAt cos(Atw) Shtor— sin(2Atw) w (7-49)

Thefirst part is recognized from (7-46)

oy, 23in(Atoo)2

at - Vv oate- sin(2atw) (7-50)
oU, _ Atw(1- cos(2Atw)) Yy

At~ 2Atw-—sin(2Atw) Unt (7-51)
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The found sensitivities indicate how the process responds to small varia-
tionsin the controllable parameters. They will be used later in the design of a
simple controller for the system.

7.2.5 Relative sengitivity

In order to be ableto compare the sensitivities of the frequency to the sensi-
tivity of the voltage it may be meaningful to define a relative sengitivity, that
is the variation of a variable divided by the variable itself, for a relative
disturbance.

oy [3)4
= = f(x,y,2)— 7-52
il O (7-52)

It must be noted that thisrelative sensitivity is not to be regarded as p.u. sensi-
tivity. It is based on the values of the parameters immediately before the
disturbance, not on the p.u. reference values.

The relative sensitivity of the frequency for a relative disturbance in the
load is, from (7-23):

(3]

W —sin(2Atw)

G _
3G ® - 2Ate— Sn(2Atw) (7-53)
for arelative change in the firing delay time, from (7-35):
ow At _ —20Atw :
At "W  2Atw-— sin(2Atw) (7-54
and for arelative change in the network capacitance, from (7-40)
0w DC_I _ sin(2Atw) (7-55)

0C ® 2Atw-sin(2Atw)

The relative sensitivity of the voltage for arelative disturbance in the load
isfrom (7-28):

_Atw(1- cos(2Atw)))

3G U, " _(1 2Atw— sin(2Atw) (7-56)
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for arelative change in the firing delay time, from (7-45)

Uy, C _  Atw(1-—cos(2Atw))

= : 7-57
oC U, 2Atw - sin(2Atw) (7-57)

and for arelative change in the network capacitance, from (7-51)
U, At _ Atw(1 — cos(2Atw)) (7-58)

At U, - 2Atw-— sin(2Atw)

First it must be noted that all the relative sensitivities are functions only of
the product of firing delay time and frequency, in other words, functions of
firing angle a. Thismeans that the rel ative sensitivitiesfor small disturbances
from aworking point will only depend on the firing angle in that point.

It appears from (7-53) and (7-55) that the frequency has the same relative
sensitivity to achangein load asto achange in network capacitance, but with
opposite sign.

(7-59)

QI
I8
10
1
Q)IQJ
3l
o

It also appearsthat the sensitivity of the voltage to a change in capacitance
(7-57) isthe same as the sensitivity to achangein firing delay time (7-58) but
with opposite sign.

o, c _ U, At

3¢ U, - "ant U, (7-60)

The relative sensitivity of frequency and voltage for a disturbance in load,
represented with the conductance, as afunction of the firing angle a is shown
in Figure 7-17.

From (7-60) it appears that the voltage has the same magnitude of sensi-
tivity for a relative change in capacitance as for a relative change in firing
delay time. This indicates that there is no preference with regard to whether
delay time or capacitance should be used for voltage control. The relative
sensitivity of the voltage with regard to change in firing delay time and
network capacitance as a function of the firing angle a is shown in Figure
7-18.
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Figure7-17 Relative sensitivity of the frequency (upper curve) and the voltage
(lower curve), with regard to load conductance, as functions of the firing

anglea.
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Figure 7-18 Relative sengitivity of the voltage with regard to the firing delay
(upper curve) and the capacitance (lower curve), as functions of the firing
anglea.
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Then it remains to decide which is the most sensitive of (7-54) and (7-55),
that is which has the greater absolute value. The denominator is the same, it
remains to compare the numerators. In inverter operation we have

gs WAt < TT (7-61)
and consequently
< 2WAt < 21T (7-62)
while
|sin(2wAt)| <1 (7-63)

This shows that the frequency will be more sensitive to a change in the firing
delay angle of an inverter than a change in system capacitance. Therefore the
firing delay angle is selected to control the frequency. This leaves the capac-
itance to control the voltage. The relative sensitivity of the frequency with
regard to change in firing delay time and network capacitance as afunction of
the firing angle a is shown in Figure 7-19. It is assumed that the required
control speed can be achieved by the available control mechanisms.

[p-u]

0.2

I I I I I I I I
-0.4 I [ [ T [ [ T

| | | | | | | |
06 -~~~ * "~ HA- - —mi- - — = —- - - - - I el S
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S S N N S
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af]

Figure 7-19 Relative sensitivity of the frequency with regard to the capaci-
tance (upper curve) and the firing delay (lower curve), as functions of the
firing angle a.
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7.2.6 Example, small signal sensitivity

Considering the base case inverter previously described, we want to find
the sensitivity of frequency and voltage for a small change in the active load
and for small variations in firing delay time and capacitor size at different
loads. A realistic way of operating the transmission system is to keep the
extinction angle y constant by slow regulation of DC current. With constant y
and disregarding commutation, we also have constant a, and the relative
sensitivities remain constant. The absolute sensitivities, however, depend
partly on the load situation, which decides the size of G and C. The relation-
ships are fairly smple, however. Assuming voltage, frequency and firing
delay angle to be controlled at nominal values, we get the following expres-
sions for Gy and Cy,.

P0 UvN 2 Po
GO = ——/(———) = —_— (7-64)
3 2
dﬁ UvN
2 2
U U
1 — v, N — vN (7_65)
W\ Gy Qo Po Ltanyy
P, Odan
C, = O_V'; (7-66)
wy By

An extinction angle vy = 20° is equivalent to a firing angle
ay = 160° = 2.793[rad] . Inserting the numerical values into (7-64)
and (7-66) gives:
Po
Gy = —— (7-67)
14400x10
P, tan20°
Cy = 5
1007t [114400%10

= P, B.05x10 (7-68)
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We get for the sensitivity of frequency for a disturbance in the load, from
(7-23):

ow _ _~Sn(2ay) @y 4.669x10™" rrad/ (769
for achange in the firing delay time, from (7-35):

0w _ —20 Wy arrad/

At - 2an—sn(2ay) At - o110 [ s ﬂ (7-70)

and for a change in the network capacitance, from (7-40):

do _  Sin(2ay)  wy —4.03x1014[rad/ﬂ

0C ~ 2ay-sin(2ay) Cq Po F - (7D)

We get for the sensitivity of the voltage for a disturbance in the load, from
(7-28):

oy, _ ay(1—cos(2ay))y YU _ —1.546x10"r V,
3 = 1- )ogr = |

20 —sin(2a,) /  Gqy Py mhbﬂ_n)

for achange in the network capacitance, from (7-45):

oU,  ap(l-cos(2ay)) Uy  —156x10"
aC 20y —sin(2a,) Cp Po

[V/F]  (7-73)

and for a change in the firing delay time, from (7-51):

ou, ay(l—cos(2ay)) Uy
0At 20y —sin(2ay) Aty

= 1.42x10°[V/§] (7-74)

Equation (7-69) is shown graphically in Figure 7-20, and (7-72) is shown
graphically in Figure 7-21. Equations (7-71) and (7-73) are shown graphically
in Figure 7-22. Equations (7-70) and (7-74) are independent of the load.
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ance as a function of load. Voltage, frequency and firing angle at nominal
values.

Figure 7-20 Sensitivity of angular frequency for variationsin load conduct-

Figure 7-21 Sensitivity of line voltage for variations in load conductance as
a function of load. Voltage, frequency and firing angle at nominal values.
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Figure 7-22 Sensitivity of line voltage and angular frequency for variations
in network capacitance as functions of load. Voltage, frequency and firing
angle at nominal values.

This example shows that if the voltage, frequency and firing delay time
(firing angle) are kept at nominal values, the sensitivities of frequency and
voltage with regard to the firing delay time are independent of the load condi-
tions. The sensitivities with regard to change in load (conductance) increase
in absolute values with increasing loads and the sensitivities to change in
capacitance decrease with increasing loads. The consequence of this is that
the system initially responds more for a given absolute disturbance in load at
full load, and has less power to force the controlled parameters back, resulting
inaslower responding system at full load than at low load. On the other hand,
the higher sengitivities for variation in control variables can make the system
unstable at low load, for the same controller parameters that give a stable
system at full load. Fortunately, modern control technology is able to handle
such problems. Keywords for this can be adaptive controllers and parameter
estimation. However, these kinds of sophisticated controllers are outside the
scope of thisthesis.

Inthe next section it will beinvestigated if asimple controller can be found
at al that can give the system any stability.
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Figure 7-23 Basic concept of voltage and frequency controller.

7.3 RC NETWORKS FED BY CONTROLLED
INVERTER WITH CONTROLLABLE
CAPACITANCE

7.3.1 Control theory

In the previous section we found the response of the controlled parameters,
voltage and frequency, to variations in the controllable parameters, firing
delay time and network capacitance, in a system consisting of an inverter
feeding into an RC parallel load. Having found the sensitivities, we now have
the foundation to design a controller to keep voltage and frequency constant.
The basic system is shown in Figure 7-23. The process to be controlled isthe
simple model shown in Figure 7-1. An inverter is supplied by a constant DC
current source and feedsinto an RC load, where the capacitance C is control-
lable. Presently, we are not taking a stand on how this capacitance is made
controllable, we ssimply assume that the capacitance is directly and instanta-
neoudly controllable. Physically, the closest resemblance will probably be
some sort of Static Var Compensator.

The sensitivity analysis has told us that there is a cross-coupling between
the inputs and outputs in the process. A change in the firing delay time or the
capacitance will lead to a change both in frequency and voltage. The system
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Figure 7-24 Process with decoupling and controller, disregarding process
disturbances. Small signal analysis.

is multivariable as well as non-linear. The simplest way to solve the problem
Is to linearize at a working point. Then it becomes a classical decoupling
problem from elementary control theory [37]. The solution is to introduce a
decoupling between the proper controllers and the process, in such away that
when one of the controllers acts on an error, the decoupling counteracts the
influence on the other variables. In terms of control theory it can be expressed
as. The transfer matrix of the process with decoupling is diagonalized. The
resulting system is shown in Figure 7-24. Here the unspecified controller in
Figure 7-23 is split in two parts, the frequency and voltage controllers and the
decoupling. They are connected by the auxiliary variables my; and me.

In terms of matrix algebra we can designate the linearized transfer matrix
of the process as A. Then we have the following expression for A:

90 0w
A - |98t 3C (7.75)
aU, aU,

oAt aC

The decoupling system is characterized with the decoupling matrix D:

D,, D
D=| 171 (7-76)
D21 D22
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We search for adecoupling matrix D such that the resulting transfer function
is adiagonal matrix Ag.

Ay O
AD = Ay = | % (7-77)
T 0 Ay,

If the original transfer matrix A can be inverted we find the decoupling matrix
D by:

D= AT'A, (7-78)

In the case of a small signal analysis around a working point the transfer
matrix A is reduced to consist of constants. The decoupled transfer function
matrix Aq can be chosen fairly freely, one selection isto keep the sensitivities

on the main diagonal unchanged:

0w

== 0
Agy O
Ag=| % - (oAt (7-79)
0 Aa, oVy
oC

Then the decoupling matrix D can be found from (7-78). However, one must
be aware that this does not imply that the auxiliary variables my and mg,

which are the output of the controllers, become equal to the physical variables
At and C. Vector misfound by:

m = [mm] = p* H (7-80)
me C

The previous development has been done for the small signal case. The
theory is not restricted to this, but can be applied for more complicated
transfer matrices, consisting of transfer functions, as long as the original
transfer function matrix A isinvertible.

Now the control problem has degenerated into the ssimple problem of
dimensioning two individual control loops, as shown in Figure 7-25. As the
aim of thethesisisto prove the feasibility and not to optimize the system, the
simplest possible controller is selected for the simulations. A proportional
(P) controller is not able to achieve zero error. Furthermore this system is
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Figure 7-25 Degenerated process after decoupling and disregarding process
disturbances. Small signal analysis.

neither linear nor ideally decoupled. A Proportional + Integral (Pl) controller
may do thejob, if the response requirements are not too high. Other, far more
complicated controllers can, and in fact should be applied in the case of areal
implementation. But it is not the task of this thesis to optimize the controller
of this system, and a Pl controller is selected for the simulations.

7.3.2 Basecaseexample

As stated in Section 4. 2. 4 and Section 6. 3 there are strong requirements
on the communication system between any two HVDC converters and yet
they have to be designed in away that allows continued operation in case of
communication faults. Thisis normally done by keeping the reference value
for the current fixed when communication is down. Even with communica-
tion operating, the delay imposed is in the magnitude of 20 to 30 ms.
Furthermore, due to large inductancesin the DC transmission, the DC current
cannot be controlled fast. Therefore the system has to be designed to operate
on constant DC current, and only use the DC current control for optimization
purposes. This DC current control should be a fast controller per se, but the
current order will vary relatively slow.
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The assumption that the DC current is not to be changed during aload shift
puts a restriction on the maximum load increase that can be made. If an
inverter is operating with an extinction angle yy we have from (7-9)

NE: 2

If the current is kept constant we then have

Po Po+ AP

Id = =
3—1_{-2UV [os(yy) §?f2uv [cos(y,)

(7-82)

Consequently, it will not be possibleto make alarger theoretical load increase
from the working point P than

COSYimin
cosy,

- (C;(;/o - COS\?mi n) LCOSYrmin = ( ~ 1) P,  (7-83)

for any value of P,. If aload increase larger than APisrequired, the extinction
angle must be increased accordingly before the extraload is connected.

Returning to the base case example, there are four distinct casesto analyse
in order to select a controller that will operate under all conditions. To avoid
possible numerical problems arising from firing angles to close to 90° we
select the four cases as

. Load change from 0.8Py\ to 1Py. y = Yy after theload change.

. Load changefrom 1P\ t0 0.8Py. y = Yy beforetheload change.

. Load changefrom 0.1P\ t0 0.3Py. y = Yy after theload change.

. Load change from 0.3Py to 0.1Py. Yy =Yy before the load
change.

The previously described dimensioning of the control system is strictly
speaking only valid for very small load variations, but will be used as a
starting point to find useful controller parameters.
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The necessary extinction angle before a load increase can be calculated
from (7-83):

Po
Py + AP

Yo = TT— 0 = acos( cosyl) (7-84)

From (7-8) we calculate the firing delay time:

oy [

Aty = o

(7-85)

From the power equation we find the conductance before the disturbance:

I:)0
Gy = —5 (7-86)
UvN

and the change in conductance for aload increase of AP:

P =
£G = —L-—% (7-87)
UvN UvN

The DC current, which is to remain unchanged during the simulations, is
found by rewriting the right-hand half of (7-9):

|- T Py
do 3./2 EUvN [tos(a)

(7-88)

The network capacitance before the disturbance is found from (7-13)

Cy = —gtan (ap) (7-89)

Inserting numerical values into these equations and equations (7-69) to
(7-74) for the sensitivities, gives the results presented in Table 7-2. Here the
angular frequency w in radians/sis replaced by frequency f in Hz. It must be
noted that the wide range of the exponentsin Table 7-2 is due to the absolute
magnitude of the figuresinvolved, like kilovolts being controlled by pFarads
etc. Thus 10 to the power of -3 isjust as significant as 10 to the power of +9.
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Table 7-2 Initial conditions and sensitivitiesfor different load shift cases.

(0.8+0.2)Py | (1-0.2)Py | (0.1+0.2)Py | (0.3-0.2)Py
Yo ] 41.3 20.0 717 20.0
Aty [ms] 7.71 8.89 6.01 8.89
lgo [A] 656.7 656.7 197.0 197.0
Gg [mho] 5.56x10° | 6.94x10° | 0.69x10° | 2.08x10°3
AG [mho] 1.39x102 | -1.39x10°3 | 1.39x10° | -1.39x10°3
Co [UF] 15.51 8.05 6.70 2.41
of/OAt[HZ/s] -5.38x10° | -5.04x10% | -7.18x10° | -5.04x10°
of/0C[Hz/F] -5.48x10° | -6.41x10° | -10.1x10° | -21.4x10°
0f/0G[Hz/mho] | 1.53x10° | 0.74x10° | 9.79x10° | 2.48x10°
0U, /AL V /9] 5.62x100 | 1.42x10° | 1555x100 | 1.42x100
0UJOC[V/IF] | -2.79x10° | -1.56x10° | -13.95x10° | -5.21x10°
0U,/0G[Hz/mho] | -1.38x10" | -1.55x10" | -3.82x107 | -5.16x10’

Table 7-2 shows that on the whole, the load increase from low load is the

most sensitive situation. Therefore the case with 0.2Py load increase from
initially 0.1Py, is selected as the dimensioning case. The small signal transfer
matrix at 0.1Py, nominal voltage and frequency and firing delay angle
prepared for aload increase of 0.2P is:

of of
INt A 3 6
A = gAt :C _ |-7.18x10" -1.01x10 (7-90)
U, U, 11555x10° —13.95x10°
dAt aC
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If we wish to keep the diagonal elements constant during decoupling we have
the required decoupled transfer matrix:

of

— 0 3
A = 0At e —7.18x10 0 (7-91)
o W 0  -1395x10°
aC
and we find the decoupling matrix:
~ 0.864 -122.1
D=A"A,= . (7-92)
9.63x10 " 0.864

When the decoupling system has been fixed it remains to determine the
controller parameters, gain and integration time. If we keep the small signal
analysis, the decoupled process has the simple transfer functions:

~7.18x10° (7-93)

>
=
I

and

~13.95x10° (7-94)

>
Q.
C

I

These are pure proportional processes with a phase shift of zero. Together
with aPl controller the phase shift of the controlled processwill be-90° at low
frequencies increasing to zero at high frequencies. Thus there should be no
stability problem with the phase margin.

It is known from the earlier smulations on the KREAN model that both
voltage and frequency measurement contain a certain amount of 6th harmonic
ripple. As these smulations are not aimed at the optimization of the control
system, the speed requirements are not important and in the first try the
controller will be designed to give the closed |oop adamping of 50 % or -6 dB
at the ripple frequency. The ripple frequency is chosen as breakpoint to keep
the gain as high as possible at lower frequencies. Bearing in mind that the
difference between the asymptotic approximation and the exact gainis3dB in
aBode diagram, we need a gain in the frequency controller of

K = —1———4 2 - _494x10° (7-95)
—451x10° /2
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Pl Controller Decoupling Process

G+AG

Figure 7-26 Process with decoupling and PI controller, initial values of the
parameters.

and a gain in the capacitance controller of

Ky = ——— P2 = 254x10™ (7-96)
Y _13.95x10° A2

The time constant for both controllers is the inverse of the breakpoint
angular frequency:

1 —4
T.=T, = = 5.3x10 7-97
f U ™ 30021 (7-97)

The controlled system now becomes like Figure 7-26. This system has
been modelled in KREAN to test the found controller parameters.

From the initial values of the firing delay time and capacitance we can
calculate the initial values of the auxiliary variables my; and mg, which are

the initial outputs of the integrators. The auxiliary variables are found by
(7-80) and the results for the different test cases are listed in Table 7-3:

The parameters for aload shift from 0.1Py to 0.3Py were entered into the

KREAN model and simulated, without entering any extra disturbances. Asin
previous KREAN simulations, the system is started by an auxiliary three-
phase 50 Hz voltage source, which is disconnected after 20 ms. The system
showed to be unstable with heavy oscillations with a frequency of approxi-
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Table 7-3 I nitial valuesof controller outputsfor different load shift cases.

(0.8+0.2)Py | (1-02Py | (0.1+0.2)Py | (0.3-0.2)Py
Mt 9.90x103 | 1.00x102 | 6.96x10° | 9.23x10°3
mc 6.92x10° | -1.86x10°® 0 -7.49x10°

mately 50 Hz. As the two loops of the system are dimensioned for the same
total gain and breakpoint frequency, they have the same total gain at 50 Hz,
consequently:

1+jwT;
jwT;

= 224 = 7dB (7-98)

Hsg = Ag EKfE’

which confirms that any tendency towards natural oscillation with this
frequency will be amplified. To remedy this the gain of the controller is
reduced by shifting the breakpoint frequency from 300 Hz to 50 Hz, giving a
damping of 6dB at this frequency. These parameters give stable conditions
when each controller is tested individually, but with both controllers active,
the system still oscillates. Shifting the breakpoint frequency further down to
25 Hz, which only gives about 2.7dB extra damping, but increases the phase
margin by about 30°, seems to give the system sufficient damping of the
50 Hz oscillations. Testing the system with the required load shift of 0.2Py,
however, proves that the damping is till too weak when the amplitude
increases. To avoid slowing the response too much, the additional damping is
done by reduction of the proportional gain by 12dB or 75%, thereby shifting
the breakpoint frequency back to 100 Hz. This gives the system sufficient
damping after a load shift of 0.2Py. The gain in the frequency controller is
now:

K = —4.94x10° [D.25 = —1.24x10 " (7-99)
and a gain in the capacitance controller of
_ 11 _ —12
KUv = —2.54x10 " [0.25 = —-6.35x%10 (7-100)
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The time constant for both controllers is the inverse of the breakpoint
angular frequency:

1

T, =T, = = 1.59x10°° (7-101)

v 100 [PTt

i
10’ 10?25Hz 50Hz 100 Hz ©° 300 Hz

10 ‘[rad/s]

Figure 7-27 Bode plot of the small signal transfer function of the decoupled
frequency control loop at 0.1Py load. 1) Initial parameters. 1) After moving
breakpoint to 50 Hz. 111) After moving breakpoint to 25 Hz. IV) After moving
breakpoint to 100 Hz and reducing proportional gain.
The voltage control loop has an identical Bode plot.
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Pl Controller Decoupling Process

G+AG

Figure 7-28 Process with decoupling and PI controller, final values of the
parameters.

The Bode diagrams for the various parameter settings are shown in Figure
7-27. The system with the final set of parametersis shown in Figure 7-28

The result of the simulations of aload shift from 0.1Py, to 0.3Py and back

is shown in Figure 7-29. The figure shows the frequency, measured as the
frequency output in Hz from the phase locked loop as the upper curve. The
second curve shows the AC voltage in kV, rectified in a 6-pulse bridge and
filtered through a low pass filter with breakpoint frequency at 50 Hz. The
measured value is scaled to represent the RM S value at pure sinusoidal curve-
form. The third curve shows the output from the frequency PI controller m
(6), together with the actual firing time delay At (1) in ms. The last curve
showsthe output from the capacitance Pl controller mq (12), together with the
actual capacitance C (3) in uF. Asin the previous simulations, the system is
started up by means of athree-phase sinusoidal voltage of nominal ratingsfor
20 ms. Then the system is left until time t=0.15s in order to damp initial
imbalance. At this time the resistance is reduced, corresponding to a load
increase from 0.1Py to 0.3Py. At time t=0.3 s, the frequency has stabilized at
anominal value, the voltage needs somemoretime. At timet=0.4 s, the resist-
ance isincreased again, corresponding to aload decrease from 0.3Py back to
0.1Py. Now the oscillations at 50 Hz are quite pronounced, but rapidly
damped. Again the frequency is controlled faster than the voltage, and at time
t=0.8 sthe situation is stabilized again. The reason for the 50 Hz oscillations
isa DC component in the phase voltages that need some time to be damped.
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Figure 7-29 Result of KREAN simulation of processin Figure 7-26 with final
set of controller parameters. Load shift from 0.1P) to 0.3Py at t=0.15 s and
back to 0.1Py at t=0.4 s.

The peak voltage at |oad rejection reaches 222 kV after filtering. Thereal line
voltagesare shown in Figure 7-30, where the unsymmetry can clearly be seen.
The peak amplitude values are 274 kV for Urg, 344 kV for Ugr and 288 kV

for Utgr in this case. The peak value is dependent on which instant of the
period the switching takes place, and can theoretically reach as high as:

U, = 150, [R= 151197 [11440 = 425.5[kV] (7-102)

in this particular case. The oscillations in frequency are also caused by the
unsymmetry of the voltages, due to the method of frequency measuring. The
frequency seems to oscillate between 37 Hz and 55 Hz, but it is a question if
this can beregarded as oscillations at all, as they take place within one period
of the measured voltage.

Finally the found controller parameters and decoupling are tested by
KREAN simulations for the case of aload shift from 0.8Py to Py and back.
Theresult isshown in Figure 7-31. As can be expected, dueto less sensitivity,
the system is much calmer, but especially the voltage is aso slower in getting
back to therated value. The frequency stays between 48.5 Hz and 51.5 Hz and
the voltage stays between 105 kV and 140 kV. It isto be noted that due to the
slower response, the load reduction had to be delayed from t=0.4 sto t=0.5 s.
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Figure 7-30 Result of KREAN simulation of processin Figure 7-26 with final
set of controller parameters. Line voltages at load shift from 0.3Py to 0.1Py
att=0.4s.

o FREG@LOENC T TR A TE-OCT- D95 =4S
=i.=] VT . =
s1.o] . v
=a.= .

=o.= |

am .= .

as.o | .

s== Ll : _IeEE.

. ' 15— 1 1=z
ek
[I=T . . . - -3 (=]
= S
[I=3= - - - - Lo [
=
=.= . . . - .
=.o . . . . - .
=.= | . . T - .
=0 | . . . - .
.= h . . - . TimE
= ==}
= [=31=] =3 T T (=30
3 FATACITAnCE  wmEan IE-OCT- 19EE imtas
=0 . . . - A =
TN
= - - . - s Lyats
=3 . B - .
14
= h . . d
= e
—-= TIME
=== tSEC -
(== =) =30 L= =

Figure 7-31 Result of KREAN simulation of processin Figure 7-26 with final
set of controller parameters. Load shift from0.8P) to Py at t=0.15 sand back
to 0.8Pyatt=0.4s.
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Controlled Process
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Figure 7-32 Smulink model of processin Figure 7-26.

The same system has been modelled in Matlab/Simulink, with a model
which is based on the equations found in the beginning of this chapter. This
model is based upon RM S-value calculations. That meansthat it smulatesthe
enveloping curve of the voltage, rather than the instantaneous values. The
Simulink main model isshownin Figure 7-32. The ssimulationswill be carried
out for the same two cases that have been done in KREAN. The results of the
simulations, compared to the KREAN simulations are presented in the
following figures.

Figure 7-33 shows the frequency. As can be expected, the idealized
Simulink simulation is much smoother and does not have the 50 Hz oscilla-
tions. This is natural, as the model does not make any alowance for
DC components. Furthermore, Simulink reacts instantaneously, whereas
KREAN has a certain delay. Thisis basically due to the KREAN measure-
ment being based on the output from the phase locked loop with its built-in
controllers and filters. This has been disregarded in the Simulink model. But
basically the two curves are in good accordance.

Figure 7-34 shows the voltages from KREAN and Simulink simulations.
As Figure 7-33 and Figure 7-34 shows the controlled values, it is no wonder
that they are equal in the stationary parts, but transiently they aso follow each
other well, when disregarding the oscillations due to the DC component.

Figure 7-35 shows the output of the frequency controller, the auxiliary
variable my;, and the actual firing delay time At. The difference between the

two isthe contribution from the voltage controller, due to the decoupling. The
difference between Simulink and KREAN isnot great, disregarding the 50 Hz
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Figure 7-33 Frequency as result of Smulink simulation of processin Figure
7-26 for load shift from 0.1Py to 0.3Py and back to 0.1Py;, compared to the
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Figure 7-34 Voltage as result of Smulink simulation of processin Figure
7-26 for load shift from 0.1Py, to 0.3Py and back to 0.1Py;, compared to the

result of KREAN simulations.
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Figure 7-35 Firing delay time At and auxiliary variable my; as result of
Smulink simulation of processin Figure 7-26 for load shift from 0.1P) to
0.3Py and back to 0.1Py;, compared to the result of KREAN simulations.

oscillations as before. But KREAN shows a tendency to overswing when
returning to low load, indicating that the gain is somewhat larger than calcu-
lated. The differencesin the stationary values are due to non-exact calculation
of theinitial values when applied to KREAN.

Figure 7-36 shows the output of the voltage controller, the auxiliary vari-
able m¢, and the actual capacitance C. The difference between the two is the
contribution from the frequency controller, due to the decoupling. The same
comments apply asfor the firing delay time controller.

Thereafter the comparison is made for the load shift case from 0.8P to Py
and back to 0.8Py. The simulations and the results are basically the same as

in the previous simulations and show that the system is much less sensitive at
high loads. See Figure 7-37, Figure 7-38, Figure 7-39 and Figure 7-40.

These simulations show two things. First that an inverter feeding a passive
load with a controllable reactive source can be controlled with regard to
frequency and voltage by means of controlling the firing delay time and reac-
tive power, in the simulations represented by the controllable capacitor.
Second they show that a simple model based on RMS values gives suffi-
ciently accuracy for a feasibility study. The transients are not recorded
accurately, but peak values are within reasonable accuracy. Thusit should be
possible to apply the RM S-based tool for further analysis.
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Figure 7-36 Capacitance C and auxiliary variable mq as result of Smulink
simulation of processin Figure 7-26 for load shift from 0.1Py to 0.3Py and
back to 0.1Py;, compared to the result of KREAN simulations.
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Figure 7-37 Fregquency as result of Smulink simulation of processin Figure
7-26 for load shift from 0.8Py to Py and back to 0.8P);, compar ed to theresult
of KREAN simulations.
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Figure 7-38 Voltage as result of Smulink simulation of processin Figure
7-26 for load shift from 0.8P) to Py and back to 0.8P);, compared to theresult
of KREAN simulations.
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Figure 7-39 Firing delay time At and auxiliary variable my; as result of
Simulink simulation of processin Figure 7-26 for |oad shift from 0.8Py to Py
and back to 0.8P);, compared to the result of KREAN simulations.
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Figure 7-40 Capacitance C and auxiliary variable mq as result of Smulink
simulation of processin Figure 7-26 for load shift from 0.8P) to Py and back
to 0.8Py, compared to the result of KREAN simulations.

7.4 SUMMARY

In this chapter we have investigated the fundamental behaviour of an
inverter feeding power into apassive RC network. It appeared that in asystem
with fixed firing delay time and fixed DC link current, both voltage and
frequency will vary if either resistance or net capacitance is changed. The
sensitivities of frequency and voltage for change in network parameters, as
well as firing delay time were found. The concept of relative sensitivity is
introduced and the relative sensitivities are discussed. Especialy it shall be
noted that there is a positive sensitivity in frequency with regard to changein
load, represented by network conductance. Thisimplies a possible instability
for all types of load which increase by frequency, like motors.

Further, a base case inverter is analysed for small signal sensitivities, and
an example system where voltage and frequency are controlled by means of
variations in network net capacitance and firing delay time is smulated. The
simulations are performed both in a quasi-phasor model and a time domain
model. Both models give the same results, and show that this way of control-
ling is possible. The system appears stable for rather large disturbances, even
with very ssmple controllers.
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8 CONSEQUENCES OF A
SYNCHRONOUS COMPENSATOR

In this chapter we shall discuss how the differences between reactive
power production in a capacitor and in a synchronous compensator will influ-
ence the system. We will also study the consequences on the dynamic behav-
iour of the system.

8.1 INTRODUCTION

Until now it has been assumed that the source of reactive power was of mi-
nor importance, and the reactive production in the system was assumed to take
placein atheoretical variable capacitor. It has been shown, however, that both
voltage and frequency are prone to significant variations due to variationsin
load. Furthermore, a high voltage, high power variable capacitor is not easy
to obtain. The nearest available today is a bank of thyristor switched capaci-
tors, TSCs, which are able to switch on and off groups of capacitorsin limited
steps. For fine tuning of the production of reactive power, the most versatile
unit is still the synchronous compensator, particularly becauseit can servethe
additional role as essential generator during the start-up of the power system
and in cases of breakdown in the HVDC supply. This raises the issue of how
asynchronous compensator will influence the production of reactive power in
the system under investigation?

-117 -

M:\MAKER5\AVHANDL\capvssc 22 Apr 2001



Chapter 8 Consequences of a synchronous compensator

8.2 REACTIVE POWER PRODUCTION
CHARACTERISTICS OF CAPACITORS AND
SYNCHRONOUS COMPENSATORS

8.2.1 Capacitors

The amount of reactive power produced in a capacitor connected to a net-
work is given by:

q= u” Ctoc (8-1)

with generatoric reference. This equation clearly states that if the frequency
of the network increases, the amount of reactive power increases linearly, as
illustrated in Figure 8-1, curve 1. And if the voltage increases, the amount of
reactive power increases by the square as illustrated in Figure 8-2, curve 1.
The curves are drawn for a capacitor with reactive power rating of 1 p.u. a a
voltage of 1 p.u. and angular frequency of 1 p.u.

REACTIVE POWER [pu]

Figure 8-1 Production of reactive power in capacitor and synchronous
compensator as functions of the frequency.
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REACTIVE POWER PRODUCTION

REACTIVE POWER [pu]

1 105
VOLTAGE [pu]

Figure 8-2 Production of reactive power in capacitor and synchronous
compensator as functions of the voltage.

8.2.2  Synchronous compensators

In this chapter we are discussing synchronous compensators with constant
magnetization, without their regulators, as we are only interested to study the
initial period before the controllers are able to react.

The amount of reactive power produced in a synchronous compensator
with constant magnetization connected to anetwork isgiven, with generatoric
reference, by:

ey 12 —0)
Wy

wly

q= (8-2)

This equation, with w asvariable, isillustrated in Figure 8-1, curves 2 and
3, which show that the amount of reactive production in a synchronous com-
pensator rises by increasing frequency. If the frequency decreases below a
certain value, such that the EMF gets below the line voltage, the compensator
stops producing reactive power and starts consuming. Curve 2 showsthe situ-
ation for amachine with reactive power rating 1 p.u. and transient parameters

e =12 andly = 0.2. Curve 3 shows the situation for the same machine
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with stationary parameters e = 3.1 and | = 2.1. Compared to a capacitor

of the same power rating, a synchronous compensator with constant magnet-
ization will increase production of reactive power more than a capacitor for a
fast frequency increase, but as the machine turnsinto stationary state, the pro-
duction of reactive power will drop again. (This assumesthat theinertiaof the
machine is small, so that the machine can follow the variations in frequency)

But what is more interesting is the influence of the voltage. First, to pro-
duce any reactive power at al, the induced voltage e must be higher than the
external network voltage u, i.e. the machine must be over magnetized. Sec-
ondly, if the network voltage increases, the difference between induced and
external voltage decreases and the machine supplieslessreactive power, asil-
lustrated in Figure 8-2, curves 2 and 3. Curve 2 shows the situation for the
above mentioned machine in transient state and Curve 3 shows the situation
in stationary state.

From the curves it is obvious that a system which employs capacitors to
provide the necessary reactive power, will exhibit quite different behaviour at
voltage variations than a system which employs synchronous compensators.
The behaviour at frequency variations however will be rather similar.

In the case where both synchronous compensators and capacitors are ap-
plied to produce the required reactive power, the system behaviour will be de-
termined by the balance between the providers of reactive power.

Constant DC current
source

Inverter

Capacitor

PCC

Synchr. Load
Comp

Figure 8-3 Smplified model of HYDC supply to an offshore oil-installation.
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8.3 INVERTER NETWORK WITH BOTH
CAPACITORS AND SYNCHRONOUS
COMPENSATORS

The system to be discussed is shown in Figure 8-3. It consists of a constant
DC current source and an inverter asmodel for the HVDC transmission. A ca-
pacitor and a synchronous compensator provide the reactive power needed in
the system. How then will this system behave stationary when one of the para-
meters is changed?

The above figure can be modified to reflect Kirchoff's law in complex
form, asillustrated in Figure 8-4. The figureis drawn with motoric references
and the synchronous compensator is represented by its Norton equivalent.
The current i in the synchronous compensator can be split in the short circuit

current igy and an inductive load current i, as shown in (8-4).

= _u-—-e _ )
i = 2ot = 8-3)
jol g wl g
— _ u eo _ _u_ € B - N 8.4
ss - W~ | | = ImTlso (8-4)
- — — — - r-- - - - - - - - - - - — — -
‘ ‘ | Inverter |
: iso : | i,coswr -iyjsinwt |
\ \
| | R I g
\ | W u
\ im \ ic iI
| |
| jodlg | L jool
| | e
| |
‘ Synchronous ‘

Compensator |

Figure 8-4 Kirchoff's law applied to simplified model of HVDC supply.
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Based on Figure 8-4, the following equation can be set up:

> = 2 22
iy tigtip+ic+i; =0 (8-5)

In this equation we find the machine short circuit current:

- . & 8.6
The machine inductive load current:
oo U 3
im = = P (8-7)
The capacitor current:
e .
i, = juwc (8-8)
The external load current:
> r—jool, o uol,
I =uls > = 3 >~ > (8-9)
r~+(wl) r*+(wl)) r~+(wl)
And the inverter current:
g . ..
iy, = I,(CoswAt —jsinwAt) (8-10)

The resulting impedance the sum of the current sources meetsisthe paral-
lel connection of the three impedances

z.2.7,
fot = 73 +r;ZCZ|+z z (8-11)
m<c m- cA
which consists of the machine impedance:
Z, = jwly (8-12)
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The capacitor impedance:

1
= 0 _1
Z. e (8-13)
And the external |oad:
z = r+jowl (8-14)

Inserting and manipulating, we arrive at:

ileol (1 l_'_ 2| (1 _
- H‘[‘*"( e o)+ (wld ‘*’Cﬂ 615

I 2 2
(1+ 1 —oozl,c) + rz(—l— —wc)
l4 wl

If we presuppose that the voltage in the systemislinked to therea axis, the
outgoing current iy Will have a phase angle given by the total impedance.

The resulting incoming current i;,, must have the same value and opposite di-
rection. Theincoming and outgoing currents are defined by (8-16) and (8-18).

> > -

I, =1y tigg = 1,COSWAL +j(i, SNWAL + i) (8-16)

+ (8-17)

ioﬁ: = u{___r_ +j(wc___$__!'_dj:| = _i— (8-]_8)
r2+(ooI|)2 r2+(o\)l,)2 wl z,

ot

Thus we can draw the phasor diagram in Figure 8-5 for the undisturbed
case.

Now let the resulting total impedance z,; be changed for some reason, nor-

mally a change in load. If no controllers are operating, the DC current will be
kept constant, i. e. the magnitude of the converter current iy, is constant. The

excitation of the compensator is constant and, for simplicity, the inertia of the
compensator isignored. Thusthe short circuit current igis constant and imag-

inary, equal to ig. Thusthe end of the new incoming current phasor i;,,, must
end somewhere on the circle given by i, around the end of ig,. The new out-
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Re

Yc

lout

Figure 8-5 Principal phasor diagram for the currents and impedancesin
Figure 8-4 before disturbance.

Re

Figure 8-6 Principal phasor diagram for the currents and impedancesin
Figure 8-4, dashed lines indicate the situation before disturbance,
continuous lines after disturbance.
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going current iy, islocked to the phase angle of the new total impedance z,
but the valueis still unknown. According to Kirchoff’ slaw, the new incoming
current i;,, must be in the opposite direction. Thus the new incoming current
lin2 1S determined by the crossing of the circle of i, by the ray from the origin
in the direction of i;,,,. But in order to move the phasor i, to this new intersec-
tion, the firing angle a must be changed. It is presupposed that no controllers
are operating, thusthe firing delay At is constant. The only way to change the
firing angle a isto change the network frequency w, accordingto a = wAt.
Thisinfluences the new total impedance z;» and the solution has to be found
by iterations. When the new incoming current i;,, is determined, the new out-
going current iy, also is determined, and finally the resulting voltage u, can
be found. This has to remain purely real. The phasor diagram in Figure 8-6
showsthe situation after disturbance. These phasor diagramsare principal and
drawn for clarity, they do not reflect true operational conditions.

If the magnitude of the converter current iy, is less than the magnitude of
the compensator short circuit current i, asis the case in Figure 8-5 and Fig-
ure 8-6, it isobvious that for certain values of impedance phase angle ¢ there
cannot be an intersection of the circle. Still Kirchoff’slaw has to be fulfilled.
Theonly way to achievethisisto pull the short circle current iy out of its pure
imaginary phase. Given the operation point, the real part of the short circle
current i hasto be negative, i.e. the compensator supplies power. Thishasto

be taken from the rotational energy, leading to a braking of the compensator
and a breakdown of the network frequency.

Figure 8-6, and also Figure 8-7 show that if the magnitude of the converter
current iy, is less than the magnitude of the compensator short circuit current

iy, there will be two possible solutions to the requirement that the phase

angles must coincide, the ray intersects the circle in two points. It is assumed
that the correct solution is the one where the slope of the crossing is the same
astheoriginal. Thisassumption is confirmed by cal culationswhich prove that
this solution is the one which gives minimum change in active and reactive
power.

If, in Figure 8-4, realistic per unit values are assigned to all parameters ex-
cept the capacitance, it is easy to calculate the necessary capacitance to keep
the voltage and frequency at nominal values. This can be imagined as a sys-
tem where capacitor banks have been switched to adapt to the given stationary
load situation. It istherelative relationship between the synchronous compen-
sator and the load which is important for the result of these considerations.
The inverter is regarded as ideal, the inverter rating has no influence on the
calculated results. The capacitor sizeis derived from the other parameters. In
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ANGLE [deg]

Figure 8-7 Required and offered phase angle ¢ of in-feed current as
functions of network circular frequency for synchronous compensator
rating=0.3, before disturbance.

order to simplify the calculations, the load rating is selected to be 1 p.u. Tran-
sient values are used for the synchronous compensator. The cal culations have
been performed for a number of different synchronous compensator ratings
between 0.1 and 2 p.u.

In Figure 8-7, the angle of the resulting impedance z; from (8-15), turned
around to reflect the angle of the required in-feed current, isdrawn as afunc-
tion of the network circular frequency w for an arbitrary synchronous com-
pensator, before disturbance. This is the curve described as “Load’. In the
same diagram, the curve for the angle of the resulting in-feed current i;,, from

equation (8-16), is also drawn as a function of w. Thisis the curve described
as"“ Source’. Asexpected the curvesintersect for acircular frequency of 1 p.u.

Then the value of the load resistor isincreased by 10 %, which is roughly
equivalent of decreasing the required active power by 9 %, and the curve for
the angle of the new required in-feed current is added in Figure 8-8, marked
“New load”. The curve for the source current is not dependent on the change
intheload. The curvefor the new load angle has for the major part shifted up-
wards, and the new intersection point is situated at a slightly lower frequency
inthis case. As described before, the intersection point with the same slope as
the original is assumed to be the correct solution.
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Figure 8-8 Required and offered phase angle ¢ of in-feed current as
functions of network circular frequency for synchronous compensator
rating=0.3, after disturbance.

The case when the magnitude of the converter current i, is greater than the
magnitude of the compensator short circuit current i, iS shown as the phasor

diagram in Figure 8-9. Thisimpliesthat the synchronous compensator israth-
er small compared to the load. This situation brings no essential news, one
must only bear in mind that the required angle for the in-feed current isaray
from the origin, thus there will only be one solution in this case. The corre-
sponding curves for the angles as functions of the network circular frequency
are drawn in Figure 8-10 for the case before disturbance and in Figure 8-11
for the case after disturbance. Once more it should be reminded that these
phasor diagrams are principal and drawn for clarity, they do not reflect true
operational conditions.

If the operation of finding the new intersection point is performed for var-
ious values of synchronous compensator rating s, the resulting frequencies

after the disturbance can be plotted as functions of the synchronous compen-
sator rating. When the frequencies are determined, one al so knowsthe current
flowing from the sources through the combined impedance, and hence the re-
sulting voltages can be calculated. This has been done and the resulting fre-
quency and discarded solution after a 10 % increase in load resistance (9 %
reduction of power), depicted as function of the synchronous compensator
rating are shown in Figure 8-12. The resulting voltage is similarly shown in
Figure 8-13. These curves clearly shows a discontinuity for a certain rating of
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Figure 8-9 Principal phasor diagram for the currents and impedancesin
Figure 8-4 before disturbance, |iy|>|igl-

PO: 1 EO: 1.2 alpha: 160 Cos{phi): 0.8 Sm: 0.1
T

ANGLE [deg]

Figure 8-10 Required and offered phase angle ¢ of in-feed current as
functions of network circular frequency for synchronous compensator
rating=0.1, before disturbance.
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PO: 1 EO: 1.2 alpha 160 Cos(phi): 0.8 Sm: 0.1 dR: 10% dL: 0%

280

[Bop] 319NV

CIRCULAR FREQUENCY [pu]

0.1, after disturbance.

11 Required and offered phase angle ¢ of in-feed current as
rating

functions of network circular frequency for synchronous compensator

Figure 8-
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P:1 EO: 1.2 apha: 160 cos(phi): 0.8 dR: 10% dL: 0%

Diiscarded

Solution

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

iSqutim

RESULTING VOLTAGE [pu]
o o

*****************************************************

/ Discarded

Figure 8-13 Resulting voltage and discarded sol ution after 10 % increase of
load resistance from stationary value, as functions of synchronous
compensator rating.

the synchronous compensator. This discontinuity appears where the pre-dis-
turbance solution shifts from above to below the tangent point in the phasor
diagram. It can also be seen that for most values of the synchronous compen-
sator rating the frequency and the voltage drop for this reduction in load, as
predicted by the sensitivity analysisin Chapter 7, but in acertain areanear the
discontinuity, the frequency and the voltage rise. This has to be taken into
consideration when a controller shall be devel oped for atrue system.

It can be seen that the discarded solution disappears for small values of
synchronous compensators ratings compared to the load. This is due to the
fact that in this area the magnitude of the inverter current i,, grows larger than

the magnitude of the short circuit current. The circle encloses the origin and
only one solution remains.

Until now, there has bee no problem with missing solutionsin the depicted
curves. But these curves are highly dependent of theload combination and the
type of disturbance, and also on the firing angle of the inverter a. If, for in-
stancethefiring angle a isreduced from 160° to 140°, the resulting frequency
and voltage are shown in Figure 8-14 and Figure 8-15. The range for which
thereis no solution is now clear.

It shall be noted that a missing solution do not implicate that the situation
isnecessarily unstablein the working point before the disturbance, or that cer-
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Figure 8-14 Resulting frequency and discarded solution after 10 % increase
of load resistance from stationary value,
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tain working points cannot be reached. The implication in a practical caseis
that the operator must always know if the system is near the critical area, and
it so isthe case, he should select another combination of reactive power from
the synchronous compensator and from capacitor banks. It shall also be noted
that the presupposition to disregard the inertia of the compensator makes the
system unnecessary vulnerable, aswill be further discussed in Section 8. 4. 4.

8.4 CONCLUSION

8.4.1 Conditionsfor solution

As has been shown, the system will reach a new stable state after a distur-
bance if either the magnitude of the inverter current is greater than the mag-
nitude of the compensator short circuit current (the circle of the inverter
current encloses the origin) or the phase angle of the new load is such that
thereis an intersection with the circle of the inverter, even after the frequency
change. In the last case, load changes that generally lead to a decrease in the
phase angle of the total impedance may be critical. It can aso be noted that
when thecircleof inverter current comes closer to the origin, thecritical range
of thefiring angle o movestowards 90°, this being arange that isnot ordinar-
ilyinuse.

8.4.2  Stationary conditions

The calculation has been performed with transient values for the synchro-
nous compensator. If the stationary values are applied, the short circuit current
isreduced, asisthe current consumed in the machine reactance. The circle of
inverter current comes closer to the origin or enclosesit. At the sametimethe
resulting impedance turns less inductive or even capacitive such that the
phasor balance is maintained. Calculations with stationary values should give
amore stable system than those using transient values. In practice, there will
also be controllers operating the system to keep stable.

8.4.3 Bypassing critical areas

Thecritical areaof operation iswhen the combination of circuit parameters
is such that an expectable change of load will make the phasor diagram of the
system become impossible. Fortunately there are a number of parameters to
play on. Inthe calculationsit has been assumed that the synchronous compen-
sator has been operating at rated load and the capacitor banks have been var-
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ied to supply the reactive power required. A reduction of the excitation of the
compensator will have animmediate influence on the short circuit current and
move the inverter current circle to a more suitable position. The reduction of
reactive power production can easily be compensated by more capacitors.

For the case of an offshore power supply system with a small synchronous
compensator with arating of for example 15 %, this should bring no need for
extracapacitors. In the calculated example, the problems arise at acompensa-
tor rating of 40 to 50 % of the load. By scaling, this implies that the critical
range on the platform would occur in a situation where theload is about 33 %.
In this case there should be sufficient spare capacitor rating to allow free play.

There is also the possibility of modifying the inverter current and firing
angle, thereby modifying the inverter current circle itself. This, however, is
lessfeasibleasit will normally lead to increased |osses and increased need for
reactive compensation power.

8.4.4 Consideration of the compensator inertia

Basically the simplification of disregarding the inverter inertialeads to the
assumption that the short circuit phasor islocked to the imaginary axis. If the
machine is given an inertia, this will add the possibility of an active compo-
nent to the machine current. The equation for the machine current will become
amodification of (8-4):

- ‘u—ep(cosp—jsinB) - u  €y(sinB+jcosP)
i = — | =5+ 0 (8-19)
Wy 4 wly Wl 4
%
i = —Jigtig(sinp +jcosP) (8-20)

This shows that the active current component is linked to the short circuit
current by the sine of the pole wheel angle 3. This can be interpreted as the
short circuit current phasor is no longer locked to the imaginary axis, but is
allowed to “sway”, and the centre of the circle of the inverter current moves
along. As the frequency deviations are shown as not being to large, the pole
whedl angle variations will also be reasonable and the main conclusions of
the investigation remains principally valid, even if they are to pessimistic.
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Figure 8-16 Principal phasor diagram for the currents and impedancesin
classical HVDC stability theory before and after increase of transmitted
current.

8.4.5 Relation to classical theory

Classical stability theory makes a number of assumptions. First it assumes
that the inertia of the system is so large that there is negligible frequency var-
iations. Second its concern is power transmission into a network represented
by a Thevenin equivalent. All transmitted power is pumped into the equiva-
lent voltage source of the network. Thisis the equivalent of the synchronous
compensator being replaced by a machine capable of absorbing all the active
power offered, and no active component in the resulting network impedance.
In such a case the short circuit current phasor will have an active component
with magnitude equal to the magnitude of the active component of theinverter
current and opposite direction. The intersection points with the circuit will be
on the imaginary axis and the problem is reduced to one dimension. The prin-
cipal phasor diagram for the classical problem is shown in Figure 8-16.
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9 QUASI-PHASOR SIMULATIONS
OF A SYSTEM WITH A
SYNCHRONOUS COMPENSATOR
AND A PASSIVE LOAD,
WITHOUT CONTROLLERS

In this chapter we shall study the consequences of the introduction of a
synchronous compensator to the formerly passive network

0.1 INTRODUCTION

In Chapter 7 it was shown that the voltage and frequency of an AC system
consisting of an inverter supplying power to a passive network can be
controlled by variation of the reactive power supply, represented by the total
network capacitance, and the inverter firing delay time. Sensitivity analysis
indicated, however, the possibility of instability due to a negative sensitivity
in the frequency for a change in the active load.

Furthermore it was indicated that a phasor-based simulation could give
sufficiently good results to decide if the system is stable or not, and indicate
the course of thetransients. Now the model in Chapter 7 will first be enhanced
by a‘small’ synchronous compensator. In Chapter 8 it was indicated that the
dynamic behaviour of a system where the reactive power is supplied by
synchronous compensators may not be similar to a system where the reactive
power is supplied by capacitors.
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passive load, without controllers

In Chapter 10 the system will be enhanced with theload of a‘large’ induc-
tion motor to see the influence on the stability of the uncontrolled system.

0.2 ABOUT THE MODEL

There is a close resemblance between the classical phasor model used in
power system analysis and the dg-model used in machine analysis. The theo-
retical foundation is different, phasors are formally limited to represent
stationary, sinusoidal quantities, while dg-transformation is, as indicated by
the name, only atransformation of time-variables, which have the quality to
represent stationary, sinusoidal quantities by means of constants. Phasor
analysis, however, has for a long time been used to describe slowly varying
quantities in power system analysis. Combining these two gives a tool that
gives smple calculations. The fundamental questions of long-term stability
and resulting voltage and current are solved, while the exact course of the
transient, and finer points like aperiodic components are lost. Such elements
though, are often dependent on the exact time of switching during a period,
which cannot be known in advance. Thus they are stochastic and can in most
cases be described by factors, like the well-known peak short circuit current
factor K.

In machine theory the dg-analysis can be stator, rotor or field oriented.
Analogously our model can connect the reference axis either to the system
voltage as measured in the point of common coupling, PCC, or along the
synchronous compensator g-axis, the induced EMF. The reference axis will,
for convenience, be called the real axis. When thereal axisis connected along
the synchronous compensator g-axis it rotates smoothly with the machine
speed while the voltage in the PCC leads or lags as the load impedance
changes. When the real axis is connected to the system voltage in PCC, it
‘jJumps around’ together with the PCC voltage. The difference may seem
trivial, and in fact is under stationary conditions, but acquires importance
when it comes to decide which voltage to use asreference for the firing pulses
of the inverter during a transient. If the EMF is used as reference, the
frequency of the firing pulses and thereby the frequency of the current isgiven
by the speed of the synchronous compensator. The amplitude and phase of the
voltage isthen given by the current and the impedance of the load. If the PCC
voltage is selected asreference, the firing angle is given by the phase angle of
the total load of the inverter, while the frequency of the system actually isa
derived quantity, given by the phase angle and the firing delay time. It seems
probable that the system which refersto the EMF voltage will be more stable,
but this system has the drawback that the terminal voltage is phase displaced
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Figure 9-1 Equivalent circuit during commutation in a synchronous motor
drive

by the pole wheel angle, and the risk of commutation faults is substantially
increased unless extra protective effort is made.

It must be noted that this selection of reference is not only a question of
modelling. It implies two different methods of control philosophy and thus
two different systems, which may havetotally different behaviour. In order to
clarify this, both systems will be investigated.

It is also to be noted that the model using EMF as the reference for the
firing pulsesis basically the same principle as the classical machine commu-
tated synchronous motor drive. The synchronous motor drive, however, has
only one path for the current, through the machine and thus through the
subtransent EMF which acts as the commutating voltage. In the model
analysed here the situation is somewhat more complicated. Thereis not only
one path for the current to flow, and the subtransient EMF is not the only
commutating voltage. The difference is illustrated in Figure 9-1 and Figure
9-2. In Figure 9-2 r and c represent the total network resistance and capaci-
tance. This includes all sorts of loads, also motor drives. Motor drives will

id Xk R PCC X”d,R e”R

- T TN
\ | |

Cs Cr

S R

Figure 9-2 Equivalent circuit during commutation in a network with synchro-
nous phase compensator
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actually appear as subtransient voltage sources when discussing commuta-
tion. The network has to be capacitive in sum in order to facilitate
commutation, the synchronous compensator will not have sufficient rating to
perform commutation alone. If the network and the compensator in Figure 9-2
is collected into a Thevenin equivalent, the resulting voltage source will in
general not be satisfactorily approximated by the machine subtransient EMF.

9.3 SYSTEM TO BE SIMULATED

The first system to be simulated is shown in Figure 9-3. It consists of a
constant DC current source and a controlled inverter as model for the HVDC
transmission. A controlled capacitor represents all reactive power generation
in the system, it may be filters, shunt capacitors or Static Var Compensators.
The exception is the ‘small’ synchronous compensator which is to supply
mechanical inertiain the system. It istheaim to makethisassmall aspossible.

The model is based on Kirchoff’s law: The sum of al active currents into
the point of common coupling is zero and the sum of al reactive currentsinto
the point of common coupling is zero. All AC devices are connected in
parallel and experience the same voltage. Therefore an admittance description
is applied. The simulations are based on the previously described base case.
The system has a nominal line voltage at the busbars of 120 kV and the

Constant DC current
source

f — -1 Voltage and [
| frequency [
— controller
Inverter |
~ A Controlled
| capacitor
‘ L
PCC
Synchr. Passive load

Comp

Figure 9-3 Smplified model of HVDC supply to an offshore oil-installation,
to be ssimulated in Quasi-phasor model
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inverter has power rating of 100 MW at an extinction angle y of 20°. The
controller parameters found in the previous chapter will be used initialy.

The synchronous compensator is modelled in a d-axis model. The amort-
isseur windings have been replaced by a damping constant. Thisis allowable
since the rest of the model is valid only for stationary and quasi-stationary
events. The synchronous compensator isturbo-type, 2-pole 20 MV A, running
at 10 MVar reactive supply. The excitation voltage is constant. The electrical
and mechanical data are taken from atypical, existing 22 MW generator and
scaled to 20 MV A, apart from the mechanical time constant, which isreduced
in order to save smulation time. The datafor the reference machine are given
infull in Appendix B.

The rest of the system is described by a quasi-phasor model where the
phasors are alowed to vary in time. The quasi-phasor model gives the envel-
oping curves of the fundamental s of voltage and current, but neither describes
aperiodic components, nor higher harmonics. The load is modelled as a
resistor with a conductance equivalent of atotal load of 80 MW three phase
at nominal voltage. A second load of 20 MW is switched in parallel to
increase the total to 100 MW.

The capacitor can be controlled to keep the voltage constant. It ismodelled
as acontinuously variable capacitor. The closest physical counterpart will be
thyristor switched capacitors (SV Cs), perhaps in combination with athyristor
controlled reactor (TCR). SVCs can only be switched in discrete steps, and
only at certain instants during a period, when the voltage across the thyristor
is at a minimum. But for the sake of simplicity, we disregard the physical
limitations.

The firing delay can be controlled to keep the frequency constant. The
initial values for the inverter at the simulation is a DC current equivalent of
100MW at nominal extinction angle, and an initial extinction angle y=31.26°,
such that the active power output is 80 MW, to fit the load, and there is suffi-
cient DC current available to increase the load to 100 MW at y=20°. The
course of the simulationisto alow 1 sfor stabilization of initial values. Then
at t=1s the additional admittance equivalent to 20 MW load at nominal
voltage is switched on and the simulation goes on until a steady state is
reached at t=8 s. The simulationswill be performed without active controllers
in order to examine the physical actions taking place.
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9.4  QUASI-PHASOR SIMULATIONS

9.4.1 System with referencefor thefiring pulses given by
thevoltage at PCC

If we select the voltages at the point of common coupling (PCC) as refer-
ence for thefiring pulsesto the system, it will be anatural choiceto select the
real axis of the quasi-phasor model along the phasor of the R-phase voltagein
this point.

The Simulink model of this case can be illustrated by the simplified block
diagram in Figure 9-4. The block diagram includes the voltage and frequency
controllers, but not al the required measurement blocks. It can immediately
be seen that the model contains at least two algebraic loops, as indicated by
the bold lines on the figure. These loops contain both the voltage and
frequency, the two parameters that are to be controlled. Thereisaso an alge-
braic connection from disturbances in the load admittance to the voltage and
frequency, indicating that disturbances will give immediate response in
voltage and frequency before any controller can react. To break these alge-
braic loopsin order avoid numerical problems, filters with transfer functions

2 2
lde Re(ll) —|m(||)
Re(ll) an(¢) :
[
| vy
\ \
Synchr.Mach
‘ Con- ‘
| troller | Re(l])
and IM(lg)
| de- | o 1Yl
coupling 2 2
‘(Blocked)‘ JG +B
‘ ‘ a\tanE
G
\ \
> ‘ Ccap >< Br‘an s
[ 4
G’Ioad"'A

BioagtAB

Figure 9-4 Block diagram of Smulink model with firing pulses referred to
voltage at PCC.
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Figure 9-5 Network frequency and synchronous compensator speed after
load admittance increase corresponding to a load increase from 80 MW to
100 MW. Firing pulses referred to voltage at PCC.

are introduced. They are placed after the calculation of the voltage

1+Ts
and after the calculation of the imaginary part of the inverter current, at the
locations marked with F. Both filters have T; = 0.001s.

The results of these simulations are shown in the following figures.
Remember that the system is operating without controllers to check the
intrinsic stability. Figure 9-5 shows the network frequency and compensator
speed during the simulation, and Figure 9-6 shows the system AC RMS
voltage at the point of common coupling and the DC voltage during the smu-
lation. The depicted voltage drop and frequency rise is quite in accordance
with the sign of the sensitivitiesfound in Chapter 7. Figure 9-7 and Figure 9-8
presents the active and reactive power balance. It is noteworthy that, due to
the voltage drop in this constant current system, the power dissipated in the
load actually decreases when the load conductance increases. Figure 9-9 gives
the extinction angle y and pole wheel angle (3. The curves shows that after
some initia disturbances, both voltage and frequency drops below the initial
values. Asthe load is resistive, the frequency has no influence on the active
power consumption, which, after the switching, remains proportional to the
square of the AC RMS voltage. The supplied power, however, is directly
proportional to the DC voltage as the DC current is assumed to be kept
constant. Even if the DC voltage drops more than proportional to the
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Figure 9-6 System voltages after load admittance increase corresponding to
aload increase from 80 MW to 100 MW. Firing pulses referred to voltage at
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Figure 9-7 Active power balance after load admittance increase corre-
sponding to a load increase from 80 MW to 100 MW. Firing pulsesreferred
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Figure 9-8 Reactive power balance after load admittance increase corre-
sponding to a load increase from 80 MW to 100 MW. Firing pulsesreferred
to voltage at PCC.
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Figure 9-9 Inverter extinction angle y and synchronous compensator pole
wheel angle 3 after load admittance increase corresponding to a load
increase from 80 MW to 100 MW. Firing pulses referred to voltage at PCC.
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Figure 9-10 Network frequency and synchronous compensator speed during
thefirst 0.4 safter load admittanceincrease corresponding to aload increase
from 80 MW to 100 MW. Firing pulses referred to voltage at PCC.

AC voltage, it does not drop proportionally to the square of the AC voltage.
Thus the consumed power in the load drops more than the supplied power
through the DC link. The surplus of power hasto be absorbed by the synchro-
nous compensator, which accel erates accordingly after theinitial drop. Asthe
controllers are blocked, the firing delay time is kept constant and thus, due to
the increasing frequency, the firing angle a increases and the extinction angle
y decreases.

A similar development occurs for the reactive power. The produced reac-
tive power in the capacitor drops by the square of the voltage while the
consumed reactive power in the inverter drops approximately proportional to
the voltage, and again, the difference has to be supplied by the compensator.
In the case of reactive power, increased supply can only be achieved by
increased voltage difference across the d-axis reactance. This occurs automat-
icaly when the terminal voltage drops if the excitation voltage is kept
constant. In the end there must be reinstated a state where the active and reac-
tive power are once more in balance, and this has to be achieved by a change
in voltage and frequency.

As it is not easy to distinguish what happens during the first transient,
Figure 9-10 shows ablow up of the frequencies and Figure 9-11 shows ablow
up of the voltages during the first 0.4 s after load switch on. The curves can
be interpreted as follows: Before the switching on of the additional load, it is
possible to draw a phasor diagram of equivaent admittances in the network
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Figure 9-11 System voltages the first 0.4 s after load admittance increase
corresponding to a load increase from 80 MW to 100 MW. Firing pulses
referred to voltage at PCC.

as seen from the inverter terminals. This situation is shown in Figure 9-12,
indicated by the indices 0. During the switching on of the additional load, the
load conductance increases by Ag to g;. The susceptance of the capacitors

remains unchanged, but something happens to the equivalent susceptance of

A Im
9|oado> Yload,1
-
bo Ag Re
b1
bcap V bcap
Yewo | ]
bsc,eq 0
netw,1
v bsc,eq,l

Figure 9-12 Principal phasor diagram of admittances before and sometime
after active load increase.
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the synchronous compensator. Due to the inverter acting as a constant current
source, the voltage plummets inversely proportional to the increased admit-
tance. Due to the increased voltage difference between the unchanged
(transient) EMF of the synchronous compensator and the terminal voltage, the
current from the compensator increases. The fact that the compensator
supplies more current at a lower terminal voltage implies a considerable
increase of the equivalent susceptance of the compensator. The result is
shown in Figure 9-12. The total equivalent susceptance in the network
increases relatively more than the initial increase in the conductance,
increasing the phase angle ¢ of the network impedance. The extinction angle
y of the inverter must be equal to the phase angle of the network impedance.
The firing delay time At is constant, and the only way to increase the extinc-
tion angle isto decrease the electrical frequency. Figure 9-10 shows that this
is what happens, the frequency drops in the first instant, together with the
voltage in Figure 9-11. Figure 9-13 shows that the extinction angle increases
correspondingly.

The difference between the electrical and mechanical frequency is inte-
grated into the pole wheel angle 3, which starts to increase. This means the
compensator starts to supply active power, which has to be taken from the
stored kinetic energy, and the compensator startsto slow down. The supply of
power from the compensator reversestheinitial processand forcesthe voltage
upwards again. The increased voltage reduces the reactive current from the
compensator and thus reduces the equivalent susceptance. At the same time

Ssk=20000kV A Tsk=2s Y|=5.555mhO
T T T

,Extinction angle
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Figure 9-13 Inverter extinction angle y and synchronous compensator pole
wheel angle B inthefirst 0.4 safter load admittance increase corresponding
to aload increase from 80 MW to 100 MW. Firing pulsesreferred to voltage
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the active current from the compensator introduces a negative conductance in
the system as seen from the inverter, but the result isareduced network phase
angle ¢ and extinction angley, and an increased firing angle a, which has to
be achieved by an increased electrical voltage frequency wy. The supply of

power from the compensator increases as the pole wheel angle 3 increases.
This process goes on until the electrical frequency the matches mechanical
frequency. At this point the pole wheel angle and power supply from the
compensator are at maximum. When the power from the compensator starts
to drop, the voltage cannot be maintained any more and starts dropping as
well. The decreasing power from the compensator further reduces the phase
angle, therefore the electrical frequency continues to increase for some time,
until the increase in reactive power from the compensator gets the upper hand
and forces the phase angle to increase and the frequency to decrease again.
Eventually the synchronous compensator ceasesto supply and startsto absorb
active power, and we are into the situation described earlier in this chapter.
The electrical frequency stabilizes near the mechanical, leaving a negative
pole wheel angle pulling the compensator and network frequency upwards
until a stable working point is reached. The locus plot of the resulting imped-
ance phasor during thefirst 0.4 safter load switching is shown in Figure 9-14.
This can be compared to the phasor diagram in Figure 9-12.

In this section we have defined amodel based on quasi-phasors. The model
take the reference for the firing pulsesfrom the voltage at PCC. Consequently
it is natural to select the real axis along the voltage phasor in this point also.
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Figure 9-14 Locus plot for the resulting network impedance phasor during
thefirst 0.4 safter load admittanceincrease corresponding to aload increase
from 80 MW to 100 MW. Firing pulses referred to voltage at PCC.
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The model gives aninitially surprising result. If we increase the conductance
of the load in order to increase the load, the active power actually decreases.
Thisisdueto thefact that the model isbased on acurrent source, not avoltage
source. More astounding, but in accordance with what has been found in
previous chapters, the frequency of the system rises when we try to increase
the load.

9.4.2 System with referencefor thefiring pulses given by
the EMF of the compensator

As mentioned earlier, an alternative way of controlling the system is to
select the induced voltage (EMF) of the synchronous compensator as refer-
ence for the firing pulses to the thyristors. Then it will be a natura choice to
select the real axis of the quasi-phasor model along the phasor of the R-phase
voltage in this point. This phasor lies along the g-axis of the synchronous
compensator. The choice of reference for the firing pulses makes this a
different system from the previous.

By selecting the rea axis of the phasor system along the g-axis of the
synchronous machine, the real and imaginary parts of the EMF become equal
to the g- and d-axisvoltages of the machine, only the sign of the d-axisvoltage
must be changed. The same applies for the currents. The phase angle of the
PCC voltage becomes equal to the pole wheel angle [3. The phase angle of the
current isgiven by the angle of the current vector inthe dg-plane (. The differ-
ence (-f isthe traditional phase angle ¢, see Figure 9-15.

Thisimplies another sequence of calculations and the block schematic will
then be as shown in Figure 9-16. This system also contains at least two alge-
braic loopsin the process, indicated by the bold lines. There is aso the direct
algebraic connection from load admittance to voltage, giving rise to imme-
diate responses. It shall be noted that the electrical frequency is not a state
variableinthissimulation, and must be cal cul ated separately. The phase angle
of the PCC voltage, compared to the EMF of the compensator is calculated in
order to know the polewheel angle 3. Thederivative of thisvalueisthe differ-
ence between electrical and mechanical frequency, which is needed to
calculate the influence of the damping. Hence the electrical frequency isalso
calculated. To break the algebraic loops in the model, similar filters to the
previous case are inserted. Thistime the locations are after the cal cul ations of

real and imaginary voltages. Both filters have T; = 0.001s. A third filter is

inserted to dampen the derivative of the pole wheel angle 3, when it steps
from one value to another at load switching, thereby creating adirac pulsein
the electrical frequency which disappears in the presentation of the curves.
Also herethefilters areindicated by F.
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Figure 9-15 Connection between dg-vectors and quasi-phasorsin the
synchronous machine
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Figure 9-16 Block diagram of Smulink model with real axis given by EMF
voltage
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Figure 9-17 Network frequency and synchronous compensator speed after
load admittance increase corresponding to a load increase from 80 MW to
100 MW. Firing pulsesreferred to EMF.

The system is simulated under the same conditions as the previous model
and the results of this simulation are shown in the following figures.
Remember that this system too is operating without controllers to check the
intrinsic stability. Figure 9-17 shows the network frequency and compensator
speed during the simulation of an increase of the admittance equivalent of a
load increase from 80 MW to 100 MW at constant voltage. The details at |oad
switching will be discussed later, in conjunction with the more detailed Figure
9-22, Figure 9-23 and Figure 9-24. At present it is only to be pointed out that
the frequency drop, represented by the mechanical frequency, is lessthanin
the previous case, Figure 9-5, and the difference between electrical and
mechanical frequency isless after the initial disturbances. On the other hand,
the system reacts slower when it comes to approach the stable state.

Figure 9-18 depicts the system AC RMS voltage at the point of common
coupling and the DC voltage during the simulation. Figure 9-19 and Figure
9-20 presents the active and reactive power balance. The long-term processes
governing this system are the same as described in the previous case and the
principal development is the same. But, as the electrical frequency in the last
example is far closer tied to the mechanical frequency, the changes in pole
wheel angle are Slower and smaller. Therefore the response of the total system
to disturbances in load conductance is distinctly slower than the previous
system, presented in Figure 9-6, Figure 9-7 and Figure 9-8.
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Figure 9-18 System voltages after |oad admittance increase corresponding to
aload increase from 80 MW to 100 MW. Firing pulses referred to EMF.
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Figure 9-19 Active power balance after load admittance increase corre-
sponding to a load increase from 80 MW to 100 MW. Firing pulsesreferred

to EMF.
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Figure 9-20 Reactive power balance after load admittance increase corre-
sponding to a load increase from 80 MW to 100 MW. Firing pulsesreferred
to EMF.

Figure 9-21 shows the extinction angle y, and pole wheel angle . It must
be remembered that in this simulation the extinction angle relates to the refer-
ence for the firing pulses, the EMF of the synchronous converter which
constitutes the real axis. The true extinction angle as related to the network
voltage isthe sum of the recorded anglesy and 3. Thistrue extinction angleis
also shown in the figure. Compare to Figure 9-9

The difference between the models lies mainly in the behaviour immedi-
ately after the disturbance. In order to investigate this period closer, the same
figures asin the previous case are enlarged to display a better view of the first
0.4 s after the load switch on. The electrical and mechanical frequencies are
shown in Figure 9-22. In comparison to the previous simulation, see Figure
9-10, the electrical frequency rises much faster from the initial drop. The
reason for thisisthat in this case the voltage at PCC is allowed to shift freely
in phase compared to the real axis, which lies along the EMF in the g-axis of
the machine. The voltage aso shifts freely compared to the current, which is
tied to the Q-axis by aconstant firing delay time. When the voltage phasor can
move swiftly, the derivative of the phase angle is large, and the variations in
electrical frequency becomes large. These fast, apparent frequency changes
may rather be interpreted as voltage phase-shifts. When the voltage shifts
phase swiftly, it also meansthat the pole wheel angle (3 shifts swiftly, and the
compensator can swiftly change its supply of active power. Therefore the
initial increase of power isfast.
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Immediately afterwards the frequencies are closely tied again and the

Ssk=20000kVA Tsk=2s Y|=5.555mhO

rTrue extinction angle

22 -~~"">"" "~~~ =~7 -~~~ 7~

ANGLES [Deg]

4
TIME [SEC]

Figure 9-21 Inverter extinction angle y and synchronous compensator pole
wheel angle 3 after load admittance increase corresponding to a load
increase from 80 MW to 100 MW. Firing pulses referred to EMF.
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Figure 9-22 Networ k frequency and synchronous compensator speed the first
0.4 s after load admittance increase corresponding to a load increase from
80 MW to 100 MW. Firing pulses referred to EMF.
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Figure 9-23 Extinction angle and pole wheel angle thefirst 0.4 s after load
admittance increase corresponding to a load increase from 80 MW to
100 MW. Firing pulses referred to EMF.

change in pole wheel angle and supplied power is slow. This can be seenin
Figure 9-23, where the extinction angle related to the EMF and pole wheel
angle are shown, together with the true extinction angle as related to the
voltage at the PCC. The derivative of the changein 3 isreflected asvariations
in the electrical voltage frequency in Figure 9-22. In Figure 9-23 it can be
noted that there is no dramatic change in the extinction angle y, related to the
EMF. The changes are only due to the dowly varying mechanical frequency.
Itisalso to be noted that thereiseven less possibilitiesfor alasting difference
of importance between electrical and mechanical frequency inthiscase, asthe
frequency of the current islocked to the mechanical frequency. Therefore the
deflection in the pole wheel angle B is less, and the compensator gives less
contribution to keep the balance of active power. Therefore also the
DC voltage hasto drop further than in the previous simulation, as can be seen
in Figure 9-24, which depicts the AC and DC voltages. Compare this figure
with Figure 9-11. The drop in the DC voltage is reflected in a larger change
inthetrue extinction angle aswell. The phasor diagram of theload admittance
isequivalent to that in Figure 9-12 but the locus pl ot of the changeisdistinctly
different, as can be seen in Figure 9-25.

In this section we have modelled a second system based on quasi-phasors.
This system take the reference for the firing pulses from the EMF of the
compensator, and places the real axis along the voltage phasor in this point.
The simulations give basicaly the same results. But the second system
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Figure9-24 AC and DC voltagesthefirst 0.4 safter load admittanceincrease
corresponding to a load increase from 80 MW to 100 MW. Firing pulses

referred to EMF.
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Figure 9-25 Locus plot for the resulting network impedance phasor during
thefirst 0.4 safter load admittanceincrease corresponding to aload increase
from 80 MW to 100 MW. Firing pulsesreferred to EMF.
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includestheinertiaof the converter in abetter way, giving amore stable refer-
ence for the firing pulses to the thyristors, consequently the whole system is
more stable.

9.4.3 Conclusion

Both these systems are intrinsically stable for the calculated load case, at
least as long as the load is not frequency dependent. For systems containing
motors, however, thisis not necessarily so. The motor load is dependent on
the frequency. Of the two examined systems, the system which uses the EMF
as reference for the firing pulses is more stable, but reacts slower than the
system which takes the reference from the voltage at PCC. Both systems end
in the same stationary state.

9.5 VERIFICATION SIMULATIONS BY KREAN

In order to verify the results of the Matlab/Simulink simulations a corre-
sponding model was created in KREAN, based on the KREAN modelswhich
have been used earlier. The main difference from the previous KREAN
models is that the phase-locked loop, which was needed to determine zero
crossings of the voltages, has been removed. In the case where thefiring pulse
reference is taken from the voltage at PCC, the necessary filtering of the
voltage is performed by a 60° filter, i.e. alow pass filter with breakpoint at
28.86 Hz. Thisfilter has a phase displacement of 60° and a damping of 6dB
at 50 Hz. This phase displacement is compensated by a corresponding reduc-
tion of 3.33 ms of the firing delay time. This is acceptable as the network
frequency do not vary much from 50 Hz. When the reference for the firing
pulsesisthe EMF, the EMF issimulated by athree-phase voltage source with
variable frequency given by the mechanical frequency of the synchronous
compensator.

9.5.1 Voltageat PCC asreference

The results of the KREAN simulations using the voltage at PCC as refer-
ence are shown in the following figures. Figure 9-26 depictsthe electrical and
mechanical frequenciesin comparison to Figure 9-5. All the comparisons will
be discussed later. Figure 9-27 shows the RMS line voltage and DC voltage
in comparison to Figure 9-6. The RMS voltage is measured as the three line
voltages rectified in a six-pulse rectifier with resistive load and damped
through alow pass filter with DC damping 1/1.35 and breakpoint frequency
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Inv2syri - Simulated by KREAN
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Figure 9-26 Network frequency and synchronous compensator speed after
load admittance increase corresponding to a load increase from 80 MW to
100 MW. Firing pulses referred to voltage at PCC. Smulated by KREAN
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Figure 9-27 System voltages after |oad admittance increase corresponding to
aload increase from 80 MW to 100 MW. Firing pulses referred to voltage at
PCC. Smulated by KREAN
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Figure 9-28 Synchronous compensator pole wheel angle 3 and inverter
extinction angley after load admittance increase corresponding to a load
increase from 80 MW to 100 MW. Firing pulses referred to voltage at PCC.
Smulated by KREAN

50 Hz. This gives an additional damping of the 6-pulseripple of 15.7 dB. The
selection of the filter parameters is a compromise between good damping of
the ripple and sufficient response to variations in RMS values. Figure 9-28
shows the pole wheel angle 3 and inverter extinction angle yin comparison to
Figure 9-9. The pole wheel angle 3 cannot be directly measured in KREAN
and is calculated on basis of the synchronous compensator d- and g-axis volt-
ages. The inverter extinction angle y also cannot be directly measured in
KREAN and is calculated from the AC and DC voltage.

As in the Matlab simulations, the first 0.4 s after the load switching has
been blown up in order to seethe details. The frequencies are shown in Figure
9-29, in comparison to Figure 9-10. The voltages are shown in Figure 9-30, in
comparison to Figure 9-11. The pole wheel angle and inverter extinction
angle are shown in Figure 9-31, in comparison to Figure 9-13. In Figure 9-32
the instantaneous phase voltage in phase R is shown, together with the RMS
line voltage.
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Figure 9-29 Networ k frequency and synchronous compensator speed thefirst
0.4 s after load admittance increase corresponding to a load increase from
80 MW to 100 MW. Firing pulses referred to voltage at PCC. Smulated by

KREAN

Inv2syri - Simulated by KREAN
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Figure 9-30 System voltages the first 0.4 s after load admittance increase
corresponding to a load increase from 80 MW to 100 MW. Firing pulses
referred to voltage at PCC. Smulated by KREAN
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Figure 9-31 Synchronous compensator pole wheel angle 3 and inverter
extinction angleythefirst 0.4 safter |load admittance increase corresponding
to aload increase from 80 MW to 100 MW. Firing pulsesreferred to voltage

at PCC. Smulated by KREAN
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Figure 9-32 Voltage in phase R, compared with RMSline voltage the first
0.4 s after load admittance increase corresponding to a load increase from
80 MW to 100 MW. Firing pulses referred to voltage at PCC. Smulated by

KREAN
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9.5.2 EMF in the synchronous compensator asreference

The results of the KREAN simulations using the EMF in the synchronous
compensator as reference are presented in the following figures, Figure 9-33
shows the electrical and mechanical frequencies in comparison to Figure
9-17. Figure 9-34 shows the RMS line voltage and DC voltage in comparison
to Figure 9-18. Figure 9-35 showsthe pole wheel angle 3 and inverter extinc-
tion angle y in comparison to Figure 9-21.

The blown up frequencies are illustrated in Figure 9-36, in comparison to
Figure 9-22. The voltages are shown in Figure 9-37, in comparison to Figure
9-24. The pole wheel angle and inverter extinction angle are shown in Figure
9-38, in comparison to Figure 9-23. The instantaneous phase voltage in phase
Risgivenin Figure 9-39, together with the RMS line voltage.

Inv2sydq - Simulated by KREAN
T T

*****************************************************

Frequency [Hz]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

frequency 3 : 3 3 3 3
1

47

0

Figure 9-33 Network frequency and synchronous compensator speed after
load admittance increase corresponding to a load increase from 80 MW to
100 MW. Firing pulsesreferred to EMF. Smulated by KREAN
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Inv2sydq - Simulated by KREAN
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Figure 9-34 System voltages after |oad admittance increase corresponding to
aload increase from 80 MW to 100 MW. Firing pulses referred to EMF.
Smulated by KREAN
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Figure 9-35 Synchronous compensator pole wheel angle 3 and inverter
extinction angle y after load admittance increase corresponding to a load
increase from 80 MW to 100 MW. Firing pulsesreferred to EMF. Smulated
by KREAN
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Figure 9-36 Network frequency and synchronous compensator speed thefirst
0.4 s after load admittance increase corresponding to a load increase from
80 MW to 100 MW. Firing pulses referred to EMF. Smulated by KREAN
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Figure 9-37 System voltages the first 0.4 s after load admittance increase
corresponding to a load increase from 80 MW to 100 MW. Firing pulses
referred to EMF. Smulated by KREAN
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Figure 9-38 Synchronous compensator pole wheel angle 3 and inverter
extinction angleythefirst 0.4 safter |load admittance increase corresponding
to a load increase from 80 MW to 100 MW. Firing pulsesreferred to EMF.
Smulated by KREAN
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Figure 9-39 Voltage in phase R, compared with RMSine voltage the first
0.4 s after load admittance increase corresponding to a load increase from
80 MW to 100 MW. Firing pulses referred to EMF. Smulated by KREAN
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9.5.3 Comparison of results

In order to simplify the comparison, the figures are redrawn, each figure
featuring one and the same parameter from all ssmulations. The curvesfor the
whole simulation time are presented, together with the details of the initia
0.4 s. Figure 9-40 shows the comparison of the line voltage during the whole
simulation and Figure 9-41 shows the blow up of the initial 0.4 s. The first
thing to notice is that all models arrive at the same voltage level within 2 s.
after the disturbance, and thefinal values are equal. The KREAN modelsgive
somewhat deeper voltage drop, but the difference is tolerable, about 5 % of
the initial value. The blow up shows that there is a difference between the
systems taking the reference from the voltage at PCC and the models taking
the reference from the EMF. Both in Matlab and KREAN, the former shows
an initial drop, followed by a temporary rise and another drop. The latter
shows a monotonous drop until the minimum value. Otherwise the KREAN
models react slower, due to the more correct dynamic behaviour of the
synchronous compensator.

Figure 9-42 shows the comparison of the electrical frequency during the
whole simulation and Figure 9-43 shows the blow up of theinitial 0.4 s. The
curves converge to a common value, about 51.3 Hz. The exception is the
KREAN simulation with reference from the PCC voltage, which ends up
about 0.5 Hz higher. Looking at the blow up, however, it seems to indicate

Comparison between models
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Figure 9-40 Comparison of line voltages from different models during the
whole simulation of load admittance increase corresponding to a load
increase from 80 MW to 100 MW

- 165 -

M:\MAKERS\AVHANDL\rc_sc 22 Apr 2001



Chapter 9 Quasi-phasor simulations of a system with a synchronous compensator and a
passive load, without controllers

Comparison between models
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Figure 9-41 Comparison of line voltages from different models during the
first 0.4 s after load admittance increase corresponding to a load increase

from 80 MW to 100 MW
Comparison between models
52 T T
515 I L ””” ‘L e :
w [ AT ]
) e i R
?49.5 ”””””””””””” :’ - - - - - :’ ””””
E | |
B e £ B e e
485 -~~~ ~" 14~~~ 7 -~ "S-~ - - - - - - - T T T T T T Ty T T T :’ - - - - - :’ ””””
R A AR e e S A 1: Matlab = PCC |
2. Matlab - EMF
A '3: KREAN - PCC]|
‘4. KREAN -EMF
7

47

6 8

Figure 9-42 Comparison of electrical frequencies from different models
during the whole simulation of load admittance increase corresponding to a
load increase from 80 to 100 MW
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Comparison between models
51 T T

'1: Matlab - PCC
50.5

B 1 1 1 1 1 '2: Matlab - EMF
wl-- 4 | | | | | |

49.5

UNe)

49

El. Freq[HZ]

0.95 1 105 11 115 12 125 13 135 14
Time [Sec]

Figure 9-43 Comparison of electrical frequencies from different models
during thefirst 0.4 s after load admittance increase corresponding to a load
increase from 80 MW to 100 MW

some flaw in the Matlab models. Compare also Figure 9-10, Figure 9-22,
Figure 9-29 and Figure 9-36. The greater resemblance is between the elec-
trical frequency modelled with referenceto the PCC voltage in Matlab and the
electrical frequency modelled with reference to the EMF in KREAN, and
between the electrical frequency modelled with reference to the EMF in
Matlab and the electrical frequency modelled with reference to the PCC
voltage in KREAN. The reason for this crossing is that there is a far stronger
linkage between the EMF, or better the subtransient EMF of the synchronous
compensator and the PCC voltage across the subtransient d-axis reactance,
than the Matlab model takes into account when cal culating the frequency. On
the other hand, the KREAN model taking the reference from the artificia
EMF, does not consider that this voltage lies fixed in the g-axis while the
system really experiences the subtransient EMF, which may be situated at a
considerable angle off the g-axis.

Figure 9-44 shows the comparison of the mechanical frequency during the
whole simulation and Figure 9-45 shows the blow up of theinitial 0.4 s. The
same comments as for the mechanical frequency apply, and it can be seen that
the (almost) stationary values are the same as for the electrical frequency

Figure 9-46 shows the comparison of the pole wheel angles during the
whole simulation and Figure 9-47 shows the blow up of the initial 0.4 s. The
pole wheel anglesinthe KREAN simulations are calculated on basis of the d-
and g-axis voltages of the synchronous compensator. Compare Figure 9-13,
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Figure 9-44 Comparison of mechanical frequencies from different models
during the whole simulation of load admittance increase corresponding to a
load increase from 80 to 100 MW
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Figure 9-45 Comparison of mechanical frequencies from different models
during thefirst 0.4 s after load admittance increase corresponding to a load
increase from 80 MW to 100 MW
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Comparison between models
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Figure 9-46 Comparison of pole wheel angles from different models during
the whole simulation of load admittance increase corresponding to a load
increase from 80 to 100 MW
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Figure 9-47 Comparison of pole wheel angles from different models during
thefirst 0.4 safter load admittanceincrease corresponding to aload increase
from 80 MW to 100 MW
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Comparison between models
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Figure 9-48 Comparison of ‘true’ inverter extinction angles from different
model s during the whole simulation of load admittance increase corre-
sponding to a load increase from 80 to 100 MW

Figure 9-23, Figure 9-31 and Figure 9-38. There are great principal similari-
ties between the two models using the voltage at PCC as reference and
between the two models using the EMF as reference. This appears most
clearly in Figure 9-46.

Finally the comparison of the inverter extinction angles are shown in
Figure 9-48 for the whole simulation, and in Figure 9-49 for the initial 0.4 s.
The inverter extinction angles in the KREAN simulations are calculated on
basis of the AC and DC voltages. Compare Figure 9-13, Figure 9-23, Figure
9-31 and Figure 9-38. Also in this case there are great principal similarities
between the two models using the voltage at PCC as reference and between
the two models using the EMF as reference.

0.6 CONCLUSION

Two different systems have each been ssimulated in two different models.
There are some differences between the KREAN and the Matlab model
results for each system during the transients. Thisis natural, since the Matlab
models have limited validity during transients. Qualitatively the results in
KREAN and Matlab are quite similar for each system, except the frequency
results. The deviations in these results are due to the fact that there is amuch
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Comparison between models
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Figure 9-49 Comparison of ‘true’ inverter extinction angles from different
modelsduring thefirst 0.4 s after load admittance increase corresponding to
aload increase from 80 to 100 MW.

stronger linkage between the EMF of the synchronous compensator and the
PCC voltage than the Matlab model takes into consideration. This linkage,
due to the low values of the subtransient impedance of the synchronous
compensator is taken into account much better by the KREAN models.

It is noteworthy that, due to the voltage drop in this constant current
system, the power dissipated in the load actually decreases when the load
conductance increases.

It is to be remembered that the systems which have been treated in this
chapter are only for the understanding of the principles. They do not claim to
be realistic systems, furthermore al controllers are blocked. The results are
way outside the allowable limits according to norms and regulations. Later,
attention is turned to an investigation of the conditions where the norms and
regulations can be fulfilled.
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10 QUASI-PHASOR SIMULATIONS
OF A SYSTEM WITH A
SYNCHRONOUS COMPENSATOR
AND INDUCTION MOTOR
STARTING DIRECTLY ON LINE

In this chapter we shall study the consequences of the introduction of an
large induction motor to the network with a synchronous compensator.

10.1 SYSTEM TO BE SIMULATED

The system to be simulated with the quasi-phasor-model is shown in
Figure 10-1. It isidentical to the system in Section 9. 3, except that the addi-
tional load is now replaced by an induction motor. The induction motor which
isto be started is modelled as tables for torque and current related to relative
speed, based on figures for a Siemens 1RN1804 motor, 4-pole, 10500V,
6800 kW. This model of the motor has been scaled up to 10 MVA (9 MW),
which is 10 % of the inverter rating. The model also includes the load torque
of aturbo-compressor during start-up, as well asthe inertia of both motor and
compressor. The details of the real motor and load are found in Appendix C.

The planned course of the simulation is to allow 1 s for stabilization of
initial values. Then at t=1 sthe induction motor is connected with zero speed.
When the start is completed, some time is allowed for stabilization and then
the compressor is loaded to the rated power of the motor.
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Constant DC current
source

Inverter
Y Controlled
capacitor

PCC

Synchr.  Induction motor Other load
Comp to start

Figure 10-1 Smplified model of HVDC supply to an offshore oil-installation,
to be simulated in the quasi-phasor model.

10.2 SIMULATIONSOF SYSTEM WITH REFER-
ENCE FOR THE FIRING PULSES GIVEN BY
THE VOLTAGE AT PCC

The block schematic from the simulations without induction motors in
Section 9. 4, with real axis given by the PCC voltage, can easily be extended
to include an induction motor. Thisisdonein Figure 10-2. Asaminimum the
same algebraic loops exist and similar filters as in the previous chapter are
applied. The results of the simulations are shown in the following figures.
Remember that the system is operating without controllers to check the
intrinsic stability. Figure 10-3 presents the progress of the frequencies, elec-
trical as well as mechanical for both the synchronous compensator and
induction motor. Figure 10-4 shows the progress of the voltages, both AC and
DC values. Figure 10-5 shows the progress of the pole wheel angle of the
synchronous compensator together with the extinction angle of the inverter
and the phase angle of the motor. Something negative happens when the
induction motor accelerates past the pull-out frequency. Closer examination
of the details of the curves revealsthat the very non-linear torque curve of the
induction motor, together with the positive sensitivity of the system frequency
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Figure 10-2 Block diagram of Smulink model including induction motor,
with firing pulse reference from PCC voltage.
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Figure 10-3 Electrical frequency and mechanical frequency for both the
synchronous compensator and induction motor during DOL start of the
induction motor. Firing pulse reference from voltage at PCC.

-175-

M:\MAKERS5\AVHANDL\rcsc_ind 22 Apr 2001



Chapter 10 Quasi-phasor simulations of a system with a synchronous compensator and
induction motor starting directly on line

Ssk=20000kVA Tsk=2s Sind=10000kVA Tind=6.35s

VOLTAGE [kV]

TIME [SEC]

Figure 10-4 AC and DC voltage during DOL start of the induction motor.
Firing pulse reference from voltage at PCC.
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Figure 10-5 Extinction angle, pole wheel angle for the synchronous compen-
sator and phase angle for the induction motor during DOL start of the motor.
Firing pulse reference from voltage at PCC.
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for variations in equivaent conductivity in the system, forces the model into
non-linear oscillations. Is this a weakness of the system or the model? The
results will later be compared to the results of a KREAN simulation. This
comparison will show that the model is at fault, the KREAN model is stable
when the motor reaches full speed, at |east under the circumstances simulated
in this case. It was also found in the previous chapter that the model with a
control system based on firing pulse reference from the voltage at PCC gave
too fast variation in the electrical frequency. Thisis exactly what happensin
this case, the electrical frequency varies too fast and when this is combined
with the strong non-linearity of the torque-curve in the motor, this creates a
standing oscillation. On the other hand, this system is sensitive to the amount
of load torque, also in the KREAN simulation. Under certain circumstances
the electrical frequency accelerates faster than the motor can follow, causing
trips in first the motor, and then the whole system. This progress was also
shown in a dlightly modified variant of the quasi-phasor model where the
frequency-reference for the induction motor was taken from the synchronous
compensator speed.

10.3 SIMULATIONS OF SYSTEM WITH REFER-
ENCE FOR THE FIRING PULSES GIVEN BY
THE EMF OF THE COMPENSATOR

The block schematic from the simulations without induction motors in
Section 9. 4. 2, with real axis given by the EMF voltage, can also easily be
extended to include an induction motor. Figure 10-6 illustrates the extended
system. Asaminimum the same algebraic loops asin the model with resistive
load change are present. The same filters on the real and imaginary parts of
the voltages are applied to break the loops. Here too the filters are indicated
by F.

The results of this simulation are presented in the following figures.
Remember that the system is operating without controllers to check the
intrinsic stability. Figure 10-7 shows the electrical frequency of the network
and the mechanical frequency of the synchronous compensator and induction
motor. Figure 10-8 gives the system voltage at the point of common coupling
and the DC voltage. Figure 10-9 depicts the extinction angle y and pole wheel
angle 3, together with the phase angle ¢ of the induction motor.

First it can be noted that the simulations indicate a stable system, as
opposed to the previous simulation. But the results may be quite astonishing
at first glance. Starting a motor in the system leads to increased voltage and
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Figure 10-6 Block diagram of Smulink model including induction motor,
with firing pulse reference from the EMF voltage.
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Figure 10-7 Electrical frequency aswell as mechanical frequency for both the
synchronous compensator and induction motor before and after DOL start of
the motor. Firing pulse reference from the EMF voltage.
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Figure 10-8 System voltage and DC voltage before and after DOL start of the
induction motor. Firing pulse reference from the EMF voltage.
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Figure 10-9 Inverter extinction angle y and synchronous compensator pole
wheel angle 3, together with induction motor phase angle ¢ after DOL start
of the induction motor. Firing pulse reference from the EMF voltage.
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frequency. In order to see what happens, we are going to investigate the three
distinguished incidents:

. Connecting the motor, at t=1 s
. The motor reaches full speed, at t=19 s.
. L oading the motor, at t=23 s.

10.3.1 Connecting the motor, at t=1s

How can we explain the increased voltage, when the motor is connected?
First, we have aglance at the blow-ups of the frequencies, Figure 10-10; volt-
ages, Figure 10-11; and angles, Figure 10-12, during the first 0.4 s after
connection of the motor. Approximately the same things happen as when an
active load was connected, as described in Section 9. 4. 2, but with opposite
sign. The voltage at PCC shifts phase quickly when the inductive load of the
induction motor is connected. This is registered as a pulse in the frequency,
starting a similar procedure as earlier described. In order to explain the
‘wrong’ sign of the events, we have to take alook at the phasor diagrams.

Ssk=20000kVA Tsk=2s Sind=10000kV A Tind=6.35s
T T T T

Bl

|Ellectrical

FREQUENCY [HZ]

| | |
505 -~~~ [ [ O L

49
09 095 1 105 11 115 12 125 13 135 14
TIME [SEC]

Figure 10-10 Electrical frequency and mechanical frequency for the synchro-
nous compensator before and the first 0.4 s after DOL start of the induction
motor. Firing pulse reference from the EMF voltage.
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Figure 10-11 System voltage and DC voltage before and the first 0.4 s after
DOL start of the induction motor. Firing pulse reference from the EMF
voltage.
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Figure 10-12 Inverter extinction angle y and synchronous compensator pole

wheel angle [3, together with induction motor phase angle ¢ before and the

first 0.4 safter DOL start of the induction motor. Firing pulse reference from
the EMF voltage.
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If we computetheload at the busbar as seen from theinverter, immediately
before the connection of the induction motor, we have the situation in Figure
10-13. The fundamental current from the inverter is, in complex notation:

liw = Ill(cosy+jsiny) (10-1)
where extinction angle y isrelative to the g-axis.
The admittance of the rest of the systemis:

If we define power consumption positive and power production negative,
we have:

GIoad >0 BSC, eq, 0 <0 Bcap <0 (10‘3)

The resulting voltage is

o= ooy = = L, o

Thiscan be splitin

_
U, = L
Vo Yol (10-5)

(cosBy +jsinBy) = (cos(y— ) +jsin(y—dy))

Iinv GIoad - BSC,eq,O - Bcap - Bind

Figure 10-13 Quasi-phasor model of theload as seen fromtheinverter before
DOL start of induction motor.
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> (lnv) load 0
Re
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Im(liny)
Iinv Bcap
Bsc,eq,0

Yo

Figure 10-14 Phasor diagram of current, voltage and admittance as seen
fromthe inverter before start of induction motor.

where
(Bo=0)= (Y= 9p) (10-6)

because the synchronous compensator is not supplying any active power in a
stable situation. This implies that the phase angle ¢ of the admittance must

be egual to the extinction angle Y. The situation is described by phasors in
Figure 10-14.

After the induction motor is connected, the situation is like Figure 10-15.
Bear in mind that immediately after DOL start of an induction motor the

Iinv GIoad -BSCer - Bcap - Bind

Figure 10-15 Quasi-phasor model of the load as seen fromtheinverter imme-
diately after DOL start of induction motor.
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motor can be approximately regarded as a pure inductive load. Now the
admittance of the systemis

Yl = GIoad + J (BSC, eq, 0 + Bcap + Bind) (10‘7)

where

Bi,g>0 (10-8)

The new admittance can also be expressed in phasors, Figure 10-16, and it is
evident that the new admittance is less in absolute value than the old.

The extinction angle y is related to the g-axis, and has not changed, there-
fore the current from the current source is the same, and the new voltage
becomes

_ C _ | _ _[li(cosy+jsiny)
Uy = [Ug|(cosBy +jsinB,) = & = Y,[(cosp, +]sind,) (10-9)

=

where

jin
Y| (10-10)
(cosBy +jsinB;) = (cos(y—¢,) +jsin(y—¢,))

Uy =

Im
Re(liny) Gioad E
- |
b1 v Re
B1 !
‘ Bing
1
Im(liny,

Iinv Bcap

Uy
BSC,eq,O‘

Figure 10-16 Phasor diagram of current, voltage and admittance as seen
fromthe inverter after DOL start of induction motor.
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and the new pole whedl angle
By =yY—0; = o0, (10-11)

It can also be seen from the phasor diagram that the new effective extinc-
tion angle related to the voltage will be ¢4, giving the inverter a higher active

power output than before. The increased active power is partly consumed by
the activeload, dueto increased voltage, and partly consumed by the synchro-
nous compensator due to the new pole wheel angle 3,. The power consumed

by the synchronous compensator must be used for acceleration. This is the
reason for the increase in frequency, when actually adding load to the system.
Thelocus plot of the admittance phasor asresult of the simulationisshownin
Figure 10-17. Thereisagood correlation between the locus plot and the theo-
retical analysis, the main difference isthat the plot takes the active load of the
induction motor into consideration.

This frequency and voltage increase also correlates with the sensitivities
found in Chapter 7. The sensitivities for voltage and frequency for a change
in network capacitance are negative, predicting a reduction of voltage and
frequency for an increase of capacitance. Adding inductive load is equivalent
to reducing the capacitance and, as predicted, the frequency and voltage
increases.
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Figure 10-17 Locus plot for the resulting network impedance phasor during
thefirst 0.4 s after connection of a 10 MVA motor. Firing pulse reference
from voltage at PCC.
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After the connection, the motor accelerates. This period is characterized by
a slowly increasing demand for active power, combined with a slowly
decreasing demand for reactive power. Thisresultsin agradually decreasing
phase angle of thetotal load. After theinitia frequency rise, required to adapt
the extinction angle to the new phase angle of the load, the frequency slowly
decreases, in order to continuously adapt the extinction angle to the phase
angle of the load.

10. 3.2 Themotor reachesfull speed, at t=19 s

The relevant blow-ups of the frequencies are shown in Figure 10-18, volt-
agesin Figure 10-19, and anglesin Figure 10-20. The period when the motor
reaches full speed is initialized by a sharper decrease in need for reactive
power. The demand for active power is still rising, but slowly in comparison,
culminating somewhat later as the motor passes the pull-out point and then
suddenly decreasing fast. The faster decrease of need for reactive power leads
to faster reduction of speed and voltage through the reverse process of what
happens at connection. The sudden decrease of need for active power as the
motor passes pull-out speed acts through the opposite process of the active
load increase in Chapter 9, resulting in first afrequency and voltage increase,
followed by a frequency and voltage decrease. For the total system it is of no
consequence that the induction motor even gets into the over-synchronous
range and turnsinto a generator for a short while.

Ssk=20000kVA Tsk=2s Sind=10000kV A Tind=6.35s
T T T T

FREQUENCY [HZ]

515

Ind. motor
mech. frequency

19 192 194 196 198 20 202 204 206 208 21
TIME [SEC]

Figure 10-18 Electrical frequency and mechanical frequency for the synchro-
nous compensator at the time when the induction motor reaches full speed.
Firing pulse reference from the EMF voltage.
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Figure 10-19 System voltage and DC voltage at the time when the induction
motor reaches full speed. Firing pulse reference from the EMF voltage.
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Figure 10-20 Inverter extinction angle y and synchronous compensator pole

wheel angle 3, together with induction motor phase angle ¢ at the time when

the induction motor reaches full speed. Firing pulse reference fromthe EMF
voltage.
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Figure 10-21 Electrical and mechanical frequency for synchronous compen-
sator before and thefirst 2 safter loading of theinduction motor. Firing pulse
reference from the EMF voltage.

10. 3. 3 Loading the motor, at t=23 s

The relevant blow-ups are shown in Figure 10-21, frequencies; Figure
10-22, voltages; and Figure 10-23, angles. This event is principally the same
as the load increase described in Chapter 9. Events occur somewhat slower
and the deflections are less, but the same processes are present.

10. 3.4 Conclusion

Judging by the quasi-phasor simulations, the last system, which takes the
referencefor the firing pul sesfrom the EMF of the synchronous compensator,
is the more stable and better suited control philosophy. Thisis supported by
the following KREAN simulations, which confirms that the system with
firing pulse reference taken from the voltage at the PCC is more inclined to
lose control of the electrical frequency.
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Figure 10-22 System voltage and DC voltage before and the first 2 s after
loading of the induction motor. Firing pul se reference fromthe EMF voltage.

Ssk=20000kVA Tsk=2s Sind=10000kVA Tind=6.35s

ANGLES [Deg]

TIME [SEC]

Figure 10-23 Inverter extinction angle y and synchronous compensator pole

wheel angle [3, together with induction motor phase angle ¢ before and the

first 2 safter loading of the induction motor. Firing pulse reference fromthe
EMF voltage.
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10.4 VERIFICATION SIMULATIONS BY KREAN

The same KREAN-models as in Section 9. 5 are applied for both firing
angle references. The model is extended by a standard induction motor
module from the module library. This standard induction motor module is
unfortunately alinear model based on parameters that are independent of the
slip frequency. The result is that when modelling a high power, high voltage
motor the start-up torque is so low that the start-up time becomes unaccept-
able. In order to speed up acceleration, an auxiliary start-up torque is added
externally. Thus the start-up time moves into the redlistic range. The active
load the motor draws from the network during start-up is not correct, due to
thistrick, but the error is considered acceptably small. The auxiliary start-up
torque is gradually reduced as the speed increases and completely removed
shortly before pull-out frequency is reached. The auxiliary start-up torque
therefore does not interfere with the events while reaching full speed and
putting on load. Sticktion and friction torque during start-up are neglected.
Load torque, when added, contains these parameters. First, a control system
based upon the voltage at PCC as reference for the firing pulsesis simulated.
Afterwards, a control system based upon using the synchronous compensator
EMF as reference for the firing pulses, will be investigated.

10.4.1 Voltageat PCC asreference

Thisisthe control system that went astray in the quasi-phasor simulations.
It will become appearant that the system isnot quitereliablein KREAN simu-
lations either, but not for the same reasons. The results for the whole
simulation period are given in thefollowing figures. Figure 10-24 presentsthe
frequencies in the system. Figure 10-25 displays the system voltages and
Figure 10-26 depictsthe angles, calculated in the same way asin the KREAN
simulations in the preceding chapter. It appears that the system has no
problem in handling the induction motor passing the pull-out frequency. This
isthe point where the quasi-phasor model failed. But when the load is applied
to the motor, there are problems. These are of a physical nature. It was shown
mathematically in Chapter 7 and confirmed by the simulations in Chapter 9
that the frequency rises when the load increases. For simplicity, let this

dependence be expressed by:
dw
wy = f(P) ek 0 (10-12)
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Figure 10-24 Electrical frequency and mechanical frequency for both the
synchronous compensator and induction motor during DOL start of the
induction motor. Firing pulse reference from PCC voltage. Smulated by
KREAN.

Time [Sec]

Figure 10-25 AC and DC voltages during DOL start of the induction motor.
Firing pulse reference from PCC voltage. Smulated by KREAN.
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Figure 10-26 Polewhed angle 3 and extinction angley during DOL start of
the induction motor. Firing pulse reference from PCC voltage. Smulated by
KREAN.

simply stating that electrical frequency is afunction of the active power, and
increasing the power increases the frequency. (10-12) can be modified to
express the electrical acceleration:

dwyg _ dP

e g(at') (10-13)

On the other hand, we have the mechanical acceleration equation for the
motor:

d(’omek — 1
& T [{mg —my) (10-14)

In order to have a stable system, the electrical and mechanical acceleration
must be kept in pace. Normally, in a system with constant frequency, thisis
managed by the dependency of the torque/dlip relationship, aslong asthe dlip
is below the pull-out value. But in the case s mulated, there is a positive feed-
back, increasing the power leads to increased frequency, which leads to
increased dip and further increase in power. In thissimulation, the spiral ends
in tripping the synchronous compensator, probably commutation failure and
voltage collapse. The induction motor pulls out and finally the EMF of the
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synchronous compensator manages to re-establish the system voltage and
stabilize the system again.

L ooking back to the comparison of simulation results in Chapter 9, Figure
9-42 and Figure 9-44, it can be seen from the curves from the KREAN simu-
lations that the control system taking the reference for the firing pulses from
the voltage at PCC, has a much sharper increase of frequency than the system
using the EMF as reference. This indicates that the latter system should
behave better when the load torque is increased. Which it does, as shall be
shown.

10.4.2 EMF in the synchronous compensator asreference

This control system performed well in the quasi-phasor simulations, and
the KREAN simulations confirm this. The results for the whole simulation
period are shown in thefollowing figures. Figure 10-27 showsthe frequencies
in the system. Figure 10-28 presents the system voltages and Figure 10-29
displaysthe angles, calculated in the same way asin the KREAN simulations
in the preceding chapter. As with the corresponding quasi-phasor model the
system has no problem in handling the induction motor passing the pull-out
frequency. Thisis the point where the other quasi-phasor model failed. Also
when the the load is applied to the motor, there are no problems. The same

|3syasri - Simulated by KREAN
T T

60

e e R S o [
L 30 I I I I I

Frequency [|

| | |
N e e [ [ e

[ 5 10 15 20 25 30
Time [Sec]

Figure 10-27 Electrical frequency and mechanical frequency for both
synchronous compensator and induction motor during DOL start of the
induction motor. Firing pulse reference from EMF voltage. Smulated by
KREAN.
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Figure 10-28 AC and DC voltages during DOL start of the induction motor.
Firing pulse reference from EMF voltage. Smulated by KREAN.
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Figure 10-29 Polewhedl angle 3 and extinction angley during DOL start of
the induction motor. Firing pul se reference from EMF voltage. Smulated by
KREAN.
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considerations regarding the frequency increase apply asin the previous case.
But, as was shown, the frequency of this system is much less sensitive to load
changes than the model with control system based on the voltage at PCC as
reference.

Comparison of the quasi-phasor simulation and the KREAN simulations
revealsfirst that the motor accel erates somewhat faster in the KREAN mode!.
Theimmediate reason for thisisthat during the accel eration period the system
frequency gets somewhat higher in the KREAN model. Thisleadsto asmaller
extinction angle y, and thus to a higher DC voltage. A higher DC voltage
means a higher supply of active power, forcing the AC voltage higher, which
in turn means even higher DC voltage. The higher system voltages can be
seen by a comparison of Figure 10-8 and Figure 10-28. The higher
AC voltage leads to higher power consumption in the resistive load in the
system, but there is also more power available for the induction motor,
allowing it to accelerate faster due to higher electrical torque. The smaller
extinction angle y is clearly visible if the curves for the angles, Figure 10-9
and Figure 10-29, are compared.

10.5 CONCLUSION

The system with control system based on firing pul se reference taken from
the voltage at PCC is less stable than the second system. Possibly, good
controllerswith sufficient power can manage the instability of thissystem, the
instabilities seem to have time constants that can be managed by such control-
lers without straining them unrealistically. That may be a topic of another
study.

The system the with the control system based on firing pulse reference
taken from the EMF voltage of the synchronous compensators are intrinsi-
cally stable under the given conditions. Operating without controllers, asin
these simulations, the values of voltage and frequency are way outside the
allowable limits according to norms and regulations. However, it will be of
interest to see if simple controllers with realistic capacity can manage to keep
the system closer to the norms and regulations. Then it will also be apparent
how large the initial steps in voltage and frequency are. These initial steps
cannot be controlled by any controllers acting on measurement of deviations,
and they will probably be the dimensioning factor for the allowable load
switching in the system. But they may be handled by forward feed from the
switching command. After all, it is known in advance when a motor is going
to be connected, and how it will influence the system.
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11 PRACTICAL IMPLEMENTATION
OF HVDC TRANSMISSION
FROM LAND TO AN OFFSHORE
INSTALLATION

In this chapter the practical implementation of an HVDC transmission
from land to an offshore installation will be discussed. Some figures for the
required rating of the equipment will be calculated. Dimensions and weights
will not be treated.

11.1 [INTRODUCTION

In Chapter 10 it was shown that it was possible to start an induction
machine with an active power rating of 9 MW (10 MV A) in an uncontrolled
inverter system consisting of a 100 MW inverter with a base resistive load of
80 MW, although the variations of both voltage and frequency were outside
acceptable limits. Norms and regulations [2] call for the voltage to be kept
within the limits of +20/-15 % dynamically, and the frequency to be kept
within the limits of £10 % dynamically. The investigations were performed
without active controllers in the system. The system appeared to be intrinsi-
cally stable for the chosen parameters.

It was shown in Chapter 7 that this system has a positive frequency sensi-
tivity for increasing active load. If a considerable part of the load consists of
motors, the load is frequency dependent in such away that the load rises with
increasing frequency. Thistype of load could easily make the system become
unstable. Inthe smulations, the static part of theload was made up by of resis-
tors, which are frequency independent. Thisisthe reason for the system being
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intrinsically stable. A larger part of rotating machines may disturb the
stability.

The simulations performed in Chapter 10 showed that the variations of
AC voltage and frequency were about 25-50 % for the voltage and less than
20 % for the frequency. If we assume that the variations are proportional to
the size of the motor started, these values would indicate that such a system
would be within the allowable ranges when starting motors of about 6 MW.
Thisis to my knowledge, in the range of the largest DOL induction motors
that are in use offshore.

Some initial changes will happen too fast for controllers to cope with, but
within atime span of |ess than one second most practical controllerswill have
ampletimeto react. One of theaims of thisthesisisto decideif such asystem
will befeasible for available components, and if it will be practically possible
to start the largest motor Direct-On-Line while keeping the voltage and
frequency within the limits given by the norms.

In order to find out if a working system can be established to supply an
offshore installation with electric power from land by means of HVDC trans-
mission, it is reasonable first to investigate what practical possibilities there
are to perform a fast control of voltage and frequency on the installation. At
the same time it can be appropriate to take a brief look at the demands made
on the equipment. Based on this a simple control strategy can be proposed.
Then the proposed controlled system could be simulated to verify under
which conditions the demands from norms and regulations regarding voltage
and frequency can be obtained.

11.2 NECESSARY EQUIPMENT ON BOARD THE
OFFSHORE INSTALLATION

The necessary equipment to provide an HVDC power supply for atypical
offshoreoil installation isindicated in Figure 11-1, together with some impor-
tant power consumers. Asindicated in Chapter 2 and Chapter 6, the part of the
load which consists of Direct-On-Line (DOL) started motors, both high
voltage and low voltage, will constitute about one half of the total load. The
other half consists of adjustable speed drives together with heating and
lighting.

This thesis has applied an example based on a 100 MW system with
nominal DC voltage of 160 kV, providing an AC voltage of 120 kV. Some
typical data about the inverter and load are summarized in Table 11-1. It
should be noted that these data are prepared under the assumption that drives
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Figure 11-1 Model of HVDC supply to an offshore oil-installation.

which are directly powered by gas turbinestoday, will be replaced by el ectri-
cally powered drives. Thesewill mainly be adjustable speed drivesdueto size
and process requirements. The amount of DOL-motor load on an offshore
platform today is typically 80 %, and it is assumed that this part of the load
will decrease to approximately 50 %. In view of stability and active and reac-
tive power requirements, the worst case is to start the largest DOL-motor
when all other loads are running. Asin the previous cases it is assumed that
the motor which isto be started is 10 MV A or 10 % of theinverter rating. This
leaves 40 % of the load as running DOL -motors.
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Table 11-1 Data for Base Caseinverter and load.

Inverter rating [MW] Pn 100
Inverter nominal extinction angle[°] YN 20
Non-DOL load (50 %) [MW] (Power factor=1.0) Prmot 50
DOL motor load running at start of simulation(40 %) [MW] |Photo 40
Average power factor of motor load cos(¢,,) |0.85
Rating of motor going to be started DOL [MW] AP ot 10
Start-up current of motor to be started [%0] L omot!! Nmot |430
Nominal power factor of motor to be started cos(¢pp) |0.89

11.2.1 Theinverter

Thisthesisis based on the application of aclassical line commutated thyr-
istor inverter, to achieve the power rating required. As the AC voltage will
have to be kept within the limitations given by the norms, the DC voltage and
the inverter will basically require only the overdimensioning with regard to
voltage which is given by the wider tolerances of the voltage on an offshore
installation compared to a traditional HVDC inverter. This will amount to
approximately 20 %

As has been mentioned before, an important factor in the total feasibility
of such a system is the ability to preconsider large load increases, by means
of increasing the extinction angle. By constant AC voltage, thiswill decrease
the DC voltage and increase the DC current. But thiswill not mean aneed for
overdimensioning the inverter with regard to current, as the DC current only
will be increased to the anticipated new level after load switch on, and this
will normally not be more than therated current. Thusit can be concluded that
there will be no extraordinary requirements upon the inverter. Some over-
dimensioning will be necessary due to alarger extinction angle than normal.

11. 2. 2 Inverter transformer

Neither is there need for special considerations about the inverter trans-
former on the platform. The necessary overdimensioning with regard to
voltage will be taken care of by the requirement of the norms for 20 % over-
voltage capability. It may even be considered if thetraditional tap changer can
be omitted.
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11. 2. 3 Harmonicfilters

Harmonic filterswill be needed. The dimensioning of these will haveto be
investigated as the content of harmonic distortion from the inverter in periods
will be somewhat higher than normal. The inverter will be run for periods
with a much higher extinction angle than in the case of norma HVDC
transmission.

Harmonic filters will aso be an important source of reactive power at
network frequency.

11.2.4 Capacitor banks

The bulk of the reactive power required on the offshore installation will
have to be produced by capacitor banks, together with the reactive power
produced by the harmonic filters. The important consumers of reactive power
will be the inverter itself and the DOL-motor drives. Transformers and the
distribution network will consume some such power, but there will be no
transmission network to consume reactive power.

The maximum need for reactive power appears when the inverter is
running at nearly full load and the last and largest induction motor is to be
started directly on line. According to the base case previously presented the
need for reactive power can be calculated under the assumptions given in
Table 11-1.

As pointed out in Section 7. 3. 2 the inverter has to be prepared for aload
increase by increasing the extinction angle. Thisis done in order to decrease
the DC voltage and increase the DC current supplied, such that the inverter is
able to supply the required increase in power without exceeding the commu-
tation margin. The required extinction angle yg before starting the last and

largest motor (10 %) is given by:

Py—AP
Yo = acos( Py cosyN) (7-84)
Yo = acos(%cosZO) = 32.25[°] (11-1)
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The need for reactive power to the inverter before starting the motor will then
be

Qimvo = Pinvotan(yp) = 90tan(32.25) = 56.8[ MVAr] (11-2)

The need for reactive power to the running motors will be

Qioto = Pmototan(9,) = 40tan(acos0.85) = 27.9[MVAr] (11-3)

The need for reactive power to the motor to be started will be

AQ _ AI:)mot IOmot _ 10
motd " cos(¢) 4 ~0.89

(1.3 = 48.3[MVAr] (11-4)

Nmot

Disregarding the need of transformers and distribution network, as well as
necessary reserve for control purposes, the maximum need for reactive power
will be the sum of (11-2), (11-3) and (11-4):

Quax = Qinvo + Qoo + AQmoro = 56.8+ 27.9 +48.3 = 133[MVAT]
(11-5)

After the motor has started and the system has stabilized, the need for reac-
tive power will be:

. Inverter:
Qinvn = Pinuntan(yy) = 100tan(20) = 36.4[MVAr] (11-6)
. Just started motor:

AQ ot = AP0t dan(dy) = 10 [dan(acos(0.89)) = 5.1[MVAr]
(11-7)

The rest of the motors will have unchanged needs for reactive power, and
the total need will now be:

Qn = Qinvn t Qroto T AQmot = 36.4+27.9+5.1 = 69.4[MVAr]
(11-8)

The need for reactive power will vary widely according to the load situ-
ation, and there must be someway of controlling the production. Inthe earlier
simulations in this thesis it has been assumed that the total network capaci-
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tance was continuously controllable. This is not the case for capacitors. For
our purpose they can best be switched in groups by means of thyristor
switches, Thyristor Switched Capacitors (TSC). Fortunately there is the
synchronous compensator which can take care of the fine tuning between the
steps of the capacitor banks. The synchronous compensator can be controlled
from nominal rating underexcited (i.e. inductive) to nominal rating overex-
cited (i.e. capacitive). Thus the range of 2 times Sy is the theoretical

maximum step size of the capacitor banks. Preferably they should be smaller.
11.2.5 Synchronous compensator

The synchronous compensator is considered to serve adual purpose. Apart
from the primary function of a compensator it may also serve as an essential
generator, powered by a gas turbine. Therefore the dimensioning of the
compensator has been linked to atypical, large gas turbine powered generator
rated 20 MW. This rating is equivalent to an apparent power rating Sg. \ of

22.5 MVA for the compensator, which can be applied both over- and under-
excited. This means that such a compensator can cover a maximum step size
of the capacitor banks of 45 MV Ar. What the step size actually ought to beis
just as much dependent on how the voltage and frequency controllers behave,
and how much disturbance such a step initiates.

The size of the compensator isal so very much determined by the necessary
range in reactive power for retaining control with the voltage in the system.
This dynamic rating is of short duration and may lie well outside the
stationary rating of the compensator, depending on the overload capacity.

The possibility of using the synchronous compensator asagenerator isalso
important at start-up of the system. As an offshore installation with electric
power supply by HVDC transmission from land would in any case be
dependent of an essential generator supply in case of transmission faults, this
generator can also be applied for the start-up procedure.

It is expected that the demands to the excitation system of the generator
may be greater than normal. Thiswill have to be investigated closer.

It is not presently known to meif a gasturbine can be left running cold, or
if there has to be installed some sort of clutch between the motor and the
turbine. In thisthesis it has been assumed that such a clutch isinstalled, and
only the inertia of the synchronous machine itself has been considered. If the
turbine is going to run along, this will not mean much difference, as the
turbine is normally coupled directly on the generator shaft and does not
provide much inertia.
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11.2.6 Themotor to be started

Large electric motors on offshore oil installations have traditionally been
limited to 5-8 MW for induction motors with DOL start. This limit has been
put by the power generation system which does not allow direct starting of
larger motors. Some larger drives exist, these are mainly synchronous motor
drives powered by frequency converters. Controlled drives are possible to
start smoothly, and represent no problem under start. The problems lie with
the DOL start of large induction motors.

The large induction motors, which mostly power compressors or pumps,
will normally be started with closed valves, in order to facilitate the start. Only
when the motor is running at nominal speed will the valves be opened gradu-
ally, to avoid excess mechanical stresses and shocksin the system. The active
and reactive load the motor draws from the network will always be given by
the torque and current vs. speed curves for the motor. Different inertia and
counter-torque will not influence these curves, but they will of course have a
great influence on the development of the speed during start-up.

11.2.7 Running DOL motors

This will be a mix of large and small motors. The large motors will be
connected close to the inverter on the high voltage busbar, while the small
motors will be distributed behind transformers. Each motor will behave indi-
vidually, but seen from the supply, and for simulation purposes, they can be
lumped together into a virtual motor with power rating like the sum of the
individual ratings. The resulting inertia will have to be calculated from a
resulting mechanical time constant, a weighed average of the individual
mechanical time constants. Torque and reactive power have to be calculated
from typical p.u. values for arepresentative motor.

11.2.8 Control strategy on board

There are two variables that can be controlled in such an electric power
system on board an offshore installation. These are the firing delay time of the
inverter and the reactive power production. The firing delay time controls the
DC voltage, and thus the immediate active power supply, under the assump-
tion that the DC current cannot change swiftly. The reactive power supply is
controlled by means of switching capacitors for coarse control and by the
synchronous compensator for fine tuning. The result of the reactive power
control can be regarded as the continuously variable capacitor which was
applied in the former chapters of the thesis.
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It was shown in Section 7. 2. 5, by means of sensitivities, that it would be
most efficient to use the firing delay time (i.e. active power) for frequency
control and leave the “variable capacitance’ (i.e. reactive power) for voltage
control. Thisisin fact similar to the way any electric power grid is controlled
today.

11. 2.9 Land-based rectifier

We assume that the voltage control on the platform is able to keep the
AC voltage within the dynamic limits. We also assume that the inverter
control on the platform is able to keep a minimum extinction angle y of 15°.
As have been seen in the previous simulations the maximum voltage and
minimum extinction angle tends to coincide, so let us further assume this
happens, in order to get aworst case. Then we have the maximum DC voltage
of:

Ug, max = Yun, pratform U2 HL.35 [os15 = 1.565 LUy piatform (11-9)

The AC voltage on land is not allowed to vary, but the rectifier must be able
to provide this DC voltage without getting below a minimum firing angle a,
whichtypically will be5°. Thus, if weignorethe voltage drop along the cable,
we have:

Ug, max = 1565 U = Uy jang L35 Ocos5  (11-10)

VN, platform VN, lan

which gives the necessary AC voltage on land:

1.565

U, 1and = 135 (ross = 11640

U (11-11)

VN, platform VN, platform

But, if we keep this voltage stable on land, we have to control the rectifier
firing angle a to a high value during normal operation, when the voltage on
the platform is normal and the inverter extinction angle is normal:

[1.35 (£0S20 = U,y jang OL.35 [bosa (11-12)

Ud, norm — UvN, platform vN, lan

cosa = UvN, platform [1.35 [cos20 — 1.269 EUVN, platform = 0.807
Uva land HL-35 1.164 EU\,N‘ platform [11.35
(11-13)
o = 36.2° (11-14)
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Operating therectifier in normal operation at this high firing angle requires
very large phase compensating capacitor banks and large filters. As the
network voltage on land is not allowed to vary, the rectifier transformer has
to be equipped with atap changer. Then the terminal voltage of the rectifier
can be reduced bringing areduction in the firing angle as well. Tap changers
are normal on rectifier transformers for HVDC, and they often have arange
of operation of +15 %, which would be sufficient in this case.

The tap changer will not be able to operate during the start-up of alarge
motor on board. This meansthat before a start takes place, the tap changer has
to be placed on one of the top steps, corresponding to the anticipated high
DC voltage. As previously mentioned, the DC current will be increased and
the DC voltage reduced previousto the start of alarge motor. It was cal culated
that the extinction angle would be as high as

y = 32.25° (11-1)

With the tap changer prepared for the coming start, we have the
AC voltage calculated in (11-11) on land, and we can calculate the firing
angle ag before the motor is started:

cosq. = D plattorm 135 [£0532.25 (11-15)
0 UvN, land [1.35
1.142 EUVN platform
cosa, = ’ = 0.726 11-16
0 1164 EUVN, platform [1.35 ( )
o, = 434° (11-17)

This firing angle will only be applied for a short time and need not to be
the basis for dimensioning of the local phase compensation equipment at the
rectifier station.

11. 2. 10 Rectifier control

It is not the scope of this thesis to optimize the necessary control for a
HVDC transmission from land to an offshore installation, but a few points
have to be indicated. Practically al controllers for thyristor-based converters
in any application are built with an inner, fast current control loop and an
outer, slower loop adapted to the relevant task. Also classical HVDC control-
lers make use of an inner, fast current control loop, as described in Chapter 4.
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It has also been an assumption in this thesis that the rectifier will have an
inner, fast current control loop. Together with the large smoothing inductor of
the transmission line, this has been the basis for the modelling of the
DC supply as a constant current source.

The outer loop, however, isan open question. It can be omitted altogether,
leaving the rectifier to supply the current order from the platform. Thisis a
fairly safe concept. As long as the current is constant, the inverter on board
can control the power transmitted by means of controlling the DC voltage via
the extinction angle. If there should be aloss of communication between plat-
form and land, the rectifier will stick to the last current order received and the
system will not fall apart.

A concept based on constant power supply from the rectifier will not be
safe. If communication fails, and the platform at the thistime reduces the need
for power, the rectifier will continue to supply power the platform cannot
consume.

11. 2. 11 Tedecommunications

This system will be extremely dependent on safe telecommunications. It
has been presupposed that the system should be able to survive if the commu-
nications break down, but the system will not be able to operate for a long
time without being able to control the current flowing onto the platform.
Modern telecommunications based on fibreoptics are reliable and fast, this
technique will be a must in a such case. It is debatable whether the optical
fibresareto beintegrated in the power cables, or if they areto follow separate
routes. In both cases they have to have full redundancy.

11. 2. 12 Worst case variation of reactive power

The worst case variation of reactive power that the system must be ableto
handle, is the case when the last large motor is started. Based on the figures
found in Section 11. 2. 4 we can tabulate the variation of need for reactive
power asshown in Table 11-2. It appearsfrom the figuresthat if the synchro-
nous compensator isto take care of al variations of reactive load during start-
up of the motor, it will be heavily overloaded. Some overloading may be
allowable for the relatively short duration of the start-up, but these require-
ments are probably too much. This means that the capacitor banks must be
controlled in away that allows fast switching during the course of the start-
up. Thusat least anumber of the capacitor banks should be thyristor switched.
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Table 11-2 Variation of reactive power
Inverter rated power 100 MW
Inverter nominal extinction angle 20 °
Synchronous compensator rating 1225 |[MVAr
Heating, lighting and variable speed drives 50 MW
Sum of running DOL-motors 40 MW
Last motor to be started DOL 10 MW
Extinction angle prior to connecting last motor 3225 |°

Need for reactive power prior to connecting last motor  [84.7 |MVAr

Synchr. compensator load prior to connecting last motor |-22.5 |MVAr

Capacitor rating prior to connecting last motor 107.2 |MVAr

Need for reactive power immediately after connection 133 MVAr

Increase of reactive power 483 |MVAr

Synchr. compensator load immediately after connection |+25.8 |MVAr

Synchr. compensator load immediately after connection 115 (%

Final need for reactive power after connection 69.4 |MVAr
Decrease of reactive power from peak 63.6 |MVAr
Decrease of reactive power from prior to connecting last {15.3 |MVAr
motor

Final synchr. compensator |oad -37.8 |MVAr
Final synchr. compensator |oad -168 |%

11. 2. 13 Procedurefor starting a large motor

The procedure for starting alarge motor can be:

. When it isdecided to start alarge motor it will be known how much
power this motor will pull from the network when the start is
completed.

. The required DC current to supply this power at normal DC voltage
can be calculated.
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. The tap changer on the rectifier transformer is placed on a suffi-
ciently high step to handle the peak DC voltage. The firing angle a
has to be increased correspondingly.

. The current reference for the rectifier is adjusted such that the addi-
tional current required by the starting motor is supplied, and the
inverter extinction angle adapts to the new current by increasing, so
that the DC voltageisreduced. Thefiring angle a hasto beincreased
further.

. During the change of extinction angle, the supply of reactive power
will be controlled accordingly. The system has to be prepared for a
sudden rise in the demand for reactive power by selecting an extra
step in the capacitor bank and running the synchronous compensator
in the inductive range.

. It may be necessary to switch capacitor banks during the start-up of
amotor.
. When the HVDC system has stabilized after the preparations, the

switching command can be given to the circuit breaker of the motor.
It may be considered if some sort of feed-forward command to the
control system can be applied. One possibility could be a command
to increase the excitation of the synchronous compensator at the
same time or even dightly before.

. When the system has stabilized and the motor is running with load,
the rectifier can start controlling the DC current in order to optimize
the inverter extinction angle and the transmission DC voltage. The
tap changer control can be released to find an optimal firing angle a
for the rectifier.

11.3 SUMMARY

Assuming that the voltages on the platform can be kept within the limita-
tions given by the norms, there will be a need for 20% voltage
overdimensioning of theinverter, but no current overdimensioning. Theworst
problem is the control of reactive power, the change of demand under worst
caseload switching is calcul ated to be an increase of 43.8 MV Ar, followed by
a decrease of 63.6 MVAr. These are outside the supposed nominal range for
the synchronous compensator, £22.5 MV Ar. Either some capacitors must be
switched during the starting procedure, or the compensator has to be over-
loaded for a short time.
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12 KREAN SIMULATIONSON
MODEL WITH INVERTER,
SYNCHRONOUS COMPENSATOR
AND LOAD

In this chapter we shall perform the final simulations to confirm that the
system may befeasible. Due to the development of the thesisit will not be the
complete smulation that was foreseen in Chapter 6, but the main elements
will be present.

The simulations will be performed in the time-domain by means of
KREAN, not by Quasi-phasors.

12.1 SIMULATION CONDITIONS

The final test is to see if a model system consisting of redlistically para-
meterized components is able to keep voltage and frequency within the
limitations specified by the norms. In order to do so the system must have
active controllers. It isnot the scope of thisthesisto perform any optimization
of the controllers involved. As a basic dimensioning the values found in
Chapter 7. 3 will be applied.

The verification simulationsin Chapter 10. 4 indicates that the simulations
with quasi-phasors give to low dynamic variations compared to time domain
simulations. Therefore it was decided to perform the fina analysis with
KREAN. Furthermore it was decided to perform the simulation only with a
resistive base load, as the simulation time and computer resources would get
beyond the available if amore detailed simulation were to be made.
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12.2 MODEL WITH RESISTIVE BASE LOAD

The model is shown in Figure 12-1. Thisis the same model as was inves-

Constant DC current [ [
source | Wref | Upet

+ +
Frequency Voltage
controller -+ > controller
| N N | Controlled

Inverter € LT T Ty capacitor
- %*l— < ?+ ¢
Ny < | De- I K De- |
~, —  lcoupl.| | | |coupl] "= B 7—

Synchr. Passive load Ind.
Comp Motor

Figure 12-1 First step of model of HVDC supply to an offshore oil-installa-
tion, to be simulated in KREAN.

tigated in Section 10. 3, with reference for the firing angle taken from the
EMF of the synchronous compensator. But now the simulations will be
performed in the true time domain as in the verification simulations in
Chapter 10. 4, not with RMS-values. Additionally the controllerswill be acti-
vated. The synchronous and induction machines are modelled by state space
models which belong to the standard module library of KREAN. Datafor the
machines will be based on p.u.-values from real machines in the relevant
power range, see Appendix B and Appendix C. The controllers will be based
on the valuesfound in Chapter 7. 3. The main datafor the simulation is given
in Table 12-1.

Theinitial conditions are based on the principle of preparing the system for
the additional load, such that after the load is connected, the inverter will be
operating with approximately nominal extinction angle. Asin al the previous
simulations, the commutation is disregarded. The voltage control is
performed by ideally controllable capacitors and the frequency control by
firing delay control. The controllers are decoupled as it was shown in
Chapter 7. 3. It must be noted that in order not to exceed the length of the
available plot array, the inertia of the starting motor had to be reduced. This
has no influence on the principal progress of the smulation, except for the
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Table 12-1 Main datafor KREAN simulation.

Inverter nominal power rating at 50 hz [MW] 100
Inverter nominal firing angle a at 50 hz [°] 160
AC nominal voltage at 50 hz [kV] 120
AC nominal current [A] 512
DC nominal current [A] 657
DC nominal voltage [kV] -152.3
AC network equivalent initial load [MW] 80
AC network equivalent initial admittance, per phase G [mho] 5.56
Initial extinction angle yg [°] 354
Initial firing delay Atg [ms] 8.147
Initial DC current | 4 [A] 619
Synchronous compensator rating [MVA] 20
Initial synchronous compensator reactive power [MVAr] 16.5
Initial value of controllable capacitance, per phase C [UF] 8.71
Induction motor rating [MW] 10

oscillation when the motor reaches full speed. These will be correspondingly
faster and the influence on the synchronous compensator will be less, but this
is not important for the total stability of the system. And it has no influence
on the transient variations of voltage and frequency due to load changes.

The results of this simulation, after some minor adjustment of the
controller parameters, are shown in the following figures. The course of the
simulation is apparent from Figure 12-2. First, 1 sis alowed for initial stabi-
lization. At timet=1 s, the induction motor switch is connected and the motor
starts. At time t=3.3s, the motor reaches full speed and oscillates a little
around synchronous speed, due to the long time constant of the EMF in the
motor, which makes it behave almost as a synchronous machine transiently.
During the start-up, and after the motor has reached full speed, until time
t=5 s, the controllers are working to keep voltage and frequency at required
levels, as can be seen from Figure 12-3 and Figure 12-4. At time t=7 s, the
load torque is switched instantaneously on, and the controllers adjust the
system to the new power level.
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Simulated by KREAN
T T

Indmot !

Frequency [Hz]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Time [Sec]

Figure 12-2 Speed of motor during start-up of a 10 MW induction motor.

Figure 12-5 presents the ACr\ s Vvoltage and Figure 12-6 depicts the
DC voltage during the simulations. Before the curves are discussed, it should
be recalled that the controllers are not optimized and the results do not fulfil
the requirements of the voltage limitations set forth in the relevant norms and
regulations. The AC voltage behaves quite contrary to traditional expecta-

Simulated by KREAN
T T

| |
, Contr.outp. |

Firing delay [msec]

0 1 2 3 4 5 6 7 8 9 10

Figure 12-3 Firing delay control values before and after decoupling during
start-up of a 10 MW induction motor.

-214-

M:\MAKERS\AVHANDL\finsim 22 Apr 2001



Chapter 12 KREAN simulations on model with inverter, synchronous compensator and load

25

Simulated by KREAN
T T

Capacitance [mF]

-15

Time [Sec]

Figure 12-4 Capacitance control values before and after decoupling during
start-up of a 10 MW induction motor.

tions, but in accordance with the theoretical analysis as explained in
Chapter 7. The voltage rises when the initially inductive load of the induction
motor is switched on, except for atransient dip due to a short DC component.
The voltage rises because an increase of inductive susceptance actually
decreases the admittance of the total system which isin the capacitive range.

150

Simulated by KREAN
T T

140

e
]
S

Voltage [kV]

2
1S

[ | | | | | | |
00 T— -~~~ 1T~~~ ~ [ [ [ et T At Mt Bt

Time[Sec]

Figure 12-5 AC-RMSvoltage during start-up of a 10 MW induction motor.
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Simulated by KREAN
T T

Figure 12-6 DC voltage during start-up of a 10 MW induction motor.

As the capacitance controller reacts, the capacitance, and thereby the admit-
tance is increased and the voltage drops back to the required level. When the
motor reaches full speed, the inductive load decreases abruptly and the oppo-
sitetakes place. Here too, first, the voltage transiently increases due to a short
DC component, then the total admittance of the system, as seen from the
inverter, increases and the voltage drops again. Now the controller must coun-
teract by decreasing the capacitance. Finally, when the load torque is applied,
this can be interpreted as an increase in the resistive conductance which gives
atraditional voltage drop that is corrected by a combined operation of voltage
and frequency controllers.

The network frequency is shown in Figure 12-7. The frequency is meas-
ured by means of the speed of the synchronous compensator. There are good
reasons for this method of measurement. Aslong as the synchronous machine
does not fall out of synchronism, which would indicate a severe stability
problem, the machine is never more than 90° out of phase from the voltage.
The machine speed is a continuous measurement, not a sampled one, and the
inertia of the machine effectively dampens transients due to phase shifting of
the voltage. The consequences of this choice of frequency measurement has
been discussed in Chapter 9.

The frequency deviations can be explained asfollows: Attimet=1 s, when
the induction motor is switched on, the AC voltage drops abruptly in the first
instant, while the DC voltage stays almost constant. This implies that the
additiona active load in the AC network, which is purely resistive, drops
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52

Simulated by KREAN
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49
0
Time [Seq]

Figure 12-7 Network frequency during start-up of a 10 MW induction motor.

proportional to the square of the ACvoltage. At the same time, the
DC voltage drop is negligible, and this together with the constant DC current
means an unchanged input of active power in the AC system. Thisimplies a
surplus of active power which has to be absorbed by the synchronous
compensator, which is accelerated and the frequency increases.

After the initial drop, the AC voltage increases and pulls the DC voltage
along. Thisimpliesthat theincreasein activeload in the AC system isgreater
than the increase in active supply in the DC system. The deficit has to be
supplied by the compensator, which decelerates again, and brings the
frequency down. Meanwhile, the frequency controller tries to keep the
frequency at rated value, which it manages after the time has reached approxi-
mately t=2.5s.

At time t=3.3s the opposite course of events takes place. Initialy the
AC voltage increases without the DC voltage following, pulling active power
out of the compensator and slowing it down. Next, both voltages drop, leaving
surplus active power to accelerate the compensator again, until the frequency
controller manages to get the system back on rated frequency once more.

Both these disturbances were initiated by changes in inductive load, not
active load. At the time t=7s, when the load torque is applied, it behaves
almost according to what was found in the sensitivity analysis in Chapter 7.
This can also be given aphysical explanation. Inthefirst instant after the load
torque is applied there is a shortage of power in the system, and the deficit is
drawn from the rotating energy in the compensator, which slows down. At the

-217 -

M:\MAKERS5\AVHANDL\finsim 22 Apr 2001



Chapter 12 KREAN simulations on model with inverter, synchronous compensator and load

Simulated by KREAN
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Figure 12-8 Air gap torgque in motor during start-up of a 10 MW induction
motor.

same time, however, the AC voltage drops significantly. The additional |oad
inthe systemisresistive, thusit draws a power load proportional to the square
of the voltage. The supplied power, however, is directly proportiona to the
DC voltage when the DC current is constant, as has been presupposed. Thus,
even as the DC voltage drops practically proportional with the AC voltage,
the supplied power drops less than the reduction of consumed power in the
resistive load, and the surplus has to be taken up by the compensator, which
accelerates again, until the controllers once more manages to get voltage and
frequency back to required values.

Figure 12-8 depicts the torque variations in the motor while starting. The
progress is so similar to a normal simulated start progress at any strong
network, it could be mistaken. It should be noted, as mentioned earlier, that
this model has linear parameters, thus the torque during start-up is to low
compared to real machines. Thetrick with the auxiliary start-up torque has not
been applied in this case.

12. 3 CONCLUSION

These simulationsindicates that with good controllersit should be possible
to keep asystem asinvestigated stable, even when starting an induction motor
in the range of 10% of the total inverter rating. The extra problem of a
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frequency dependent motor |oad is assumed to be possible to handle by means
of good controllers, asthisis afairly slow acting problem and the frequency
deviations even with these non-optimized controllers are within the required
limits. Initial voltage deviations are in the range of +21%, which is not very
far from the limits of +20/-15%. Good controllers, perhaps including some
sort of feed-forward, should be able to handle this.

It is also to be noted that the maximum DC voltage recorded is approxi-
mately 190 kV. This coincides well with the calculated required maximum
DC voltage in section Section 11. 2. 9. The maximum voltage was cal cul ated
to be

[1.2 1.35 [(cos15 = 1.565 [U

Ud, max — UvN, platform VN, platform
(11-9)
That is
Ug max = 1.9650J platform = 187.2[kV] (12-1)

which isadifference of 1.01 %
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13 CONCLUSIONS

13.1 BACKGROUND

This study was initiated to investigate if it could be feasible to supply
offshore oil installations in the North Sea with electrical power from land. It
was clear from the beginning that the transmission would have to be by means
of HVDC, as the distances are too far to reach by AC cables. Other studies
indicated that conventional HVDC transmission would not be feasible due to
the need for large and heavy synchronous compensators. A prestudy of alter-
native converter topol ogies indicated that the most promising solution would
be to investigate a conventional system with reduced synchronous compen-
sator rating. Classical analysis of HVDC transmission for the supply of a
weak network has always assumed a Thevenin equivalent for the network,
being able to accept power delivery with variable power factor. These studies
indicate a minimum synchronous compensator rating of 60 % of the inverter
rating.

13. 2 FREQUENCY MUST VARY

After a summary of the state of power supply to offshore installations
today, and a short review of classical HVDC transmission, this study
continued by analysing how a passive network without sourcesinfluencesthe
inverter. The transmission, with its current controlled rectifier and large
inductance, is simulated as a current source. Under these circumstances the
analysis shows that the network frequency hasto adapt in order to keep active
and reactive power balance until controllers are able to react. The concept of
firing angle for athyristor islimited in a system with variable frequency, what
actualy is controlled is the firing delay time. With variable frequency,
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constant firing delay time before controllers react, implies a variable firing
angle.

Sensitivity analysis showed some astonishing consequences. The
frequency rises both by increased active and increased reactiveloads. Voltage
falls by increased active load, but rises by increased inductive load. It ismore
natural that the voltage rise and the frequency falls for increased firing delay
time.

13.3 TwO MODELS

Two systems of inverter, synchronous compensator and load are defined,
based on two different control principles. Thefirst takes the reference for the
firing delay time from the fundamental voltage at the point of common
coupling. The second takes the reference for the firing delay time from the
simulated EMF of the synchronous compensator. Of these, the second is the
more stable. It acts dower, both following disturbances and control
commands. It aso gives the smallest dynamic deflections. This should be
chosen as a basis for a possible control system.

13.4 TwWO SIMULATION TOOLS

Two simulation toolsare applied. Thefirstisaquasi-phasor model running
on Matlab with Simulink. The other is atime domain model in KREAN. The
time domain model is primarily used for the verification of the quasi-phasor
model, and shows that quasiphasorsis still avaluable tool for making a quick
analysis of the main features, when the details of the transients are of less
importance. All principal features of interest were present in the quasi-phasor
analysis.

13.5 SIMULATION RESULTS

This study indicates that power supply by HVDC transmission from land
to offshore ail installations could be technically feasible, even without the
large synchronous compensators normally required. It has been shown that in
anetwork only supplied by an inverter, variations of active and reactive loads
have significant influence on both voltage and frequency. It was shown that a
system with afrequency independent base |load wasintrinsically stable for the
switching of an additional load. The system with reference for the firing
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pul ses taken from the synchronous compensator EMF, was also stable for the
connection of an induction motor with rating that was 10 % of the inverter
rating. In the case of afrequency dependent load, such as motors, the system
was shown to be potentially unstable, independent of the reference voltage,
due to positive frequency sensitivity to the increase of load. With very simple
operating controllers it was shown that the frequency was dynamically and
stationary within the limits of norms and regulations. The voltages were
dynamically outside the limits, though not very far outside. Better controllers
should be able to handle this.

The simulations indicate that if the inverter is used actively to control the
frequency of the network on the oil platform, together with voltage control by
means of reactive power, from capacitors and the “small” synchronous
compensator, it should be possible to supply an oil platform with electric
power from land by means of HVDC transmission. Whether this is economi-
cally feasible has not been investigated. Neither hasit ben considered whether
the necessary equipment can actually be installed on an oil platform.

13.6 PRACTICAL IMPLEMENTATIONS

Assuming that the voltages on the platform can be kept within the limita-
tions given by the norms, there will be a need for 20 % voltage
overdimensioning of theinverter, but no current overdimensioning. Theworst
problem is the control of reactive power, the change of demand under worst
caseload switching is calcul ated to be an increase of 43.8 MV Ar, followed by
a decrease of 63.6 MVAr. These are outside the supposed nominal range for
the synchronous compensator, +22.5 MV Ar. Either some capacitors must be
switched during the starting procedure, or the compensator has to be over-
loaded for a short time.

13. 7 RECENT DEVELOPMENT

This work has taken a long time to complete. Recently both ABB and
Siemens have presented solutions for HVDC transmission in the lower and
medium power range based on voltage source converters based on IGBTSs.
These solutions have aready been applied to a prestudy for BP of the possi-
bilitiesto supply their installations in the British Sector of the North Seawith
electrical power from Scotland. This prestudy indicates that the technical
solutions are available. Fully controllable voltage source HVDC converters
have properties that may be better suited to supply weak or passive networks
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such as offshore oil installations with electrical power rather than conven-
tional line commutated current source thyristor inverters. But they also have
some disadvantages, higher lossesis one, and a complete technical and finan-
cial comparison must be performed in order to decide for any potential
project.

The new technology, based on voltage source converters, introduces a
better possibility of constructing multiterminal systems. It is aso possible to
connect these unitsin parallel in order to increase capacity. On the other hand,
the announced possibility of providing the necessary reactive may be some-
what overstated, taking into account that this requires increased current
carrying capability and consequently overdimensioning. But they may
provide an interesting provider of part of the reactive power required, and at
least they may be operated in a way that they do not require reactive power
themselves under normal conditions.

It was not a part of the study to optimize controllers, but even with simple
controllersit was possible to keep the frequency within limits given by norms
and regulations, but the voltages were dynamically outside the limits, though
not very far. These voltage overswings take place in the first few instances
after a disturbance, so it takes unrealistically fast controllers to handle them.
They are partly due to the model, where the land based rectifier and the DC
reactors are ssmulated by a constant current source, but partly they have to be
handled by overdimensioning of the system.
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APPENDIX A CALCULATION OF
ACTIVE AND REACTIVE POWER OF
AN INDUCTION MOTOR BASED ON
CURVES FOR TORQUE AND CURRENT
DURING START-UP

For all electric induction motors, particularly large ones, there will be
available data for torque and current during start-up. The data are usually
given by relative values, Torque/Rated Torque, Current/Rated Current and
Speed/Synchronous Speed in the form of curves, computed and/or measured
for a given voltage, usually the nominal. From these data it is easy to calcu-
late the active and reactive power drawn from the network during adirect on-
line start. Some assumptions have to be made:

. The efficiency of the motor must be high, so the losses can be
ignored. This is usualy fulfilled in the case of large, modern
motors, where the efficiency n normally is better than 97 %.

. The electric frequency should not vary wide from the nominal
frequency, in order that the frequency dependent parameters should
not be influenced too much. A variance of +10 % as allowed tran-
sently in the norms[2] is considered acceptable.

. The impedance of the starting motor is independent of the applied
voltage.
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Appendix A Calculation of active and reactive power of an induction motor based on curves
for torque and current during start-up

The eectric power taken from the network is, disregarding the stator
losses, equal to the power transmitted through the air gap by synchronously
rotating magnetic fields. That is, in p.u.:

wmek
p=m " ) Loy (A-1)

el u,

where p is active power in p.u.

Wmnek 1S mechanical speed in p.u.

Wy IS electric frequency in p.u.

and M(Wyed Wy lyn) is real start-up-torque as function of relative speed at
nominal voltagein p.u.

The electrical power equation at nominal voltageis:

2
un

r

S

p= (A-2)

where u,, is nominal voltage in p.u. (=1)
and r is equivalent ohmic resistance in p.u.

Ignoring the losses, these equations have to be equal, that is

1 w

mek
) [boel
un

1 (A-3)

m( mek ) mel

U,

As we have assumed that this resistance is voltage independent, we get
the electric power equation for an arbitrary voltage:

2
W,
p == u I ) g (A-4)
el
un
and the active part of the current:
N - P _ Wrnek
D(l) = a = UD’T‘I(Q)— )[b.)e| (A-S)
el

U,
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Appendix A Calculation of active and reactive power of an induction motor based on curves
for torque and current during start-up

The torgue, for an arbitrary voltage:
Winek p 2

Wmek
m(——, u) = — = u° On(—=
O Wy We

) (A-6)

uy,

We can calculate the absolute value of the impedance z from the current
data:

4 = = (A-7)

and from this the apparent power s at arbitrary voltage:
2
_ Ut 2 Bmek
o = = u O

|Z| § ) (A-8)

U,

From apparent and active power we can calculate the reactive power q:

2 wmek
)] _(m( Wey

u,

_ 2_2:2 meK
g =4S -p UD(I(Q)

el

2
) mel] (A-9)

U,
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Appendix A Calculation of active and reactive power of an induction motor based on curves
for torque and current during start-up
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APPENDIX B MACHINE DATA FOR
A TYPICAL OFFSHORE GENERATOR

Table B-1: Machine data for 25.5 MVA Turbotype Generator

Rated voltage 6 kv
Rated apparent power 25.5 MVA
Rated power factor 0.89

Rated frequency 60 Hz
Sychr. speed 3600 RPM
Duty type S1

Full load power 22.7 MW
Full load current 2454 A
Sub transient reactance, saturated 14 +10/-0 %
Sub transient time constant 0.05 sec
Transient reactance, saturated 18 +10/-0 %
Transient time constant 0.1 sec
Synchronous reactance, saturated 208 +/-10 %
DC time constant 0.2 sec
Zero sequence reactance, saturated 9+/-10 %
Short circuit current 3-phase 350 %
Short circuit current 2-phase 568 %
Thermal current rating 400 %
Thermal time rating 10 S
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APPENDIX C MACHINE DATA FOR
A TYPICAL LARGE INDUCTION
MOTOR

The following pages present a copy of a typical data sheet for a typical
large induction motor. Table C-1: shows the catalogue data for the actual
motor. As can be seen, the figures in the data sheet differ from the catalogue
data. This is aso typical, catalogue data are only informative for large
motors, the real motors are built to specifications.

Table C-1: Catalogue data for SSIEMENS Motor

Manufacturer SIEMENS
Rated voltage 9-11 kV
Rated frequency 50/60 Hz
Type of construction IM B3
Rotor construction Squirrel Cage
Starting characteristics N
Degree of protection | P545
Cooling method IC81W
Order no. 1RN1804-4HN
Rated power at 50 Hz 7150 kW
Rated speed at 50 Hz 1494 Rpm
Rated current at 10 kV 470 A
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Appendix C Machine data for a typical large induction motor

Table C-1: Catalogue datafor SIEMENS Motor

Efficiency at 5/4 - 4/4 - 3/4 - 2/4 of rated power| 97.1 - 97.5- 97.5- 97.0%
Cos ¢ at 5/4 - 4/4 - 3/4 - 2/4 of rated power 0.89-0.90-0.90- 0.86
Rated torque 45701 Nm
Trip torque 200% of rated
Starting torque 60% of rated
Starting current 560% of rated
Moment of inertia 295 kg m?
Max. permissible external moment of inertia 2145 kg m?
Weight 17.1t
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Appendix C Machine data for a typical large induction motor

Order Confirmation — Electrical Data

1411206

Code Word: AGA NICU 1

Order No.: P1312-R-P131-704232

Works No.: 1411206
QOrder Date: 24.01.94

Manuf. No.: D9441120601

1 Unit Three~Phase Induction Motor with Laminated Squirrel Cage Rotor
Type: 1RN1804-4HNSO-Z Mounting: IMB3 Enclosure: PS4
Standard: VDE/IEC Cooling System:ICW37A81 Ex~Protection:
Rotation: ccw Thermal Class: F Insul. System: Micalastic
Service Altitude <= 1000 m

Duty: Required Inerta: tm2
Drive for: Turbo-Compressor Type:SULZER Required Power: 5750 kW
Operating Data: Rated Point
Output kKW/HP 6800 / / /
Voltage v 10500 A

Variation % 4/ 515 / /
Current A 430
No Load Current A 56
Pawer Factor 0.89
Frequency Hz 50 )

Range % 4/ S5/58 / /
Speed /Over-Speed min=1 1493 / 1800 / /
Cooling Temp, sec./prim. °C 28/ 43 / /
wdg. Limit Temp. Stator °C <= 120 (R)
Duty Type S1
Servicefactor
Starting Data Counter-Tarque
External Reactance p.u.
Yoltage p.u. 1.00 0.91 Speed p.u. T p.u.
Locked Rotor Torque  p.u, 0.40 0.32 1.0 0.220
Pull-up Torque p.u. - -~ 0.8 0.170
Break down Torque p.u. 1.60 1.30 0.6 0.110
Locked Rotor Current p.u. 4.30 3.87 0.4 0.040
Sranting Time s app. 18 23 0.2 0.020
LR-Tirme cald/hot app. 0.0 0.180
Allowed Rep. Rate c¢old/hot app. 3 /2 3 /2 TR 43.47 kNm
Method of Starting: direct-on-line

Moment of Inertia Mach./Ext. 0.293 / 1.890 tm?

“Efficiency / Power Factar Losses at Rated Load
Load P.F. Efficiency (%) | x Bearing
0.846 0.89 97.6 7 x  Friction
1.000 0.89 97.8 x Core
0.750 0.80 97.7 x DC Stator 75 °C
0.500 0.90 87.6 x DC Rotor 75 °C
x  Additional
x Marked Losses are Included in the Efficiency Brushes
Stator Lamination V350-65A 3.5 W/kgat 1,5 T Separated Fanpower
Resistances and Reactances in p.u. Ref, to ZR = Time Constants in s
F=0 F=FN =0 s=1 at 75 °C
R1 XS1 TO TG
R2* xs2' T(3K) T(2K)
XH
Comm. React. / System (F = Hz) XK
MagneticForces Therm. Time Constants Sudden ShartCircuit Torque (inp.u.)
Running 20 min
Standstill 300 min
QverCurrent Factor 1,15

Remarks:

Sales Address! ASITGAV131 Erlangon; Mr, /Mrs, OEDEGARD; Phone/Fax 4186/1627

+  Guaranieed Valvas without Talgrance

Date
8.04.94

1ssued by
Kegel

Dep.
E11

Phone/Fax
25231123992

Sheet: 1

B52886
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Appendix C Machine data for a typical large induction motor

ANLAUF-DATEN/START ING-DATA ™
SIEMENS TYP:1RN1B804L—LHNIO-Z K—NR.
AGA NICU 1 A/W—-NR. 1411206 k11206 ~200
6800 KW 10500 V L30. A 1493. 1/MIN 50 HZ
IZIN “00%UN . M/MN 100%LN
P A | 91XUN . . ___ M/MN FI%RUN
@ « = « s @ MG/MN
. . RECHENWERTE
I‘1/I“IN 2.2 {CALCULATED VALUES)
P.U.
TORQUE 4 LEGEND
RATID
t 4+ STROM/TURRENT
2 IN: BEMESSUNGSSTROM

RATED CURRENT
M : MOMENT/TORQUE
MN: BEMESSUNGSMOMENT
RATEQ TORQUE
UN: BEMESSUNGSSPANNUNG
1.8 RATEOD VOLTAGE

MG: GEGENMOMENT
LOAG YORGUE

' f
] l
sq . o ) ‘
]
L] 0.8 .R‘_\\‘ !
—“*h‘*‘\\-b /
~
3 0.6 Ny
R />

‘ \
\
\\

\

/

14 0.2 <
o] o - - . . _ N/’FIS P.U.
L 9.2 EL 0.6 8 ] SPLEQ BATIQ
SIEMENS AG | Kortennagen £11 25.01.94| DYNAMOWERK
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APPENDIX D COMPARISON OF
SYSTEMSFOR HVDC POWER
SUPPLY TO OFFSHORE OIL INSTAL-
LATIONSWITH EMPHASIS ON THE
DOUBLE BRIDGE INVERTER.

Paper SPT PE 01-01-0337 presented at the IEEE/KTH Stockholm Power
Tech Conference, Stockholm, Sweden June 18-22, 1995
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Comparison of Systems for HVDC Power Supply to Offshore Oil
Installations with Emphasis on the Double Bridge Inverter.

Igrgen Chr. Myhre (3°95)

Norwegian Institute of Technology (NTH)
Trondheim, Norway

Absiract - Electrical power supply from land to offshore
installations is only possible by the use of HYDC, because of
the long sea cables. Correct operation of conventional HYD{
converters require a certain short ciresit ratio in the AC-net-
work, and this is not present on an offshore installation. The
application of self commutated GTO-converters is not vet fea-
sible due to the high power ratings required.

This paper investigaies the requirements tv a converter for
use in the offshore end of 2 HVDC-transmission, together with
the necessary auxiliary equipment. Different possible solutions
are analysed and compared with regard to weight and volume,
since they are the most important parameters in offshore
applications. The most promising selution, a double bridge
inverter hased on forced commutated current source thyristor
inverters is analysed by time domain simulation to indicate the
technical feasibility of this converter..

L INTRODUCTION

Electrical power on Norwegian offshore installations is
usually provided by local generation using gasturbines.
Today, concerns regarding CQO; and the greenhouse effect
make it desirable to supply hydro-electrical power from
land. In most cases this requires HVDC-transmission,
because of the long sea-cables that have to be used.

The transmission must be able to supply the necessary
power for all operations of an oil production installation.
All machines that are directly powered by gas-turbines
today would become electrically powered. This results in
power loads from about 100 MW up to 500 MW for a large
field like Ekefisk or Statfjord. Dynamically the system must
withstand a direct start of an induction motor with rated
power of 10 MW to 15 MW or up to 15% of the converter
rating while maintaining a voltage and frequency deviation
within accepted norms.In case of faults, the tolerances are
wider, but system stability must be maintained.

The converter should be able 1o operate as a one-to-one
transmission, ©or as a tap-station in one of the proposed
HVDC-transmission projects from Norway to the European
continent or Great Britzin. The cenverter found must be
based on components and technology which are available
today, although the application can be unconventional, as

Paper SPT PE 01-01-0337 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference
Stockholm, Sweden June 18-22, 1995

Tore M. Undeland (SM'92)

Department of Electrical Power Engineering

Henry B. Raphael (M’92)
Statoil
Stavanger, Norway

the era of big platforms may soon come to an end and
smaller oil production units will be placed subsea.

1. CONVENTIONAL HVDC-TRANSMISSION TO
WEAK AC-NETWORKS

Conventionat HYDC-converters consume reactive power
in both the inverter and rectifier modes. The supply of a
weak AC-network by means ot a conventional HVDC-con-
verter requires the use of capacitor banks, synchronous
compensators or other sources to supply the reactive power
needed both by the load and the inverter.

In the case of a weak AC-network the reactive power
needed has traditionally been supplied by synchronous
compensators, which has been dimensioned to supply alt
the reactive power needed beyond that supplied by the fil-
ters. This has given the additional benefit of improved short
circuit ratio as well as increased inertia in the network, giv-
ing better voltage control and frequency stability, Usually a
compensator rating of 50 to 60% of the transmission power
rating or more has been applied

A typical single line diagram of a HVDC-inverter in a
weak AC-network is shown on Fig. 1.

Such a compensator is heavy and space-consuming, thus
making the use of conventional HVDC-transmission both
expensive and impractical on an offshore installation with
their severe restrictions on weight and volume.

1. REQUIREMENTS TO HVDC-SUPPLY TQ PASSIVE
AC-NETWORKS

Traditional analysis of a HVDC supply to weak or pas-
sive AC-networks has focused on the reactive power prob-
lem. Some simple simulations have shown that the active
power problem can be just as important.

Present research at NTH shows that by applying dg-trans-
formation and decoupling, contrel techniques commonly
used in advanced motor control, it has been possible to
achieve a fast and accurate control of Unified Power Flow
Controlter (UPFC) systems with independent control of
active and reactive power [L]. By applying the same control
philosophy to the control of HVDC supply systems (includ-

#@é

il

b
DC-supply Inverter Harmonic Load
transformer filter
Inverter Sgnchmnous
compensator

Fig. 1 Single line diagram of conventional HVDC-inverter
with synchronous compensator
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ing necessary auxiliary equipment), it is therefore possible
to regard the supply of active and reactive power as two
independent problems. Then the necessary elements of an
offshore HVDC-inverter station can be as shown in Fig. 2

When there is a change in the active load in an offshore
AC-network supplied only by traditional HVDC, there will
always be a communication delay until the rectifier reacts by
increasing the current, and the system can only react with a
limited rate of change. This will raise a difference between
required and supplied active power, leading to voltage devia-
tions. Thus there must be some kind of energy storage that
can supply or absorb the difference of active power between
lpad and supply in order to keep the voltage within given
limits. The supply of reactive power is not so critical as it
can easily be produced in correct amounts on the installation
itself by capacitors and fast reacting static units.

Oue possible selution to the active power problem is to
allow the frequency to vary. Then the kinetic energy of the
synchronous compensator and other motors conmected to the
offshore network, together with the changed need for power
to the driven machines, can be used to bridge the transient
difference of active power, and large voltage deviations can
be reduced. A variation of this could be “flywheel” storage
by frequency controlled synchronous machines.

Electrical storage of energy in inductors or capacitors is
also possible. One way of doing this is to dimension the DC-
capacitor of a SVC such that it is able to store sufficient
energy. Another is to provide for increase of the DC-voltage
while the DC-current is kept constant by the smoothing
inductance and the rectifier which is operating in current
control mode. This requires increased firing angle and
extinction angle margins in the rectifier and inverter respec-
tively, which leads to an increased need for reactive power in
the AC-systems at both ends.

The least economical way is to always provide more
active power than necessary and boil away the instantaneous
surplus in a thyristor controlled dump load. This could at
least be done for short periods in connection with planned
switching of the load.

Not all these possibilities are equally feasible, particularly
for use on offshore installations. A number of combinations
has to be selected and compared to find the best.

From rectifier
on land Reactive power Active
source inel. power
Inverter ﬁlTs storage
e, 4o, [va. par
Y P, * Q[ ' Fm
2 ¥m
Starting
motor

Load

Fig. 2 Necessary elements in a HVDC supply to ¢ weak AC-
network

RO

Inverter
Inverter = ==
DC-supply  transformer Hafj}ncmc TSC Load
1lters
Synchronous Capacitor
compensator/ g:‘:nk

Essential generator

Fig. 3 Single line diagram of HVDC-transmission with mini-
mized synchronous compensator and thyristor switched
capacitor (TSC)

IV. POSSIBLE INVERTER TOPOLOGIES

A number of different possible inverter topologies have
been analysed and compared to the conventional solution for
an offshore load of 100 MV A, where the largest normal load
change is caused by the starting of a 10 MW induction
moter. The basis for comparison is weight and technical fea-
sibility. In addition to the reference, the analysed converter
systems are:

- HVDC-inverter with minimal synchronous compensator,

- Forced commutated, current source thyristor inverters.

- Self commutated, voltage source GTO-thyristor inverters.

- Converter system with AC-link.

- HF-base converier system.

- Double Bridge, forced commutated current source thyris-
tor inverter system.

Some of these converter systems have been analysed both
with capacitors and with synchronous compensator as
means of energy storage

A. Conventional HVDC-inverter.

The conventional HVDC-inverter, shown in Fig. 1, witha
synchronous compensator rated at 0.6 pu. has been used as
reference. This solution is regarded by oil companies as to
expensive, mainly due to the heavy weight of the compensa-
tor.

B. HVDC-inverter with minimal synchronous compensa-
tor.{2]

A single line diagram of this system is shown on Fig. 3.
The compensator is dimensioned on basis of inertia in order
to keep the frequency and voltage variations within the
allowable limits of 2% and 10% during a load variation
which is equivalent to the starting of a 10 MW induction
motor. The voltage drop is caused by lack of active power
due to a time delay of 30 ms {communication/data process-
ing) and a rate of power increase limited to 0.05 pw/20 ms.
The necessary reactive power is assumed to be supplied by
fixed and thyristor switched capacitors. The inertia provided
by the other rotating machines is ignored and the necessary
inertia is provided by a synchronous machine with rating 0.1
pu by normal construction. This machine has also the capa-
bility to serve as essential generator, if it is connected to &
gas turbine or diesel moter by a clutch. This solution would
give a weight reduction of 20% of the total inverter station,
compared to the conventional system.

C. Forced commutated, current source thyristor inverters.
These are not found io be feasible in their basic form as
they are dependent on the current control of the rectifier in
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order to control the AC-voltage. This requires a fast commu-
nication link that must always be available. On the other
hand such inverters can be applied in more sophisticated
configurations like the Double Bridge inverter.

D. Self commutared, voltage source GTO-thyristor inverters.

These are not yet available in the necessary power range
as single units, making series and/or parallel connection of
units necessary. This is considered as to complex and not
acceptable by the oil companies.

E. Converter system with AC-link {3],{4].

This system was originally proposed for traction applica-
tions. The principal features is shown on Fig. 4.. It consists
of a line commutated thyristor inverter feeding into an AC-
link. The voltage of the link is controlled by a forced com-
mutated master converter operating as rectifier while sup-
plying reactive power (4th quadrant operation). The system
voitage can be adapted by the transformer to a level that
allows a GTQ converter to be used as master converter.
Because the AC-link is not connected to the rest of the AC-
network, the frequency of the link can be chosen freely. By
choosing a frequency higher than the normal 50(60) Hz, the
size and weight of the transformer can be considerably
reduced.

This system could only be applied if a DC distribution
systern is used, and the third conversion can take place in
separate inverter drives. Active power storage can be pro-
vided either by a capacitor in the second DC-link or by a
small synchronous compensator connected to the AC-link.
If all the large motors are powered by separate inverters,
they can be soft started and the need for power storage can
be greatly reduced.

Still there are several drawbacks with this system. It is
very complex and requires conversion in 3 steps. Since all
the active power has to pass through the master converter,
the power rating is still to high to be handled by one single
GTO- converter unit and a master converter consisting of
several converters in parallel is required. A high frequency
line commutated HVDC inverter is nol a proven technology,
neither is a high frequency transformer in the 100 MVA-
class.

If the drawbacks could be overcome, the weight of the
system could be as low as 30% of a conventional HYDC-
inverter with synchronous compensator.

F. HF-base converter system [5][6].

This system is based on a high frequency link and conver-
sion from link to network frequency by a cycloconverter.
The principle is shown on Fig. 5. The variable link fre-
quency is determined by resonance between a capacitor and
the paralle] connection of the base inductor and the virtual
inductances of the inverter and the cycloconverter. To

AC-link DC AC load

DC .
(rAnSHIS SO capa.(:ltor

wer flow

Master
Converter

Voltage

¥ H8H %
J—_ Acnve
T

Reuctive power flow
Thynslor
Fig. 4 Single line diagram of AC-link converter

Inverter

P=P|
—>

Pl ~y
!
Q2
| I Cycloconverter

L Idl'lk circuit
(HF base)

Py
>

pc | =
FB

Inverter |
Hl‘] |

P|+P,=

Fig. 5 Simplified functional diagram of a high frequency
base DC 1o AC converter

achieve an output voltage from the cycloconverter with a
minimum need for filtering, the tank frequency should not
be less than 6 times the network frequency. The lowest fre-
quency appears at no-load and would be 300 Hz in the case
of a 50 Hz network. This is the resonant tark’s auto-fre-
quency. The upper frequency limit at max reactive load is set
to 600 Hz. These frequency limits can be reduced on the
cost of more filtering on the load side of the cycloconverter.

As in the previous case, a substantial weight reduction
can be achieved by placing the necessary transformer in the
high frequency link. The cycloconverter is able to supply an
easily controlled AC-voltage with low levels of harmonics,
to the load and operates with any power factor. The draw-
backs are similar to the previous system: The complexity is
less, but stilt considerable, and it requires high power high
frequency technique. The system lacks inherent power stor-
age, but this can be achieved by a small synchronous com-
pensator (0.1 pu) connected to the supplied network. The
total weight is as low as 40% of the reference HVDC con-
verter. Further weight reduction could possibly be achieved
by replacing the resonant tank with a high frequency syn-
chronous compensator, which also gives the possibility of
reducing the necessary frequency variations.

. Double Bridge, forced commutated current source thyris-
tor inverter system [7LI8][9].110].

This system is the most promising configuration. Here,
two forced commutated current source inverters are con-
nected in series to a DC-transmission fed by a current con-
trolled rectifier. The inverter system is shown in Fig. 6. The
two inverters are phase controlled in relation to each other to
control the current being forced into the load, thus creating
the correct voltage. This is indicated in the phasor diagram

DC-supply |:
I ; In\fcrter
Inverters ranslormers Harmonic Load
filter

Fig. 6 Single line diagram of double bridge inverter.
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Fig. 7 Phasor diagram of voltages and currents as seen
from the double bridge converter.

Fig. 7, where Ty and I, are the currents from the two invert-
ers, equal in magnitude but with a phase difference of A. The
resultant load current Iy creates the load voltage Uy when
forced into the load impedance Zj . The firing angles of the
separate inverters are ol and o2 respectively. Actually the
idea of firing angle is irrelevant in this case as inverter L is
timer controlled to give the fundamental frequency and only
the time delay A is variable. This configuration has the bene-
fit of a fast control of the AC-current into the load, by means
of controlling the phase difference A between the currents
from the two inverters without variation of the DC-current.

If the load varies, the delay angle A between the inverter
currents can be rapidly changed, adjusting the load current
to restore the voltage level, while the DC-current remains
unchanged. Then a slower master control can adjust the DC-
current in order to get the delay angle back to the optimum.
A favourable delay angle is 30°. The two inverters will then
act as a 12-pulse connection with its beneficial influence on
the harmenics. A delay angle A of 30° leaves a control mar-
gin of only 3.4% for fast load increase. If bigger load
switching is to be expected, 30° delay angle can still be
applied if the switching can be preceded by an increase of
the DC-current and a temporarily increase of the delay
angle.

This system has not the need for separate energy storage
elements, as it uses the transmission inductance for energy
storage. By varying the phase difference between the cur-
rents the DC-voltage alse is affected, thereby varying the
amount of active power transmitted. Variation of the DC-
voltage requires sufficient firing angle margin in the rectifier
to avoid commutation failure, and thereby the rectifier
requires more reactive power from the supply network.

H. General

All the converter systems except the last has a start-up
problem, the must be energized before the inverter can be
started. This is not a serious problem as there always will be
an emergency power supply present on an offshore installa-

EEE:

_|

Fig. 8 Thyristor inverter forced commutated by series con-
nected capacitors

Y ¥

Fig. 9 Thyristor inverter forced commuiated by capacitor in
transformer neutral point

tion. The double bridge inverter can start on a dead network
by running the two bridges with 180° delay angle.

The results of the analysis are summarized and compared
in Table L The best way of saving weight is to use a topol-
ogy which make use of higher frequencies, but this is an
uncertain technique for high power applications, also
regarding transformers. The double bridge inverter is the
most lightweight solution that operates with normal fre-
quency.

V. FORCED COMMUTATED THYRISTOR CONVERTER FOR THE
DOUBLE BRIDGE INVERTER

The double bridge inverter could be constructed on the
basis of the series capacitor commutated thyristor inverter
shown in Fig. 8 [7]. This topology is simple and straightfor-
ward, but it has some serious drawbacks, especially high
voltages across the valves and high ratings of the capacitors,
which have to carry the full load current. According to one
investigation. mverters with auxiliary commutation circuits
would be more feasible [8]. One such inverter is shown in
Fig. 9., another, particularly promising is shown together
with load and filter model in Fig. 10

The thyristor inverter with the capacitor in the trans-
former neutral point is thoroughly analysed and proved to be
functioning [11]. Unfortunately the inverter has one draw-
back, it is not practically possible to operate at firing angles
o beyond 205°, due to the fact that for higher firing angles
the available recovery time is getting to short for high power
thyristors,

A firing angle of 205° corresponds to a power factor of
0.9 ind. of the load as seen from the bridge, including trans-
formers, filters and all. This is clearly to small margin for a
safe operation of the double bridge inverter. The inverter
topology shown in Fig. 10 do not have this deficiency {9,
[10]. As not much is found regarding dimensioning of this
inverter, further investigation is necessary.

V1. THYRISTOR INVERTER FORCED COMMUTATED BY 4
AUXILIARY THYRISTORS AND 1 CAPACITOR

In order to investigate the inverter topology the circuit
shown in Fig. 10 was modelled in Krean, a time domain
simulation system developed at NTH. The DC transmission
line is modelled as a current source, and the lumped motor
load is modetled as a emf source behind the subtransient
shaort circuit reactance. The filter is modelled as a high pass
filter tuned at the 5th harmonic with a Q-value of 2 and a
reactive power rating at fundamental frequency of 0.33pu.
This provides a reasonable filtering and some phase com-
pensation of the load. But most important is that it provides
a current path without additional inductance for the commu-
tation current from the auxiliary capacitor. It appears that the
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TABLE I: COMPARISON OF DIFFERENT CONVERTER TYPES BY WEIGHT -

Inductor!
Conven- | Uncon- | Capacitor trans- Sg’:;hf' Totat
Converter type tional ventional (rating ac former — Weigh Remarks
inverter nverter 50 Hz) (rabting at P"wr
50 Hz)
1 | Conventional HYDC S4MVA T6Mvar BBMVA | SOMVA | 2772t | Synchr. compensator to heavy
8.4t 53.2t 105.6t 110.0t
2 | HVDC with reduced synchr. | 134MVA 117Mvar WMV A 10MVA | 2229t | Conventional technigue
compensator 13.4 £1.9t 105.6t 22.00
3 | Conv. system with AC-link 94MVA | 194°MVA | 1200Mvar ISMVA 890.41 | Prohibitive capacitor rating. To
and cap. energy storage. 9.41 19.4t 840.0t 216t complex. High frequency techn.?
4 | Conv. system with AC- link 94MVA 194MV A 10Mvar 13MVA 10MVA 79.4t | Tocemplex, to many conversion
and synchr. comp 9.4t 19.4¢ T.00 21.6 22.0t steps. High frequency techn.?
7 | HF-base converter B4MVA | 157"MVA | 11.9Mvar | 37.4MVA 78.1t | No active power stotage. Resonant
8.4t 15.7t 8.4t 45.6t circuit? High frequency techn.?
8 | HF-base converter with syn- B4MV A 157MVA 11.9Mvar | 374MVA | 1OMVA | 100.1t Synchr comp. in resonant cirenit
chr. compensator 8.4t 157t 8.4t 43.60 22.0t may stabilize. High freq. techn.?
9 | Double bridge converter 42°MVA | P3dMvar | 100MVA 186.0t | Technique possible bul untried.
14.2¢ 518t 120.00 Most lightweight with normal freq.

a. GTO-rating
h. Cycloconverter equivalent thyristor rating
c. Equivalent thyristor rating

critical factor to get the commutation times down is the
value of the commutation inductivity which decides how
fast the DC-current can be shifted from the load circuit to
the auxitiary circuit. The model has the following parame-
ters, adjusted to achieve a load fundamental voltage of 100%
and a load fundamental current of 100%, with a power fac-
tor of 0.8ind:

- Load inductance Ly : 3.68x107

- Load resistance Ry : 9.23x107

- Load emfe;: 0.5 16717

- Transformer leak inductance Lt: 2.2x 104

- Filter inductance Lg: 3.8x10™
- Filter resistance Rp: 1.2
- Filter capacitance Cg: 1.1x10°3

- Auxiliary citpacitance Cy: 2.5x10%
- Auxiliary inductance Ly 1x10°8

@)y, [

TCm. TCs TG
Fig. 10 Krean model of forced commutated inverter with
motor load and high pass filter added

- DC current I4: 1.64

Some results of the simulations are shown. Fig. 11 shows
the auxiliary capacitor voltage and current. For the chosen
circuit, the voltage reaches as high as 350%. This voltage
also appears as peaks in the DC-voltage, Fig. 12, and AC
terminal voltage, Fig. 13, but the peaks are substantially
damped by means of the commutation inductivity and the
filter circuit before reaching the load, Fig. 14. Max. dlfdt is
found to be 0.01Imy/pus and max. dV/dt is 1.7V yp/ms.
Reverse recovery time for the main thyristors is 400ps. The
total rms value of the current in the auxiliary capacitor is
86%.

It must be noted that this circuit is chosen only to investi-
gate the commutation properties, and it is not optimized in
any way. But it is apparent that the circuit operates and the
component stresses are not prohibitive, even without optimi-
Zation.

Copaclior Volt./CurrKREAN 4.0 NTH/EFE |
<Ep.u.? S—MAY - 1395 12:51

N4
w UL o,

o. 180

Elal

20

a
—20 .
o] .

0. 180 O-170

- t65 0.175
U.Ch 3) 1_Ch

21

E-HAT- 179 12I5

Fig. 11 Auxiliary capacitor voltage and current as result of
Krean simulation
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oq_|
~2Gu.| . - .
—400 . . - - -

<SEC?>
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1) Ud

Lood valt. . Cure. KREAN 4.0 NTH/EF |
CER .Y T-MAY - 199 12143
20a0| . .
5
10q] . (\/‘/‘
i Nanaall
— 100 .
—200
—z0g T I ME
<A <SEC »
0. 160 a.t65 ag. 170 0. 175 . 120
S) Ulead 2) | leoad

Fig. 12 DC terminal voltage as result of Krear simulafion

VII. CONCLUSIONS

If offshore oil installations shall be supplied with electri-
cal power from land, HVDC transmission is necessary. The
inverter station must be able to operate on a passive AC-net-
work, and synchronous compensators are not desirable due
to the weight. Two ways are possible, either reduce the size
of the compensator and accept increased frequency varia-
tions, or apply a forced commutated inverter system, which
must have two control variables in order to control both AC
voltage and frequency. GTO inverters are not vet available
with the ratings necessary, but the double bridge inverter can
probably be used. A forced commutated current source thyr-
istor inverter with 4 auxiliary thyristors and 1 capacitor is
simulated in the time domain to investigate the commuta-
tion, and found feasible. Further simulations are necessary
to optimize the inverter circuit for use in the double bridge
inverter. Further systern analysis is also necessary to deter-
mine the mecessary requirements for a stable operation
under fault conditions.
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