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SUMMARY

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. 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 simulated 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 simulated
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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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 oil 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 unrealistically fast controllers to
handle them. They are partly due to the model, where the land based rectifier
and the DC reactors are simulated by a constant current source, but partly
they have to be handled by overdimensioning of the system.

The simulations indicate 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 oil platform.

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 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
also have some disadvantages, and a complete technical and financial
comparison must be performed in order to decide about any potential project.
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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 in the North Sea and North Atlantic has,
with a few 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 pumps in 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 a waste, which one had to get rid of anyway. Lots of gas was 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 a reservoir, 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 a global increase in the temperature, mainly due
to increased concentration of carbon dioxide (CO2) in the atmosphere. Protec-
tion of the environment came into the political agenda, and as a part of the ef-
forts to stabilize the production of CO2, the Norwegian Government imposed
a tax on the emission of CO2 on Norwegian offshore installations, as well as
onshore facilities related to the oil industry. The flaring of gas on offshore in-
stallations has almost come to an end, and the oil companies are looking at
other possibilities to reduce CO2-emissions.
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The largest source of CO2-emissions in 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 represents a yearly emis-
sion of 8.9 million tonnes CO2 or about 24 % of the total Norwegian CO2
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
hydroelectric power plants on land, it would be a substantial step towards the
goal of reducing the CO2-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

(All 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 USD0.10/
Sm3 in 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 possibilities the gas can be re-
injected into the reservoir to increase the oil yield so it still has a value. But as
this value is difficult to estimate, the minimum value of the gas is zero. Based
on these upper and lower limits in the gas price, a Norwegian CO2-tax of
NOK 0.857 (USD0.122)/Sm3 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 USD0.029/kWh in 1995, which
leaves between USD0.004/kWh and USD0.032/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
system installed on a platform. A rule of thumbs in the Norwegian oil industry
is that 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 a floating
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.
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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 units is fairly 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 a far better possibility of constructing multiterminal sys-
tems. It is also possible to connect these units in 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 this re-
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 this thesis is to 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 units will
be placed subsea in the future, so the system should be based on components
and technology available at the start of the project.
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Initially, a study 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. Finally 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 acceptable solution for
oil and gas companies. Such a solution includes line commutated converters
feeding power into a weak network, with the stability problems this is known
to imply.

1. 5 STRUCTURE OF THESIS

The thesis starts with 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 are re-
viewed (Chapter 6). 

As the norms allow 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 analysis in the time domain was con-
sidered superfluous, but is applied as verification of the results in certain cas-
es. In order to understand the consequences 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. This is an 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 capacitors and 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 thyristors is 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 a large induction 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 a simulation of a system with active controllers is 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 unrealistically fast controllers to handle them com-
pletely. They are partly due to the model, where the land based rectifier and
the DC reactors are simulated 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 a line 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 is one 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 I 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 almost 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. 

There are large variations in the total need for power on the offshore instal-
lations on the Norwegian Economic Zone. Some of the factors that decide the
need for power are:

• Field size and type.

Temperature, pressure, oil/gas ratio

• Processing.

What happens to the product on the installation. Separation, 
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compressing, heating, cooling.

• Water and/or gas injection.

To retrieve as much oil or gas as possible from the reservoir.

• 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/Veslefrikk) is close to 500 MW each.

The choice between an electric motor and a gas turbine for powering a ma-
chine is mainly decided by the short circuit capability of the network. This de-
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 days up to 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 varies widely. Ula, with a load 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 Veslefrikk 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 drives would be equal in both cases, but there was a small sav-
ing in total for the fully electrical system due to savings regarding exhaust sys-
tem etc. The total efficiency was equal, the electrical losses were compensated
by a better efficiency in the larger generator turbines. There were no savings
in weight and volume in 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
the gas field Troll. The first platform, Troll A is situated 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, via a 52 kV Umax AC cable connection
with a transmission 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) requirements re-
garding power supply in emergency situations, there has to be an emergency
power supply, normally powered by diesel engines. This system is to 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.
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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 a rating of up to 2x4 MW. The distribution
system for essential power supply is usually part of the normal distribution
system. There is a tendency 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 Norms and regulations

The total responsibility for supervision of the permanent oil installations in
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 installations 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 motors and 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 IEC volt-
ages, up to 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.
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The frequency is to 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] (§1306). The frequency variations are ±5 % stationary and
±10 % transiently (§1307).

2. 4 TYPES OF LOAD

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

• Drives for process- and auxiliary systems.

• Process heating systems.

• Electrochemical systems.

• Lighting-, heating- and ventilation systems.

2. 4. 1 Drives for 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 a field 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 is directly 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 are typically systems for the desalination of seawater, both for drink-
ing water and for injection into the reservoir to increase the oil yield.
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2. 4. 4 Lighting-, heating- and ventilation systems

A large platform can have a total 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

them large. If the platform is to 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.

Table 2-1 Main power consumption areas on an oil production platform

Consumption area Power Type

Oil processing equipment. 1 - 2 MW Heating/drives

Oil export systems 2 -12 MW Large drives

Glycol/methanol
regeneration systems

0.5 - 3 MW Heating/small drives

Gas recompression 2 -10 MW Large drives

Auxiliary systems 1 - 2 MW Small/medium drives

Water injection systems 12 -25 MW Large drives

Drilling systems 3 - 5 MW Medium drives

Living quarters 0.5 - 2 MW Lighting/heating/drives

Lighting, heating and ventilation 0.2 - 2 MW Lighting/heating/drives

Heat tracing cable installations 0.1 - 1 MW Heating

Emergency power consumers 0.5 - 6 MW Lighting/heating/drives
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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 offshore installation is to be
feasible, it should be able to provide all the power needed on that installation.
No gas turbines or diesel engines should be installed for normal operation, as
the marginal cost of more power transmitted from land is much lower than tur-
bine power. If possible, all the installations in one area, for example the whole
Statfjord field together with Gullfaks and Veslefrikk 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 a transmission 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 oil field with 100 MW at
132 kV over a distance of 180 km, which they found to be just at the technical
limit. Due to redundancy requirements the possible alternatives were two
240 mm2 three-core copper cables or four 500 mm2 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 transformers was as high as
a complete 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 alternatives for 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 a rated power need of 17 MW is supplied with electrical AC power
from land transmitted by one 3x240 mm2 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 great
clusters, and is not 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 a traditional solution.
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3 MODELS FOR ELECTRIC 
MACHINES AND DRIVES

In this chapter I will review the traditional textbook models for motors, and
modify them to be based on parameters easily available from catalogues and
data sheets. I will also look at adjustable speed drives and their behaviour at
variable network voltage and frequency.

3. 1 LEVELS 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 a magni-
tude in the order of several periods of the network frequency. This allows us
to simplify the electrical problem by neglecting the harmonics and operate
only with RMS 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 is the
preferred one as long as the network has sufficient short circuit power to allow
direct on line (DOL) starting. The largest induction motors in 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 is about 0.3 % to 0.7 % and the pull-out slip
is only 1.5 % to 2 % [20]. Figure 3-1 shows a typical load curve for one such
large induction motor (Siemens type 1RQ1805-4HN.0, 6.6 kV, 7480 kW,
1493 rpm). The same figure also 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 slip less than the pull-out slip, 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 slip 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, r1 and ωl1 are armature resistance and leakage reactance, r2 and ωl2 are
rotor resistance and leakage reactance and ωlm is total magnetizing reactance.
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Figure 3-1 Typical torque curve for large induction motor
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r2(1-σ)/σ represents the mechanical load, where σ is the slip. The terminal
voltage is u.

A simplified model based on the linear model is shown in Figure 3-4. Here
ωl’ is the sum of the leakage reactances in stator and rotor while r2/σ is the
sum of rotor resistance and load. The normally high magnetizing reactance in
parallel is regarded as infinite and disregarded. We can use this model to find
approximate values for ωl’ and r2, and to find the relationship between
voltage, current and slip. This model 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 results in the simulations.

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

0.98 0.982 0.984 0.986 0.988 0.99 0.992 0.994 0.996 0.998 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Figure 3-2 Typical torque curve for large induction motor (Siemens type 
1RQ1805-4HN.0, 6.6 kV, 7488 kW, 1493 rpm), compared with calculated 
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Figure 3-3  Per phase diagram of classical linear model of induction motor.
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At pull-out we have the maximum power transmitted through the air gap,
that is the sum of rotor losses and mechanical power is maximum. That occurs
when we have impedance adaptation in the rotor:

(3-1)

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

(3-2)

The power transmitted through the air gap at pull-out will be

(3-3)

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

(3-4)

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

(3-5)
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r2/σu

Figure 3-4  Simplified per phase diagram of classical linear model of induc-
tion motor.
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From (3-1) we get

(3-6)

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

(3-7)

The active power transmitted through the air gap is 

(3-8)

(3-9)

The air gap torque for an arbitrary electrical frequency then becomes

(3-10)

where md is air gap torque, mpN is rated pull-out torque, σ is slip and σpN is
rated pull-out slip. Normally, rated pull-out torque is given in relationship to
nominal torque,

(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

(3-12)
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which can be solved to give

(3-13)

The equation for the mechanical torque balance in the motor in absolute
values is

(3-14)

where Md is the air gap torque, Ml is the load torque, J is the total inertia of
machine and load and Ω is the rotational speed. Introducing per unit values
and the acceleration time

, (3-15)

where MdN is the rated air gap torque and ΩN is the rated rotational speed, we
get

(3-16)

The large drives on an oil production platform will be either compressors
or pumps. There may be differences in 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:

(3-17)

For simplicity we assume that the machine is fully utilized, 

(3-18)

Inserting the first part of (3-10) and (3-18) in (3-16) gives

(3-19)
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Inserting (3-11) into (3-19) and solving for dωmek/dt gives

(3-20)

Because both the network frequency and the mechanical speed is variable,
the slip should be replaced by

(3-21)

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

(3-22)

The apparent electric power becomes

(3-23)

which splits into

(3-24)

and

(3-25)

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

Equations (3-24), (3-25) and (3-20) give a full 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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3. 2. 2 Subtransient model

If a thyristor converter system shall be analysed with regard to commuta-
tion, or harmonic analysis is to be performed, another motor model is
required. But as long as we are not directly interested in the detailed behaviour
of the motor itself, B. K. Bose [26] has shown that both synchronous and
induction motors can be modelled as an impedance in series with a sinusoidal
counter electromotoric force (EMF) for each phase, as shown in Figure 3-5.
The reactance xL is the sum of the leakage reactances in stator and rotor, while
the resistance rL is the 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, this is typically 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 INDUCTION 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 slip frequency, due to skin-effects etc. There are several ways to get
around this problem. One possibility is to create a model with more than one
cage. The simplest model then is a double cage model, where the first cage is
the standard linearized model, and then an additional cage is designed to

xL=ωl1+ωl2 rL=r1+r2

ê sin(ωt+ϑL)ûphsinωt

Figure 3-5 Induction motor subtransient equivalent according to [26].
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provide the missing torque during start-up. One easy way to do this is by 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
a multicage model, with cages that have to be adjusted and trimmed to fit the
measured curve, or the much simpler method of replacing the model with a
look-up table with the real figures for torque and current during start-up. 

Such a table usually contains values for torque and current depending on

relative speed ( ) at rated voltage. The active and reactive power drawn

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

(3-26)

(3-27)

3. 4 SYNCHRONOUS MACHINES

3. 4. 1 Transient 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 offshore will be of full pole type, so this
is the 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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applied will vary according the problem. They can be subtransient, transient
or stationary. In this case the time constants of the disturbance is in the magni-
tude of 1 s, so it is the 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
analyse it by two axis theory [38]. The following equations (in p.u.) describes
a synchronous machine with motoric reference, disregarding the damper
windings [39].

e
e’
e”

ωld,ωld’,ωld” UI

Figure 3-6 Thevenin equivalent of synchronous machine.
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Figure 3-7 Phasor diagram of full pole synchronous machine, drawn for 
overmagnetized generator, with motoric reference (consumed power is 
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Disregarding the null-system, which we normally can in a symmetric
system, we have for the voltages:

(3-28)

(3-29)

(3-30)

The fluxes are given by:

(3-31)

(3-32)

(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

(3-34)

(3-35)

(3-36)

ud raid
dψd
ωNdt
------------ ωmψq–+=

uq raiq
dψq
ωNdt
------------ ωmψd+ +=

uf rfif
dψf

ωNdt
------------+=

ψd xdid xadif+=

ψq xqiq=

ψf xadid xfif+=

d
ωNdt
------------id

ud ωmxqiq raid–
xad
xf

------- uf rfif–( )–+

xd ′
---------------------------------------------------------------------------------=

d
ωNdt
------------iq

uq ωm xdid xadif+( )– raiq–
xq

------------------------------------------------------------------=

d
ωNdt
------------if

xd uf rfif–( ) xad ud ωmxqiq raid–+( )–
xd′xf

-------------------------------------------------------------------------------------------=
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where we have defined the transient d-axis reactance as:

(3-37)

The air gap torque can be expressed by:

(3-38)

The mechanical torque equation for a synchronous machine is, in p.u.

(3-39)

where β is the pole angle between the rotor EMF and the terminal voltage, D
is the damping constant which substitutes the damper windings, and ml is the
load torque. In the case of a synchronous compensator, . For a gener-
ator, ml and md is negative (motoric reference). 

The instantaneous active power delivered or consumed by a synchronous
machine is given by

(3-40)

and the reactive power can be expressed as 

(3-41)

The machine rotates with a speed ωmek, while the electrical frequency is
ωel. These two are equal in the stationary state, but can vary transiently. The
difference between electrical frequency and machine speed gives the varia-
tions in the pole angle.

(3-42)

(3-43)

xd ′ xd
xad

2

xf
----------–=

md xadifiq xd xq–( ) idiq⋅+=

mN Ta⋅ d2β
dt2--------- D dβ

dt
------⋅–⋅ md ml–=

ml 0=

p ud id⋅ uq iq⋅+=

q ud iq⋅ uq id⋅–=

dβ
dt
------ ωel ωmek–( )=

β ωel ωmek–( ) td
t0

t

� β0+=
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where β0 has to be calculated from the steady state before the disturbance. For
a synchronous compensator, .

Equations (3-34), (3-35), (3-36), (3-38), (3-39), (3-40), (3-41) and (3-43)
constitute a model of the synchronous machine with properties that are similar
to a phasor model. This is further discussed in Section 9. 2. and Section 9. 4. 2

3. 4. 2 Subtransient model

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
q-axis inductance are of the same value, and this value is applied 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 q-axis inductance. 

The subtransient time constant is typically in the range of 20 to 50 ms,
while a commutation period will be in the range of 0.5 to 1 ms. So it is the
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 a lumped 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 source inverters, 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. 

β0 0=
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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 implies that 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 its firing angle α 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 sinα, as shown
in Figure 3-8. The half circle over  is the geometrical place for

, where the phasor  must end. The half circle

over is the geometrical place for

, where the new phasor  must end.
The DC link voltage has to remain constant to keep the speed constant, i. e.

. This gives the new firing angle α2. The DC link

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

Re(i2) uv1∆uvRe(i1)

Im(i1)i1

i2uv1cosα1

uv2cosα2

∆Im(i)

0 α1 α2

Figure 3-8  Phasor diagram of voltage and current drawn by a current 
source, constant speed drive after a voltage drop of ∆uv.

uv1sinα1
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Thus it is possible to find the new the active and reactive current,
 and .

(3-44)

(3-45)

(3-46)

(3-47)

(3-48)

(3-49)

(3-50)

(3-51)

(3-52)

Equation (3-52) makes it obvious that normal operation cannot be
continued if the AC voltage drops below uv1cosα1. Normally such a drive is
designed to operate in the normal mode down to where the rectifier reaches a
minimum firing angle αmin. 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, as in pumps and compressors, the current is

Re i1( ) ∆Re i( )+ Im i1( ) ∆Im i( )+

iv1 iv2 const= =

ud
3 2

π
----------uv2 α2cos 3 2

π
----------uv1 α1cos= =

α2cos
uv1
uv2
------- α1cos=

iv2 iv1 α2cos j– α2sin( )=

iv2 iv1
uv1
uv2
------- α1cos j– 1

uv1
uv2
------- α1cos� �
� �

2
–=

p2 3uv2Re iv2( ) 3uv2 iv1
uv1
uv2
------- α1cos= =

p2 3uv1 iv1 α1cos p1= =

q2 3– uv2Im iv2( ) 3uv2 iv1 1
uv1
uv2
------- α1cos
� �
� �

2
–= =

q2 3 iv1 uv2
2 uv1

2 α1cos 2–=
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reduced likewise and the inverter acts as a voltage proportional admittance
with cosϕ near one.

3. 5. 2 Voltage source inverters, transient model

Normally, voltage source inverters are made with diode rectifiers and
PWM inverters. Under stable mechanical conditions they represent a constant
active power load with cosϕ 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
is reduced by slowing the speed, and the network current is kept at maximum. 

3. 5. 3 Subtransient model

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 load
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 models do 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 this chapter I will give a short 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 ways to 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 a tendency to cause corrosion in underground metallic struc-
tures, this mode of operation is only allowed 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

Figure 4-1 Monopolar HVDC transmission with earth return.
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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 among
other factors may have serious influence on magnetic compasses. Addition-
ally 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 it is required to avoid the earth current, a natural 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
HVDC 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.

Figure 4-2 Monopolar HVDC transmission with metallic return.

Figure 4-3 Bipolar HVDC transmission.
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For overhead lines the system is normally bipolar as in 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 is doubled. 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 practically 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 YY-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 thyristors in series to withstand the
required blocking voltage with sufficient margin. Normally there is only one
string of thyristors in each valve, no parallel connection. Four valves are built
together in series to form a quadruple valve and three quadruple valves,

Figure 4-4 12-pulse converter.
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together with converter transformer, controls and protection equipment,
constitute a converter. 

The converter transformers are usually three winding transformers with the
windings in YydN-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

An HVDC converter station (Figure 4-5) is normally 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 a bipolar 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

AC

AC filter

DC reactor

DC filter
12-pulse
converter

Converter
transformer

DC line

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

DC filter

DC line
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transformer
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converter
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AC supply
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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, where rd represents the total resistance
of the line, we get for the DC current

(4-1)

and the power transmitted into station B is

(4-2)

In rectifier operation the firing angle α should not be decreased below a
certain minimum value αmin, normally 3°-5° [4], [5], in order to make sure
that there really is a positive voltage across the valve at the firing instant. In
inverter operation the extinction angle should never decrease below a certain

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

Station A Station Brdid

udA udB

id
udA udB–

rd
-----------------------=

pd udB id⋅ udB
udA udB–

rd
-----------------------⋅= =
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minimum value γmin, normally 17°-19° [4], [5], otherwise the risk of commu-
tation failures becomes too high. 

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

To achieve this, most HVDC systems are controlled to maintain γ = γmin 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 a DC 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 α as low as possible, the transformer tap changer
in rectifier station A is operated to keep α on an operating value which gives
only the necessary margin to αmin to be able to control the current.

4. 2. 2 Converter current/voltage characteristics

The resistive voltage drop in converter and transformer, as well as the 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 Ud from a 6-pulse bridge converter can then be
expressed by

(4-3)

where α is the firing angle,

 is the rated relative inductive voltage drop,

id and idN are the actual and rated direct current respectively

ud udio αcos dxN
id

idN
-------

udioN
udio

------------⋅ ⋅–⋅=

dxN
3
π
---

idN xk⋅
udioN

----------------⋅ 1
2
--- ek⋅≈=
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udio and udioN are the actual and rated no-load direct voltage at 
xk is the commutation reactance, normally the transformer short circuit reac-
tance and
ek is the relative short circuit voltage of the transformer.

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

(4-4)

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

(4-5)

The current/voltage characteristics expressed in (4-3) and (4-5) are shown
principally in Figure 4-7 for normal values of id and dxN. In order to create a
characteristic diagram for the complete transmission, it is usual 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

α 0=

α µ γ+ + 180°=

ud udio– γcos dxN
id

idN
-------

udioN
udio

------------⋅ ⋅–⋅=
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0
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-0.5
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Figure 4-7 Principal current/voltage characteristics for a converter. Firing 
angle α and extinction angle γ as parameter.
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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 principle is like leaving them without control. This will not give a stable
point of operation, as both characteristics have approximately the same slope.
Small differences appear due to variations in transformer data and voltage
drop along the line. To gain the best possible control the characteristics should
cross at as close to a right angle as possible. This means that one of the char-
acteristics should preferably be constant current. This can only be achieved by
a current 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 . The inverter has a slightly lower current
command than the rectifier and tries to decrease the current by increasing the
counter voltage, but cannot decrease γ beyond γmin. Thus we get the operating
point A. We assume that the characteristic for station B is referred to station
A, that is it is corrected for the voltage drop along the transmission line. This
voltage drop is in the magnitude of 1-5 % of the rated DC voltage.

α=const

id
idN

ud
udio

0

0.5

1.0

1.0

Figure 4-8 Typical current/voltage characteristics for rectifier
and inverter (reversed polarity convention). 
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If the AC voltage at the rectifier station drops, due to some external distur-
bance, the voltage difference is reduced and the DC current starts to sink. The
current controller in the rectifier station starts to reduce the firing angle α, but
soon meets the limit αmin, 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
a new stable operating point B is reached.

α=αmin

γ=γmin

id

udA

Figure 4-9 Steady state ud/id diagram for converter station A.
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Figure 4-10 Steady state ud/id characteristic for converter station A and 
station B.
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If the current command at station A is decreased below that of station B,
station A will see a current that is to high and start to increase the firing angle
α, to reduce the voltage. Station B will see a diminishing current and try to
keep it up by increasing the extinction angle γ to reduce the counter voltage.
Finally station A meets the γmin 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 the rectifier 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 practice it is desirable to do this
in more controllable ways. Therefore the inverter is normally equipped with
a αmin limitation in the range of 95-105°. To avoid current fluctuations
between operating points A and B at small voltage variations the corner of the
inverter characteristic is often cut off. Finally, it is not desirable to operate the
transmission with high currents at low voltages, and most HVDC controls are
equipped with voltage dependent current command limitation. The final
complete ud /id 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 γmin-control to minimize reactive power need. Addition-
ally it is required to operate the system as close to the rated voltage as possible
to minimize the resistive power losses. The rectifier needs to be operated with
as small α as possible and still keep sufficient margin. This requires the
commutation voltage, both for the rectifier and the inverter, to be controlled

id

ud

Figure 4-11 Complete ud/id characteristics for HVDC transmission.
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according to the DC current. Additionally the normal variations of the
AC voltages have to be considered. All this is taken care of by the tap changer
control of the converter transformers. The tap changers have to have a rather
wide range of operation, often ±15 %. The function of the tap changer control
is shown 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 is controlled in such a way that if α gets too close to αmin it raises
the commutation voltage, and if α gets too large it lowers the voltage. Typi-
cally the control tries to keep α between 10° and 20° [4]. These limits give a
voltage band of . Allowing for
some error in the measurement of the angles reduces this band to about
2.5-3 % of ud0. The tap 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
operation is still considerably slower than the firing control system. The coop-
eration between the two controls thus does not cause any problems.

Figure 4-12 Tap changer control.
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4. 2. 4 Master control system and telecommunications

The controls described above are basic and fairly standardized and similar
for all 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 systems in a
transmission, but the master control is only 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
is to act as rectifier, subtracted if it is to act as inverter. 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 especially high if the transmission is required to have
a fast 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:

(4-6)

and

(4-7)

ud r, udio r, αcos⋅ 3
π
--- xk r, id⋅ ⋅–=

ud i, udio i, γcos⋅– 3
π
--- xk i, id⋅ ⋅+=
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These equations each represent a controlled voltage source and a series
resistor, as shown in Figure 4-13. The diode is inserted to indicate that current
can only flow in one direction. In the case of an HVDC transmission to an
offshore oil or gas field, 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:

(4-8)

where ωel is the 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 always
two phases conducting in a bridge converter, and the internal inductance of a
converter in this interval is:

(4-9)

Additionally there will be a large inductance ld present in the DC circuit to
provide smoothing of the current. The resistance of the transmission line is so
small (1 % - 5 %) that it can practically be neglected for dynamic analysis and

udi0,rcosα

3/π•xk,r
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udiγ,i

Figure 4-13 Rectifier and inverter modelled as quasi-stationary voltage 
sources and series resistors.
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stability analysis. The final circuit can be remodelled as in Figure 4-14. This
circuit can be described by:

(4-10)

where the firing angle α for the rectifier and extinction angle γ for the inverter
are determined by the control system as previously described.

4. 4 SUMMARY

This chapter summarizes the conventional construction and control of
HVDC transmission and the cooperation of the different controllers involved.
A quasi-stationary description of an HVDC transmission, which can be used
in a complete model, is given by (4-10).

udio,r•cosα

3/π(xk,r-ωellk,i)

udio,i•cosγ

Figure 4-14 Final model of HVDC transmission.
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5 HVDC SUPPLY TO WEAK 
AC NETWORKS

In this chapter I 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, is the ‘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 inertia may suffer large frequency
deviations as a result of the disturbances. In order to simplify the analysis of
the voltage stability in this chapter the mechanical inertia is 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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The definition of short circuit power (SC) at a given busbar in an
AC network is, according to IEC: 

(5-1)

where UN is the nominal voltage and Zl is the equivalent network impedance.
When calculating the equivalent network impedance for this analysis the 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 Es, which is normally 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
a part of the network. The new, effective equivalent impedance ZlE is found
according to the Thevenin theorem by zeroing all sources in the network to be
replaced, thus the resulting impedance will be the parallel connection of the
original network impedance Zl and the shunt compensator impedance Zc.

(5-2)
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Figure 5-1 Simplified model of an HVDC converter connected to an 
AC network.
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The equivalent source voltage Es will also have to be corrected, in order to
supply the correct open terminal voltage and short circuit current.

(5-3)

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

(5-4)

where Qc 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,:

(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
basis of the rated active power of the converter station, not the apparent power
as usually in AC calculations. Then the short circuit ratio can be calculated
from

(5-6)

where PN,con is the rated power of the converter station. An alternative expres-
sion is

(5-7)
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with the network impedance zl 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:

(5-8)

or alternatively

(5-9)

with the effective network impedance zlE 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 ϕcon of the converter is given by:

(5-10)
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Figure 5-2 Phasor diagram for model of HVDC converter and net.
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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 Es 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
 and having a relative inductive voltage drop (See Chapter 4)

, there will be a need for a reactive power compensation

 to have unity power factor towards the network at nominal oper-
ating conditions. If this converter is connected to a network with a given 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 this HVDC
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 is connected to a network with SCR=2.5, the results will
be as shown in Figure 5-4. Still, an increase in current from the nominal oper-

γ 18°=
dx 0.075=

qc 0.54=

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



Chapter 5 HVDC supply to weak AC networks

- 50 -

M:\MAKER5\AVHANDL\weakac 22 Apr 2001

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 feasibility of the HVDC transmission must be inves-
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 a reduction of power transmitted, and the system is clearly
unstable in the case of constant power control, which is a part 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 HVDC
transmission, as the active power rating of this is the basis for the p.u. values.
An increase 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 obvious way to try to remedy the problem of a weak
AC system would be to reduce this need by producing the reactive power
where it is needed, that is close to the converter. Unfortunately this also makes

Figure 5-4 Terminal voltage U and transmitted power P from a converter 
connected to a weak network, as a function of DC current idc.
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things worse. 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 this is 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, this will be helpful.

If slow power control cannot be accepted, or the voltage control system is
not sufficiently effective, a simple, 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 a device that can compensate voltage devia-
tions fast. One study [18] indicates that by the introduction of SVCs on an

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 idc.
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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 γ. Operating the
system at a fixed, minimum γ control indeed gives the benefit of minimum
reactive power consumption, but the cost is lack of control capability. On the
other hand, a controllable γ gives increased 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 γ-
control. The rated extinction angle γN has been set to 24° with an allowed
range of variation from 18° to 30°. The shunt compensation capacitor has
been increased to  in order to compensate for increased reactive
power demand, thereby weakening the ESCR further. The results of the calcu-
lations are shown in Figure 5-6. Compared to Figure 5-4 there is a significant
improvement in the stability, seen as the distance to the MAP-point. Addition-
ally the figure shows the variations of γ (in radians). To simplify the
calculations in this example, γ is kept stable at 30° for currents below the rated
current. Above the rated current, γ is kept stable at . Just
around the rated operating point, γ varies from max to min., thereby control-

qc 0.59=

Figure 5-6 Terminal voltage U and transmitted power P from a converter 
with γ-control connected to a weak network, as a function of DC current idc.

γ γmin 18°= =
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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 , which is the effective source
voltage EsE. 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. In comparison, the transient voltages
deviations allowed on an offshore oil installation will be +20/-15 %.

The values which are shown in the curves are naturally 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 γ-
min. control mode, in order to save reactive power, minimize transmission
losses and to minimize the inverter rating. The price is to 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.

Idc 0=
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6 HVDC SUPPLY TO OFFSHORE 
OIL INSTALLATIONS

In this chapter, the simulation 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 the HVDC
supply and the platform AC network.

6. 1 INTRODUCTION

If an HVDC transmission is to 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
HVDC power supply to a weak 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 deviations within 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 (SVC) with fast
voltage control.

These are, however, still too heavy synchronous compensator units to give
an economically feasible solution. The maximum that should be accepted is a
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 variations to 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 values, while more exact, will give too much
information that is not really needed, thus clouding the relevant results. These
methods also require too much simulation time and resources to be feasible in
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 requires the 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 Electrical 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 EMTP operate by instantaneous values, giving an
precision that is not required in this feasibility study. SIMPOW is also able to
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 more time for learning than could be spent
in this case. EMTDC was very recently acquired, and still under evaluation. 

KREAN is well known by us and has a reasonably low threshold, but, like
EMTP, it is based 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, which is easy to learn. It is well suited for phasor-based simulations,
as it is relatively 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 simu-
lations based upon a quasi stationary model related to phasors, while KREAN
was used for control simulations in order to verify the simpler model, and in
other cases when a time domain simulation is required.

6. 3 SIMULATION MODEL

The system to be simulated 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

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

(6-1)p k u2⋅=
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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:

(6-2)

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

6. 3. 2 Rotating large induction motor load

This will constitute of approximately 20 % of the total load on the plat-
form. These motors will be powering the large pumps and compressors on the
platform with square speed/torque characteristics. These motors will have
relatively small deviations from nominal slip and can be described by clas-
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Figure 6-1 Model of HVDC supply to an offshore oil-installation.
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sical linearized models around nominal load. The relevant equations are
found in Chapter 3 to be:

(3-20)

(3-24)

and

(3-25)

6. 3. 3 Motor to be started

This is assumed to be a large induction motor constituting approximately
10 % of the total load. As this motor has to run through the whole speed range
from standstill to normal slip, the simple 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:

(3-26)

and

(3-27)

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 drives load

This will constitute of approximately 40 % of the total load on the plat-
form. This type 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:

(3-50)

and

(3-52)

At line voltages below a given level the current source converters are no
longer able to maintain the terminal 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 close to 1.

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

p2 3uv1 iv1 α1cos p1= =
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6. 3. 5 Harmonic filters

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

(6-3)

6. 3. 6 Static Var Compensator

This will 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.

(3-34)

(3-35)

(3-36)

(3-40)

(3-41)

q u 1
ωel c⋅
--------------- ωel l⋅–� �
� �⋅=

d
ωNdt
------------id

ud ωmxqiq raid–
xad
xf

------- uf rfif–( )–+

xd ′
---------------------------------------------------------------------------------=

d
ωNdt
------------iq

uq ωm xdid xadif+( )– raiq–
xq

------------------------------------------------------------------=

d
ωNdt
------------if

xd uf rfif–( ) xad ud ωmxqiq raid–+( )–
xd ′xf

-------------------------------------------------------------------------------------------=

p ud id⋅ uq iq⋅+=

q ud iq⋅ uq id⋅–=



Chapter 6 HVDC supply to offshore oil installations

- 62 -

M:\MAKER5\AVHANDL\offshvdc 22 Apr 2001

(3-43)

(3-38)

(3-39)

One of the purposes of the simulation is to 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:

(4-10)

By proper selection of base values it is achieved that  and .
This only describes the power part of the transmission. The control part is
expressed through expressions for α and γ. 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 circuits on land

The supplying network can be modelled as a Thevenin equivalent,
consisting of a stiff 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 γ constant at γmin and control α 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 be to control the power flow by means of controlling α to match
the power needs on the platform. This will require measurements on the plat-
form and a certain amount of calculations to 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 is to
apply d-q-transformation of voltage and current and control active and reac-
tive power independently on this basis [31]. To simplify the simulations, and
also due to the slower 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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7 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 DC link current, both voltage and frequency will vary if either resistance
or capacitance is changed. The sensitivities of frequency and voltage for
change in network parameters, as well as for a change in firing delay time are
found. The concept of relative sensitivity is introduced and the relative sensi-
tivities are discussed. Especially it shall be noted that there is a positive
sensitivity in frequency with regard to change in 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 time will be controlled in order to
stabilize the frequency and voltage. Finally a synchronous compensator will
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be introduced to add inertia to 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 as reactive. If there is balance between produced and consumed reactive
power,

(7-1)

the sum of inductive and capacitive susceptance in the network has to 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.

(7-2)

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

(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 makes them look like equivalent inductors to the network.
If the rest of the network is able to supply reactive power, looking like an

Qproduced Qconsumed+ 0=

jωC 1
jωL
---------+ 0=

ω 1
LC

-----------=
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equivalent capacitor, there will be a stable oscillation with frequency given by
(7-3). In order to see how such a system will behave, with simple simulations,
the model shown in Figure 7-1 is established. The network is represented by
a resistor R and capacitor C in parallel. The resistor represents all the active
load in the system. The capacitance represents the net surplus of reactive load.
A parallel connection is chosen, as this is the closest representation of the load
in parallel with filters and parallel compensating capacitors which is the usual
configuration.

For simplicity, the converter is a simple 6-pulse thyristor bridge inverter,
while in reality the inverter will certainly be 12-pulse. The commutation is
considered ideal and the DC current Id is without 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:

(7-4)

(7-5)

Converter

Figure 7-1 Model of simple capacitive load fed by inverter, and its equivalent 
impedance model. Power consumption is defined positive and production 

negative.

R C

Id -P +Q

+P
-Q

P 3UvIv αcos=

Q 3UvIv αsin=
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The relationship between the fundamental RMS AC current and smooth
DC current in a 6-pulse thyristor bridge inverter is

(7-6)

The voltage relationship is

(7-7)

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

(7-8)

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

(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:

(7-10)

The fundamental reactive power balance gives:

(7-11)

Iv
6

π
------- Id⋅=

Ud
3 2

π
----------Uv αcos⋅=

α ∆t
τ
----- 2π⋅ ∆t ω⋅= =

Pinv Id Ud⋅ Id
3 2

π
----------Uv ∆t ω⋅( )cos⋅ ⋅ Uv

2G– Pload–= = = =

∆t ω⋅( )cos
Uv
Id
------– π

3 2
---------- G⋅ ⋅=

Qinv 3IvUv αsin 3 2
π

---------- Id⋅ Uv ∆t ω⋅( )sin Uv
2 ωC⋅ Qload–= = = =
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which gives:

(7-12)

Dividing (7-12) with (7-10) gives

(7-13)

This equation cannot be solved to find ω as an explicit function of ∆t, but
∆t can be found as a function of ω.

(7-14)

where

(7-15)

in inverter operation

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

(7-16)

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

(7-17)

Base Case Example:

To give a numerical example a base case is defined. This will be an inverter
with rated power 100 MW. Nominal operating frequency is 50 Hz and
nominal extinction angle γ is 20°. Commutation is considered ideal, which is
a common simplification when studying the principal operation of a
converter. Then an extinction angle γ of 20° is equivalent to a firing angle of

∆t ω⋅( )sin
Uv
Id
------ π

3 2
---------- ωC⋅ ⋅=

∆t ω⋅( )tan ωC
G

--------–=

∆t

ωC
G

--------–
� �
� �atan

ω
----------------------------=

π
2ω
------- ∆t π

ω
----≤ ≤

Uv
3 2

π
---------- Id

1

G2 ωC( )2+
---------------------------------⋅ ⋅=
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Uv

2 G⋅
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π
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� �
� �

2
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160°. The nominal operating voltage is 120 kV. The rest of the data appear
from Table 7-1. 

Inserting these values in (7-14) and solving gives the relationship between
frequency f=2πω and firing delay time ∆t 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°,

Table 7-1 Main data of base case inverter.

Inverter nominal power rating at 50 hz 100 MW

Inverter nominal firing angle α 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 MVAr

AC network equivalent resistance, per phase 144 Ω

AC network equivalent capacitance, per phase 8.05µF

DC current 657 A

DC nominal voltage -152.3 kV

10 -1 10 0 10 1 10 2
10 1

10
2

10 3

10 4

Figure 7-2 Frequency as a function of firing time delay for the circuit in 
Figure 7-1.

f [Hz]

∆t [ms]

50

8.89
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giving a wide frequency range. Naturally, 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). The results of this are displayed in Figure 7-4. As can
be seen from the curves, a frequency of 50 Hz corresponds to a delay time of
8.89 ms and a firing angle of 160° as was presupposed. Furthermore, feeding
a DC current of 657 A, corresponding to a fundamental current of 512 A into

10 -1 10 0 10 1 10 290

100

110

120

130

140

150

160

170

180

Figure 7-3 Resulting firing delay angle for the circuit in Figure 7-1, calcu-
lated from the frequencies in Figure 7-2.
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Figure 7-4 AC and DC voltages in the circuit of Figure 7-1 as functions of the 
firing delay time ∆t
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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
close to zero, capacitive. To provide balance of active and reactive power the
inverter has to have a power factor close to zero, inductive, i. e. a firing 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 almost 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 simu-
lated to verify if the simple mathematical model based on RMS-values of the
fundamental harmonic is acceptable. The simulations were performed by
setting the AC circuit in oscillations by means of a three-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 left 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 amounts to a shift in the firing delay time, resulting in a frequency 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 voltages in 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 frequencies and RMS values
of the fundamental voltage based on Fourier analysis, as well as the phase
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Figure 7-5 DC voltage at source (upper curve), line voltage (second curve), instantaneous and fundamental phase voltage (third 
curve) and frequency (lower curve) in a passive RC circuit fed by an inverter at approximately 50 Hz.
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Figure 7-6 Total phase current from the inverter (upper curve), current in the resistor (second curve) and current in the capac-
itor (third curve) in a passive RC circuit fed by an inverter at approximately 50 Hz.
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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 there is a unique
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.

10 -1 10 0 10 1 10 2
10 1

10
2

10 3

10 4

Figure 7-7 Frequency as a function of firing time delay in KREAN simulation, 
compared to computed values.
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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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7. 2. 2 Sensitivity of frequency and voltage for variations in 
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 a further frequency reduction, and so there is clearly the
possibility of an unstable situation. The same will be the case if the voltage
drops for a load 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:

(7-13)

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

(7-16)
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Figure 7-9 AC and DC voltages in the circuit of Figure 7-1. Results from 
KREAN simulations compared to computed values
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Partial derivation of these equations with regard to conductance G will
show how angular frequency ω and voltage Uv depend on the load. (7-13) is
an 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 load conductance we rewrite slightly and get:

(7-18)

(7-19)

(7-20)

By application of (7-13) to eliminate C this can be rewritten as:

(7-21)

This reforms to:

(7-22)

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

(7-23)

In inverter operation  and . Thus both

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 a rise 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:

(7-24)

which can be developed to 

(7-25)

and further to 

(7-26)

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

(7-27)

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

(7-28)

In inverter 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 

(7-29)
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which is always fulfilled in inverter operation, because  and
 in the 2nd quadrant.

In inverter 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 a fall 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 variations in 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 previously
described, as the mean value of the inverse of the time between the last regis-
tered zero crossings of the line voltages. The results are shown in 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, this is omitted in the figure. At time t=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 a current source. The RMS current in the capacitor rise,
due to the increased voltage. Thus the RMS current in the resistor is
decreased, and the RMS 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 falls in the first part of the half-period, thus shifting the phase of the
fundamental of the resistive current backwards. The phase voltage of the load
is in phase with the resistive current, and thus is 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 a transient increase in frequency.

∆tω 0>
∆tω( )tan 0≤
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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

Resistance
increase

Capacitance
decrease

Figure 7-10 Phase voltage, capacitor current and inverter current in phase 
R, and system frequency based on line voltages. Resistance is doubled at time 

t=0.2 s and capacitance is halved at time t=0.35 s. Time controlled firing 
pulses.

Figure 7-11 Phase voltages in RST and inverter current in phase R, together 
with fundamentals, before resistance is doubled at time t=0.2 s. Time 

controlled firing pulses.

Firing
instant

τ/2=10 ms
∆t≈8.9 ms γ≈20°

Natural commutation
of fundamental USR

of phase S
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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 is the
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. This is better seen in Figure 7-10.

Finally, in Figure 7-13 the situation after reduction of the capacitance is
shown. This figure is quite similar to Figure 7-11, except that the voltage is
doubled. The reason for this is 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 this time 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 a time delay, which partly consists of the firing delay time and partly of

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 pulses.

Firing
instant

τ/2=10 ms

∆t≈8.1 ms γ≈36°
Natural commutation
of fundamental USR

of phase S
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the delay in frequency measurement, the changed frequency also appears in
the measured frequency. Correspondingly, when the capacitance is decreased,
there is first a phase shift leading to a transient frequency rise, just similar to
the previous simulation, and then secondly the PLL increases the frequency

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 pulses.

Firing
instant

τ/2=10 ms
∆t≈8.9 ms γ≈20°

Natural commutation
of fundamental USR

of phase S

Figure 7-14 Phase voltage, capacitor current and inverter current in phase 
R, and system frequency based on line voltages. Resistance is doubled at time 
t=0.2 s and capacitance is halved at time t=0.35 s. Constant firing delay time.
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increase

Capacitance
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Frequency
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Frequency of PLL
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of the system back to the initial value. When the system has stabilized again,
the situation is once more identical with the previous simulation. The situation
before the capacitance is decreased is shown in Figure 7-15. The shape of the
curves is quite similar to the situation in Figure 7-12, but the frequency is
reduced. The extinction angle γ is not exactly the same, this is due to the fact
that the frequency is reduced and thus the imaginary part of the impedance is
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 I) shows the initial condition, as in Figure 7-11. Diagram
IIa) shows the situation with double resistance and time controlled firing
pulses, as in Figure 7-12, while diagram IIb) shows the situation with double
resistance and constant firing delay time, as in Figure 7-15. Angular
frequency ω2b is lower than ω0. Therefore the capacitive current Ic2b is less
than Ic2a and consequently the phase angle ϕ2b is less than ϕ2a. Diagram III)
shows the situation with double resistance and half capacitance, as in Figure
7-14. Currents, frequency and phase angle are as in 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. 

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.

Firing
instant

τ/2=11 ms
∆t=8.9 ms γ≈34°

Natural commutation
of fundamental URT

of phase R
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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 is to 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 a variation in network conductance. In order to find the necessary
capacitance and firing delay time to keep voltage and frequency constant we

ReIm
I

Ic1

Ir1

U1

ϕ1

ω0

ReIm
I

Ic2a

Ir2a

U2a

ϕ2a

ω0

ReIm
I

Ic2b

Ir2b

U2b

ϕ2b

ω2b

Re
Im

I

Ic3=Ic1

Ir3=Ir1
U3=2xU1

ϕ3=ϕ1

ω0

I

IIa IIb

III
Figure 7-16 Phasor diagrams for inverter feeding RC load

I) Initial condition, R=RN, C=CN, ω=ω0, ∆t=∆tN.
IIa) Constant frequency, R=2RN, C=CN, ω=ω0.

IIb) Constant firing delay time, R=2RN, C=CN, ∆t=∆tN.
III) End conditions, R=2RN, C=0.5CN, ω=ω0, ∆t=∆tN.
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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:

(7-30)

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

(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 voltage for variations
in firing delay time and network capacitance. This is done by partial deriva-
tion. The equation best suited for partial derivation of the angular frequency
is (7-13). This is an 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:

(7-32)

(7-33)

(7-34)

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

(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:

(7-36)

(7-37)

(7-38)

Inserting (7-13) and sorting gives:

(7-39)

which by sine and cosine manipulation gives:

(7-40)

The best starting point for the partial derivative of the voltage with regard
to the network capacitance is (7-16), we have:
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(7-42)

(7-43)
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Inserting (7-40) and sorting we get:

(7-44)

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

(7-45)

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

(7-46)

(7-47)

(7-48)

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

(7-49)

The first part is recognized from (7-46)
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The found sensitivities indicate how the process responds to small varia-
tions in the controllable parameters. They will be used later in the design of a
simple controller for the system.

7. 2. 5 Relative sensitivity

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

(7-52)

It must be noted that this relative 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):

(7-53)

for a relative change in the firing delay time, from (7-35):

(7-54)

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

. (7-55)

The relative sensitivity of the voltage for a relative disturbance in the load
is from (7-28):

(7-56)
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for a relative change in the firing delay time, from (7-45)

(7-57)

and for a relative change in the network capacitance, from (7-51)

(7-58)

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 α. This means that the relative sensitivities for small disturbances
from a working 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 a change in load as to a change in network capacitance, but with
opposite sign.

(7-59)

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

(7-60)

The relative sensitivity of frequency and voltage for a disturbance in load,
represented with the conductance, as a function of the firing angle α 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 α is shown in Figure
7-18.
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Figure 7-17 Relative sensitivity of the frequency (upper curve) and the voltage 
(lower curve), with regard to load conductance, as functions of the firing 

angle α.

ω∂
G∂

------- G
ω
----⋅

Uv∂
G∂

--------- G
Uv
------⋅

α[°]

[p.u.]

90 100 110 120 130 140 150 160 170 180
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Figure 7-18 Relative sensitivity of the voltage with regard to the firing delay 
(upper curve) and the capacitance (lower curve), as functions of the firing 

angle α.
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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

(7-61)

and consequently

(7-62)

while

(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 a function of
the firing angle α is shown in Figure 7-19. It is assumed that the required
control speed can be achieved by the available control mechanisms.
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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 α.
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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 γ constant by slow regulation of DC current. With constant γ
and disregarding commutation, we also have constant α, 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 simple, however. Assuming voltage, frequency and firing
delay angle to be controlled at nominal values, we get the following expres-
sions for G0 and C0.

(7-64)

(7-65)

(7-66)

An extinction angle  is equivalent to a firing angle
. Inserting the numerical values into (7-64)

and (7-66) gives:

(7-67)
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We get for the sensitivity of frequency for a disturbance in the load, from
(7-23):

(7-69)

for a change in the firing delay time, from (7-35):

(7-70)

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

. (7-71)

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

(7-72)

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

(7-73)

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

(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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Figure 7-20 Sensitivity of angular frequency for variations in load conduct-
ance as a function of load. Voltage, frequency and firing angle at nominal 

values.
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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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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
in a slower responding system at full load than at low load. On the other hand,
the higher sensitivities 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 this thesis.

In the next section it will be investigated if a simple controller can be found
at all that can give the system any stability.
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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.
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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 is the
simple model shown in Figure 7-1. An inverter is supplied by a constant DC
current source and feeds into 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 simply assume that the capacitance is directly and instanta-
neously 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

ProcessControllerωref

Uv,ref

∆ω

∆Uv

∆t

C

ω

Uv

∆G

Figure 7-23 Basic concept of voltage and frequency controller.
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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 a way 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 m∆t and mC. 

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:

(7-75)

The decoupling system is characterized with the decoupling matrix D:

(7-76)
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Figure 7-24 Process with decoupling and controller, disregarding process 
disturbances. Small signal analysis.
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We search for a decoupling matrix D such that the resulting transfer function
is a diagonal matrix Ad.

(7-77)

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

(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 Ad can be chosen fairly freely, one selection is to keep the sensitivities
on the main diagonal unchanged:

(7-79)

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 m∆t and mC,
which are the output of the controllers, become equal to the physical variables
∆t and C. Vector m is found by:

(7-80)

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 is invertible.

Now the control problem has degenerated into the simple problem of
dimensioning two individual control loops, as shown in Figure 7-25. As the
aim of the thesis is to 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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neither linear nor ideally decoupled. A Proportional + Integral (PI) controller
may do the job, if the response requirements are not too high. Other, far more
complicated controllers can, and in fact should be applied in the case of a real
implementation. But it is not the task of this thesis to optimize the controller
of this system, and a PI controller is selected for the simulations.

7. 3. 2 Base case example

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 a way that allows continued operation in case of
communication faults. This is 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 inductances in 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.

Controller

ωref

Uv,ref

∆ω

∆Uv

ω

Uv

Figure 7-25 Degenerated process after decoupling and disregarding process 
disturbances. Small signal analysis.
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The assumption that the DC current is not to be changed during a load shift
puts a restriction on the maximum load increase that can be made. If an
inverter is operating with an extinction angle γ0 we have from (7-9)

(7-81)

If the current is kept constant we then have 

(7-82)

Consequently, it will not be possible to make a larger theoretical load increase
from the working point P0 than

(7-83)

for any value of P0. If a load increase larger than ∆P is required, the extinction
angle must be increased accordingly before the extra load is connected.

Returning to the base case example, there are four distinct cases to 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 0.8PN to 1PN.  after the load change.

• Load change from 1PN to 0.8PN.  before the load change.

• Load change from 0.1PN to 0.3PN.  after the load change.

• Load change from 0.3PN to 0.1PN.  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):

(7-84)

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

(7-85)

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

(7-86)

and the change in conductance for a load increase of ∆P:

(7-87)

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

(7-88)

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

(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 ω in radians/s is replaced by frequency f in Hz. It must be
noted that the wide range of the exponents in Table 7-2 is due to the absolute
magnitude of the figures involved, like kilovolts being controlled by µFarads
etc. Thus 10 to the power of -3 is just as significant as 10 to the power of +9.
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Table 7-2 shows that on the whole, the load increase from low load is the
most sensitive situation. Therefore the case with 0.2PN load increase from
initially 0.1PN is selected as the dimensioning case. The small signal transfer
matrix at 0.1PN, nominal voltage and frequency and firing delay angle
prepared for a load increase of 0.2PN is:

(7-90)

Table 7-2 Initial conditions and sensitivities for different load shift cases.

(0.8+0.2)PN (1-0.2)PN (0.1+0.2)PN (0.3-0.2)PN

γ0 [°] 41.3 20.0 71.7 20.0

∆t0 [ms] 7.71 8.89 6.01 8.89

Id0 [A] 656.7 656.7 197.0 197.0

G0 [mho] 5.56x10-3 6.94x10-3 0.69x10-3 2.08x10-3

∆G [mho] 1.39x10-3 -1.39x10-3 1.39x10-3 -1.39x10-3

C0 [µF] 15.51 8.05 6.70 2.41

∂f/∂∆t[Hz/s] -5.38x103 -5.04x103 -7.18x103 -5.04x103

∂f/∂C[Hz/F] -5.48x105 -6.41x105 -10.1x105 -21.4x105

∂f/∂G[Hz/mho] 1.53x103 0.74x103 9.79x103 2.48x103

∂Uv/∂∆t[V/s] 5.62x106 1.42x106 15.55x106 1.42x106

∂Uv/∂C[V/F] -2.79x109 -1.56x109 -13.95x109 -5.21x109

∂Uv/∂G[Hz/mho] -1.38x107 -1.55x107 -3.82x107 -5.16x107

A

f∂
∆t∂

-------- f∂
C∂

------

Uv∂
∆t∂

---------
Uv∂
C∂

---------

7.18 3×10– 1.01 6×10–

15.55 6×10 13.95 9×10–
= =
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If we wish to keep the diagonal elements constant during decoupling we have
the required decoupled transfer matrix:

(7-91)

and we find the decoupling matrix:

(7-92)

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:

(7-93)

and

(7-94)

These are pure proportional processes with a phase shift of zero. Together
with a PI controller the phase shift of the controlled process will 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 simulations on the KREAN model that both
voltage and frequency measurement contain a certain amount of 6th harmonic
ripple. As these simulations 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 loop a damping 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 gain is 3dB in
a Bode diagram, we need a gain in the frequency controller of

(7-95)
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and a gain in the capacitance controller of

(7-96)

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

(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 m∆t and mC, 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 a load shift from 0.1PN to 0.3PN were entered into the
KREAN model and simulated, without entering any extra disturbances. As in
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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Figure 7-26 Process with decoupling and PI controller, initial values of the 
parameters.

-4.94

9.62

Decoupling

m∆t

mC

x10-4

5.3x10-4 0.864

0.864

-122.1

1

-2.54

Process

3 2
π

----------I
d0

G2 ωC( )2+
---------------------------------

G+∆G

x10-5

x10-11 5.3x10-4
1

2π

1



Chapter 7 Analysis of a network with an RC load

- 105 -

M:\MAKER5\AVHANDL\rcload 22 Apr 2001

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:

(7-98)

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 0.2PN,
however, proves that the damping is still 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 0.2PN. The gain in the frequency controller is
now:

(7-99)

and a gain in the capacitance controller of

(7-100)

Table 7-3 Initial values of controller outputs for different load shift cases.

(0.8+0.2)PN (1-0.2)PN (0.1+0.2)PN (0.3-0.2)PN

m∆t 9.90x10-3 1.00x10-2 6.96x10-3 9.23x10-3

mC 6.92x10-6 -1.86x10-6 0 -7.49x10-6

H50 Adf Kf
1 jωTf+

jωTf
--------------------⋅ ⋅ 2.24 7dB= = =

Kf 4.94 5–×10– 0.25⋅ 1.24 5–×10–= =

KUv
2.54 11–×10– 0.25⋅ 6.35 12–×10–= =
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The time constant for both controllers is the inverse of the breakpoint
angular frequency:

(7-101)
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Figure 7-27 Bode plot of the small signal transfer function of the decoupled 
frequency control loop at 0.1PN load. I) Initial parameters. II) After moving 
breakpoint to 50 Hz. III) 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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The Bode diagrams for the various parameter settings are shown in Figure
7-27. The system with the final set of parameters is shown in Figure 7-28

The result of the simulations of a load shift from 0.1PN to 0.3PN 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 RMS value at pure sinusoidal curve-
form. The third curve shows the output from the frequency PI controller mf
(6), together with the actual firing time delay ∆t (1) in ms. The last curve
shows the output from the capacitance PI controller mC (12), together with the
actual capacitance C (3) in µF. As in the previous simulations, the system is
started up by means of a three-phase sinusoidal voltage of nominal ratings for
20 ms. Then the system is left until time t=0.15 s in order to damp initial
imbalance. At this time the resistance is reduced, corresponding to a load
increase from 0.1PN to 0.3PN. At time t≈0.3 s, the frequency has stabilized at
a nominal value, the voltage needs some more time. At time t=0.4 s, the resist-
ance is increased again, corresponding to a load decrease from 0.3PN back to
0.1PN. 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 s the situation is stabilized again. The reason for the 50 Hz oscillations
is a DC component in the phase voltages that need some time to be damped.

Figure 7-28 Process with decoupling and PI controller, final values of the 
parameters.
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The peak voltage at load rejection reaches 222 kV after filtering. The real line
voltages are shown in Figure 7-30, where the unsymmetry can clearly be seen.
The peak amplitude values are 274 kV for URS, 344 kV for UST and 288 kV
for UTR 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:

(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 be regarded 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 a load shift from 0.8PN to PN and back.
The result is shown in Figure 7-31. As can be expected, due to less sensitivity,
the system is much calmer, but especially the voltage is also slower in getting
back to the rated value. The frequency stays between 48.5 Hz and 51.5 Hz and
the voltage stays between 105 kV and 140 kV. It is to be noted that due to the
slower response, the load reduction had to be delayed from t=0.4 s to t=0.5 s.

Figure 7-29 Result of KREAN simulation of process in Figure 7-26 with final 
set of controller parameters. Load shift from 0.1PN to 0.3PN at t=0.15 s and 

back to 0.1PN at t=0.4 s.

Uv
ˆ 1.5 Id R⋅ ⋅ 1.5 197 1440⋅ ⋅ 425.5 kV[ ]= ==
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Figure 7-30 Result of KREAN simulation of process in Figure 7-26 with final 
set of controller parameters. Line voltages at load shift from 0.3PN to 0.1PN 

at t=0.4 s.

Figure 7-31 Result of KREAN simulation of process in Figure 7-26 with final 
set of controller parameters. Load shift from 0.8PN to PN at t=0.15 s and back 

to 0.8PN at t=0.4 s.
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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 RMS-value calculations. That means that it simulates the
enveloping curve of the voltage, rather than the instantaneous values. The
Simulink main model is shown in Figure 7-32. The simulations will 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 allowance for
DC components. Furthermore, Simulink reacts instantaneously, whereas
KREAN has a certain delay. This is 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 also 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 m∆t, and the actual firing delay time ∆t. The difference between the
two is the contribution from the voltage controller, due to the decoupling. The
difference between Simulink and KREAN is not great, disregarding the 50 Hz

Figure 7-32 Simulink model of process in Figure 7-26.
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Figure 7-33 Frequency as result of Simulink simulation of process in Figure 
7-26 for load shift from 0.1PN to 0.3PN and back to 0.1PN, compared to the 

result of KREAN simulations.
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Figure 7-34 Voltage as result of Simulink simulation of process in Figure 
7-26 for load shift from 0.1PN to 0.3PN and back to 0.1PN, compared to the 

result of KREAN simulations.
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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 differences in the stationary values are due to non-exact calculation
of the initial values when applied to KREAN.

Figure 7-36 shows the output of the voltage controller, the auxiliary vari-
able mC, 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 as for the firing delay time controller.

Thereafter the comparison is made for the load shift case from 0.8PN to PN
and back to 0.8PN. 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. Thus it should be
possible to apply the RMS-based tool for further analysis.
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Figure 7-35 Firing delay time ∆t and auxiliary variable m∆t as result of 
Simulink simulation of process in Figure 7-26 for load shift from 0.1PN to 
0.3PN and back to 0.1PN, compared to the result of KREAN simulations.

m∆t Simulink

∆t KREAN

m∆t KREAN

∆t Simulink



Chapter 7 Analysis of a network with an RC load

- 113 -

M:\MAKER5\AVHANDL\rcload 22 Apr 2001

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-8

-6

-4

-2

0

2

4

6

8

10

TIME [SEC]

CA
PA

C
IT

Y
 [5

F]

KC

C

Figure 7-36 Capacitance C and auxiliary variable mC as result of Simulink 
simulation of process in Figure 7-26 for load shift from 0.1PN to 0.3PN and 

back to 0.1PN, compared to the result of KREAN simulations.
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Figure 7-37 Frequency as result of Simulink simulation of process in Figure 
7-26 for load shift from 0.8PN to PN and back to 0.8PN, compared to the result 

of KREAN simulations.
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Figure 7-38 Voltage as result of Simulink simulation of process in Figure 
7-26 for load shift from 0.8PN to PN and back to 0.8PN, compared to the result 

of KREAN simulations.
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Figure 7-39 Firing delay time ∆t and auxiliary variable m∆t as result of 
Simulink simulation of process in Figure 7-26 for load shift from 0.8PN to PN 

and back to 0.8PN, compared to the result of KREAN simulations.
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7. 4 SUMMARY

In this chapter we have investigated the fundamental behaviour of an
inverter feeding power into a passive RC network. It appeared that in a system
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. Especially it shall be
noted that there is a positive sensitivity in frequency with regard to change in
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 net 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 way of control-
ling is possible. The system appears stable for rather large disturbances, even
with very simple controllers.
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Figure 7-40 Capacitance C and auxiliary variable mC as result of Simulink 
simulation of process in Figure 7-26 for load shift from 0.8PN to PN and back 

to 0.8PN, compared to the result of KREAN simulations.
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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
place in a theoretical variable capacitor. It has been shown, however, that both
voltage and frequency are prone to significant variations due to variations in
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 capacitors in limited
steps. For fine tuning of the production of reactive power, the most versatile
unit is still the synchronous compensator, particularly because it can serve the
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
a synchronous compensator will influence the production of reactive power in
the system under investigation?
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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:

(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. at a
voltage of 1 p.u. and angular frequency of 1 p.u.
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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 a network is given, with generatoric
reference, by:

(8-2)

This equation, with ω as variable, is illustrated 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 shows the situ-
ation for a machine with reactive power rating 1 p.u. and transient parameters

 and . Curve 3 shows the situation for the same machine
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with stationary parameters  and . 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 turns into stationary state, the pro-
duction of reactive power will drop again. (This assumes that the inertia of 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 all, 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 supplies less reactive power, as il-
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.

e 3.1= ld 2.1=

Figure 8-3 Simplified model of HVDC 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 as model 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, as illustrated in Figure 8-4. The figure is drawn with motoric references
and the synchronous compensator is represented by its Norton equivalent.
The current isc in the synchronous compensator can be split in the short circuit
current is0 and an inductive load current im, as shown in (8-4).

(8-3)

(8-4)

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:

(8-5)

In this equation we find the machine short circuit current:

(8-6)

The machine inductive load current:

(8-7)

The capacitor current:

(8-8)

The external load current:

(8-9)

And the inverter current:

(8-10)

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

(8-11)

which consists of the machine impedance:

(8-12)
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The capacitor impedance:

(8-13)

And the external load:

(8-14)

Inserting and manipulating, we arrive at:

(8-15)

If we presuppose that the voltage in the system is linked to the real axis, the
outgoing current iout will have a phase angle given by the total impedance.
The resulting incoming current iin must have the same value and opposite di-
rection. The incoming and outgoing currents are defined by (8-16) and (8-18).

(8-16)

(8-17)

(8-18)

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

Now let the resulting total impedance ztot 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 iv is constant. The
excitation of the compensator is constant and, for simplicity, the inertia of the
compensator is ignored. Thus the short circuit current is is constant and imag-
inary, equal to is0. Thus the end of the new incoming current phasor iin2 must
end somewhere on the circle given by iv around the end of is0. The new out-
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Figure 8-5 Principal phasor diagram for the currents and impedances in 
Figure 8-4 before disturbance.
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Figure 8-6 Principal phasor diagram for the currents and impedances in 
Figure 8-4, dashed lines indicate the situation before disturbance, 

continuous lines after disturbance.
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going current iout2 is locked to the phase angle of the new total impedance ztot2
but the value is still unknown. According to Kirchoff’s law, the new incoming
current iin2 must be in the opposite direction. Thus the new incoming current
iin2 is determined by the crossing of the circle of iv by the ray from the origin
in the direction of iin2. But in order to move the phasor iv to this new intersec-
tion, the firing angle α must be changed. It is presupposed that no controllers
are operating, thus the firing delay ∆t is constant. The only way to change the
firing angle α is to change the network frequency ω, according to .
This influences the new total impedance ztot2 and the solution has to be found
by iterations. When the new incoming current iin2 is determined, the new out-
going current iout2 also is determined, and finally the resulting voltage u2 can
be found. This has to remain purely real. The phasor diagram in Figure 8-6
shows the situation after disturbance. These phasor diagrams are principal and
drawn for clarity, they do not reflect true operational conditions.

If the magnitude of the converter current iv is less than the magnitude of
the compensator short circuit current is0, as is the case in Figure 8-5 and Fig-
ure 8-6, it is obvious that for certain values of impedance phase angle ϕ there
cannot be an intersection of the circle. Still Kirchoff’s law has to be fulfilled.
The only way to achieve this is to pull the short circle current is0 out of its pure
imaginary phase. Given the operation point, the real part of the short circle
current is0 has to be negative, i.e. the compensator supplies power. This has to
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 iv is less than the magnitude of the compensator short circuit current
is0, 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
as the original. This assumption is confirmed by calculations which 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 is the relative 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 size is derived from the other parameters. In

α ω∆t=
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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 calculations 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 ztot from (8-15), turned
around to reflect the angle of the required in-feed current, is drawn as a func-
tion of the network circular frequency ω 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 iin from
equation (8-16), is also drawn as a function of ω. This is the curve described
as “Source”. As expected the curves intersect for a circular frequency of 1 p.u.

Then the value of the load resistor is increased 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
in the load. The curve for the new load angle has for the major part shifted up-
wards, and the new intersection point is situated at a slightly lower frequency
in this 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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The case when the magnitude of the converter current iv is greater than the
magnitude of the compensator short circuit current is0, is shown as the phasor
diagram in Figure 8-9. This implies that the synchronous compensator is rath-
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 is a ray
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 sm, the resulting frequencies
after the disturbance can be plotted as functions of the synchronous compen-
sator rating. When the frequencies are determined, one also knows the 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 impedances in 
Figure 8-4 before disturbance, |iv|>|ik0|.
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Figure 8-11 Required and offered phase angle ϕ of in-feed current as 
functions of network circular frequency for synchronous compensator 

rating=0.1, after disturbance.
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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 analysis in Chapter 7, but in a certain area near the
discontinuity, the frequency and the voltage rise. This has to be taken into
consideration when a controller shall be developed for a true 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 iv 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 solutions in the depicted
curves. But these curves are highly dependent of the load combination and the
type of disturbance, and also on the firing angle of the inverter α. If, for in-
stance the firing angle α is reduced from 160° to 140°, the resulting frequency
and voltage are shown in Figure 8-14 and Figure 8-15. The range for which
there is no solution is now clear.

It shall be noted that a missing solution do not implicate that the situation
is necessarily unstable in the working point before the disturbance, or that cer-
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tain working points cannot be reached. The implication in a practical case is
that the operator must always know if the system is near the critical area, and
it so is the 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, as will be further discussed in Section 8. 4. 4.

8. 4 CONCLUSION

8. 4. 1 Conditions for 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
there is 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 also be noted that
when the circle of inverter current comes closer to the origin, the critical range
of the firing angle α moves towards 90°, this being a range that is not ordinar-
ily in use.

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
is reduced, as is the current consumed in the machine reactance. The circle of
inverter current comes closer to the origin or encloses it. At the same time the
resulting impedance turns less inductive or even capacitive such that the
phasor balance is maintained. Calculations with stationary values should give
a more 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

The critical area of operation is when 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. In the calculations it 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 an immediate 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 a rating of for example 15 %, this should bring no need for
extra capacitors. In the calculated example, the problems arise at a compensa-
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 the load 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
less feasible as it will normally lead to increased losses and increased need for
reactive compensation power.

8. 4. 4 Consideration of the compensator inertia

Basically the simplification of disregarding the inverter inertia leads to the
assumption that the short circuit phasor is locked 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
a modification of (8-4):

(8-19)

(8-20)

This shows that the active current component is linked to the short circuit
current by the sine of the pole wheel angle β. 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
wheel 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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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. This is 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 the inverter
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.

Figure 8-16 Principal phasor diagram for the currents and impedances in 
classical HVDC stability theory before and after increase of transmitted 

current.
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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

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

9. 2 ABOUT THE MODEL

There is a close resemblance between the classical phasor model used in
power system analysis and the dq-model used in machine analysis. The theo-
retical foundation is different, phasors are formally limited to represent
stationary, sinusoidal quantities, while dq-transformation is, as indicated by
the name, only a transformation 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 simple 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 κ.

In machine theory the dq-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 q-axis, the induced EMF. The reference axis will,
for convenience, be called the real axis. When the real axis is connected along
the synchronous compensator q-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
‘jumps 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 as reference 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 is given
by the speed of the synchronous compensator. The amplitude and phase of the
voltage is then given by the current and the impedance of the load. If the PCC
voltage is selected as reference, the firing angle is given by the phase angle of
the total load of the inverter, while the frequency of the system actually is a
derived quantity, given by the phase angle and the firing delay time. It seems
probable that the system which refers to the EMF voltage will be more stable,
but this system has the drawback that the terminal voltage is phase displaced
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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 have totally 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 pulses is 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
subtransient EMF which acts as the commutating voltage. In the model
analysed here the situation is somewhat more complicated. There is 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

+ -

+ -

Figure 9-1 Equivalent circuit during commutation in a synchronous motor 
drive

id xk.R x’’d,R e’’R
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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 inertia in the system. It is the aim to make this as small as possible.

The model is based on Kirchoff’s law: The sum of all active currents into
the point of common coupling is zero and the sum of all reactive currents into
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

Figure 9-3 Simplified model of HVDC supply to an offshore oil-installation, 
to be simulated in Quasi-phasor model

SM

Synchr.
Comp

Constant DC current
source

Inverter
Controlled
capacitor

Passive load

PCC

Voltage and
frequency
controller
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inverter has power rating of 100 MW at an extinction angle γ of 20°. The
controller parameters found in the previous chapter will be used initially.

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

The rest of the system is described by a quasi-phasor model where the
phasors are allowed to vary in time. The quasi-phasor model gives the envel-
oping curves of the fundamentals of voltage and current, but neither describes
aperiodic components, nor higher harmonics. The load is modelled as a
resistor with a conductance equivalent of a total 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 is modelled
as a continuously variable capacitor. The closest physical counterpart will be
thyristor switched capacitors (SVCs), perhaps in combination with a thyristor
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 γ=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 γ=20°. The
course of the simulation is to allow 1 s for stabilization of initial values. Then
at t=1 s 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 simulations will 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 reference for the firing pulses given by 
the voltage at PCC

If we select the voltages at the point of common coupling (PCC) as refer-
ence for the firing pulses to the system, it will be a natural choice to select the
real axis of the quasi-phasor model along the phasor of the R-phase voltage in
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 all 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. There is also 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 loops in order avoid numerical problems, filters with transfer functions
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Figure 9-4 Block diagram of Simulink model with firing pulses referred to 
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 are introduced. They are placed after the calculation of the voltage

and after the calculation of the imaginary part of the inverter current, at the
locations marked with F. Both filters have .

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 simu-
lation. The depicted voltage drop and frequency rise is quite in accordance
with the sign of the sensitivities found 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 γ and pole wheel angle β. The curves shows that after
some initial disturbances, both voltage and frequency drops below the initial
values. As the 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

1
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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 has to be absorbed by the synchro-
nous compensator, which accelerates accordingly after the initial drop. As the
controllers are blocked, the firing delay time is kept constant and thus, due to
the increasing frequency, the firing angle α increases and the extinction angle
γ 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-
ically 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 a blow up of the frequencies and Figure 9-11 shows a blow
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 equivalent admittances in the network
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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 ∆g to g1. The susceptance of the capacitors
remains unchanged, but something happens to the equivalent susceptance of
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Figure 9-11 System voltages the first 0.4 s after load admittance 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 ϕ of the network impedance. The extinction angle
γ of the inverter must be equal to the phase angle of the network impedance.
The firing delay time ∆t is constant, and the only way to increase the extinc-
tion angle is to 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 β, 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 starts to slow down. The supply of
power from the compensator reverses the initial process and forces the voltage
upwards again. The increased voltage reduces the reactive current from the
compensator and thus reduces the equivalent susceptance. At the same time
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Figure 9-13 Inverter extinction angle γ and synchronous compensator pole 
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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 is a reduced network phase
angle ϕ and extinction angle γ, and an increased firing angle α, which has to
be achieved by an increased electrical voltage frequency ωel. The supply of
power from the compensator increases as the pole wheel angle β 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 ceases to supply and starts to 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 the first 0.4 s after 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 a model based on quasi-phasors. The model
take the reference for the firing pulses from 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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The model gives an initially surprising result. If we increase the conductance
of the load in order to increase the load, the active power actually decreases.
This is due to the fact that the model is based on a current source, not a voltage
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 reference for the firing 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 natural 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 q-axis of the synchronous
compensator. The choice of reference for the firing pulses makes this a
different system from the previous.

By selecting the real axis of the phasor system along the q-axis of the
synchronous machine, the real and imaginary parts of the EMF become equal
to the q- and d-axis voltages of the machine, only the sign of the d-axis voltage
must be changed. The same applies for the currents. The phase angle of the
PCC voltage becomes equal to the pole wheel angle β. The phase angle of the
current is given by the angle of the current vector in the dq-plane ζ. The differ-
ence ζ-β is the traditional phase angle ϕ, see Figure 9-15.

This implies 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 loops in the process, indicated by the bold lines. There is also 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
variable in this simulation, and must be calculated separately. The phase angle
of the PCC voltage, compared to the EMF of the compensator is calculated in
order to know the pole wheel angle β. The derivative of this value is the differ-
ence between electrical and mechanical frequency, which is needed to
calculate the influence of the damping. Hence the electrical frequency is also
calculated. To break the algebraic loops in the model, similar filters to the
previous case are inserted. This time the locations are after the calculations of
real and imaginary voltages. Both filters have . A third filter is
inserted to dampen the derivative of the pole wheel angle β, when it steps
from one value to another at load switching, thereby creating a dirac pulse in
the electrical frequency which disappears in the presentation of the curves.
Also here the filters are indicated by F.
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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 load
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 less than in
the previous case, Figure 9-5, and the difference between electrical and
mechanical frequency is less 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 9-17 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 EMF.
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Figure 9-18 System voltages 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 9-21 shows the extinction angle γ, and pole wheel angle β. 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 is the sum of the recorded angles γ and β. This true extinction angle is
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 as in 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 this is that 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 q-axis of
the machine. The voltage also shifts freely compared to the current, which is
tied to the Q-axis by a constant 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 means that the pole wheel angle β shifts swiftly, and the
compensator can swiftly change its supply of active power. Therefore the
initial increase of power is fast.
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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 pulses referred 

to EMF.
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Immediately afterwards the frequencies are closely tied again and the
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Figure 9-21 Inverter extinction angle γ and synchronous compensator pole 
wheel angle β 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 Network 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.

Electrical
frequency

Compensator
mech. frequency



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

- 154 -

M:\MAKER5\AVHANDL\rc_sc 22 Apr 2001

change in pole wheel angle and supplied power is slow. This can be seen in
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 change in β is reflected as variations
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 γ, related to the
EMF. The changes are only due to the slowly varying mechanical frequency.
It is also to be noted that there is even less possibilities for a lasting difference
of importance between electrical and mechanical frequency in this case, as the
frequency of the current is locked to the mechanical frequency. Therefore the
deflection in the pole wheel angle β is less, and the compensator gives less
contribution to keep the balance of active power. Therefore also the
DC voltage has to 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
in the true extinction angle as well. The phasor diagram of the load admittance
is equivalent to that in Figure 9-12 but the locus plot of the change is distinctly
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 basically the same results. But the second system
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Figure 9-23 Extinction angle and pole wheel angle 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 9-24 AC and DC 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.
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Figure 9-25 Locus plot for the resulting network impedance phasor during 
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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includes the inertia of the converter in a better way, giving a more 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, this is 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 models which
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 the firing pulse
reference is taken from the voltage at PCC, the necessary filtering of the
voltage is performed by a 60° filter, i.e. a low pass filter with breakpoint at
28.86 Hz. This filter 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
pulses is the EMF, the EMF is simulated by a three-phase voltage source with
variable frequency given by the mechanical frequency of the synchronous
compensator.

9. 5. 1 Voltage at PCC as reference

The results of the KREAN simulations using the voltage at PCC as refer-
ence are shown in the following figures. Figure 9-26 depicts the electrical and
mechanical frequencies in 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 a low pass filter with DC damping 1/1.35 and breakpoint frequency
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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. Simulated by KREAN
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Figure 9-27 System voltages after load admittance increase corresponding to 
a load increase from 80 MW to 100 MW. Firing pulses referred to voltage at 

PCC. Simulated by KREAN
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50 Hz. This gives an additional damping of the 6-pulse ripple 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 β and inverter extinction angle γ in comparison to
Figure 9-9. The pole wheel angle β cannot be directly measured in KREAN
and is calculated on basis of the synchronous compensator d- and q-axis volt-
ages. The inverter extinction angle γ 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 see the 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 9-28 Synchronous compensator pole wheel angle β and inverter 
extinction angle γ after load admittance increase corresponding to a load 

increase from 80 MW to 100 MW. Firing pulses referred to voltage at PCC. 
Simulated by KREAN
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Figure 9-29 Network 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 voltage at PCC. 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. Simulated by KREAN
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Figure 9-31 Synchronous compensator pole wheel angle β and inverter 
extinction angle γ 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. Simulated by KREAN
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Figure 9-32 Voltage in phase R, compared with RMS line 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. Simulated by 

KREAN
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9. 5. 2 EMF in the synchronous compensator as reference

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 shows the pole wheel angle β and inverter extinc-
tion angle γ 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
R is given in Figure 9-39, together with the RMS line voltage.
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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 pulses referred to EMF. Simulated by KREAN
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Figure 9-34 System voltages after load admittance increase corresponding to 
a load increase from 80 MW to 100 MW. Firing pulses referred to EMF. 

Simulated by KREAN
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Figure 9-35 Synchronous compensator pole wheel angle β and inverter 
extinction angle γ after load admittance increase corresponding to a load 

increase from 80 MW to 100 MW. Firing pulses referred to EMF. Simulated 
by KREAN
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Figure 9-36 Network 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. Simulated 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. Simulated by KREAN
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Figure 9-38 Synchronous compensator pole wheel angle β and inverter 
extinction angle γ 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. 

Simulated by KREAN
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Figure 9-39 Voltage in phase R, compared with RMS line 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. Simulated 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 simulations. The curves for the
whole simulation time are presented, together with the details of the initial
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 the final values are equal. The KREAN models give
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 the initial 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
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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
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1: Matlab - PCC
2: Matlab - EMF
3: KREAN - PCC
4: KREAN -EMF
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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
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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

1: Matlab - PCC
2: Matlab - EMF
3: KREAN - PCC
4: KREAN -EMF
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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 reference to 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 calculating the frequency. On
the other hand, the KREAN model taking the reference from the artificial
EMF, does not consider that this voltage lies fixed in the q-axis while the
system really experiences the subtransient EMF, which may be situated at a
considerable angle off the q-axis.

Figure 9-44 shows the comparison of the mechanical frequency during the
whole simulation and Figure 9-45 shows the blow up of the initial 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 angles in the KREAN simulations are calculated on basis of the d-
and q-axis voltages of the synchronous compensator. Compare Figure 9-13,
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Figure 9-43 Comparison of electrical frequencies from different models 
during the first 0.4 s after load admittance increase corresponding to a load 

increase from 80 MW to 100 MW
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4: KREAN -EMF
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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

1: Matlab - PCC
2: Matlab - EMF
3: KREAN - PCC
4: KREAN -EMF
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Figure 9-45 Comparison of mechanical frequencies from different models 
during the first 0.4 s after load admittance increase corresponding to a load 

increase from 80 MW to 100 MW

1: Matlab - PCC
2: Matlab - EMF
3: KREAN - PCC
4: KREAN -EMF
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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

1: Matlab - PCC
2: Matlab - EMF
3: KREAN - PCC
4: KREAN -EMF4

3

2

1

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4
-20

-15

-10

-5

0

5

10

Time [Sec]

Po
le

 W
he

el
 A

ng
le

 [d
eg

]

Comparison between models

             

             

             

             

Figure 9-47 Comparison of pole wheel angles from different models during 
the first 0.4 s after load admittance increase corresponding to a load increase 

from 80 MW to 100 MW

1: Matlab - PCC
2: Matlab - EMF
3: KREAN - PCC
4: KREAN -EMF
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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.

9. 6 CONCLUSION

Two different systems have each been simulated in two different models.
There are some differences between the KREAN and the Matlab model
results for each system during the transients. This is 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 a much
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Figure 9-48 Comparison of ‘true’ inverter extinction angles from different 
models during the whole simulation of load admittance increase corre-

sponding to a load increase from 80 to 100 MW

1: Matlab - PCC
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3: KREAN - PCC
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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 all 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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Figure 9-49 Comparison of ‘true’ inverter extinction angles from different 
models during the first 0.4 s after load admittance increase corresponding to 

a load increase from 80 to 100 MW.
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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 is identical to the system in Section 9. 3, except that the addi-
tional load is now replaced by an induction motor. The induction motor which
is to be started is modelled as tables for torque and current related to relative
speed, based on figures for a Siemens 1RN1804 motor, 4-pole, 10500 V,
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 a turbo-compressor during start-up, as well as the 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 s the 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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10. 2 SIMULATIONS OF 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. This is done in Figure 10-2. As a minimum 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 reveals that the very non-linear torque curve of the
induction motor, together with the positive sensitivity of the system frequency

to start
Induction motor 

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

SM IM

Synchr.
Comp

Constant DC current
source

Inverter
Controlled
capacitor

Other load

PCC
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Figure 10-2 Block diagram of Simulink model including induction motor, 
with firing pulse reference from PCC voltage.
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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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for variations in equivalent 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 least 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. This is exactly what happens in
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 slightly 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. As a minimum the same algebraic loops as in 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 γ and pole wheel
angle β, together with the phase angle ϕ 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 10-8 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 γ and synchronous compensator pole 
wheel angle β, together with induction motor phase angle ϕ 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.

• Loading the motor, at t=23 s.

10. 3. 1 Connecting the motor, at t=1 s

How can we explain the increased voltage, when the motor is connected?
First, we have a glance 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 a look at the phasor diagrams.
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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.

AC voltage

DC voltage

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4
0

10

20

30

40

50

60

70

80

90
Ssk=20000kVA Tsk=2s Sind=10000kVA Tind=6.35s

TIME [SEC]

A
N

G
LE

S 
[D

eg
]

gamma

beta

phi

Figure 10-12 Inverter extinction angle γ and synchronous compensator pole 
wheel angle β, together with induction motor phase angle ϕ 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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If we compute the load at the busbar as seen from the inverter, 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:

(10-1)

where extinction angle γ is relative to the q-axis.

The admittance of the rest of the system is:

(10-2)

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

(10-3)

The resulting voltage is

(10-4)

This can be split in

(10-5)

Iinv Gload BSC,eq,0 Bcap Bind

Figure 10-13 Quasi-phasor model of the load as seen from the inverter before 
DOL start of induction motor.

Iinv I γcos j γsin+( )=

Y0 Gload j BSC eq 0, , Bcap+( )+ Y0 ϕ0cos j ϕ0sin+( )= =

Gload 0> BSC eq 0, , 0< Bcap 0<

U0 U0 β0cos j β0sin+( ) I
Y0
----- I γcos j γsin+( )

Y ϕ0cos j ϕ0sin+( )
-------------------------------------------------= = =

U0
I

Y0
--------=

β0cos j β0sin+( ) γ ϕ0–( )cos j γ ϕ0–( )sin+( )=
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where

(10-6)

because the synchronous compensator is not supplying any active power in a
stable situation. This implies that the phase angle ϕ0 of the admittance must
be equal to the extinction angle γ0. 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

β0 0=( ) γ ϕ0=( )�

Re

Im
Gload

Bcap

BSC,eq,0
Y0

Figure 10-14 Phasor diagram of current, voltage and admittance as seen 
from the inverter before start of induction motor.
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Figure 10-15 Quasi-phasor model of the load as seen from the inverter 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 system is

(10-7)

where

(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 γ is related to the q-axis, and has not changed, there-
fore the current from the current source is the same, and the new voltage
becomes

(10-9)

where

(10-10)
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Bind 0>
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Figure 10-16 Phasor diagram of current, voltage and admittance as seen 
from the inverter after DOL start of induction motor.
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and the new pole wheel angle

(10-11)

It can also be seen from the phasor diagram that the new effective extinc-
tion angle related to the voltage will be ϕ1, giving the inverter a higher active
power output than before. The increased active power is partly consumed by
the active load, due to increased voltage, and partly consumed by the synchro-
nous compensator due to the new pole wheel angle β1. 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.
The locus plot of the admittance phasor as result of the simulation is shown in
Figure 10-17. There is a good correlation between the locus plot and the theo-
retical analysis, the main difference is that 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 
the first 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. This results in a gradually decreasing
phase angle of the total load. After the initial 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 The motor reaches full speed, at t≈19 s

The relevant blow-ups of the frequencies are shown in Figure 10-18, volt-
ages in Figure 10-19, and angles in 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 a frequency 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 turns into a generator for a short while.
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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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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
reference for the firing pulses from the EMF of the synchronous compensator,
is the more stable and better suited control philosophy. This is 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 pulse reference from the EMF voltage.
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Figure 10-23 Inverter extinction angle γ and synchronous compensator pole 
wheel angle β, together with induction motor phase angle ϕ before and the 
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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 a linear 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 realistic range. The active
load the motor draws from the network during start-up is not correct, due to
this trick, 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 pulses is simulated.
Afterwards, a control system based upon using the synchronous compensator
EMF as reference for the firing pulses, will be investigated.

10. 4. 1 Voltage at PCC as reference

This is the control system that went astray in the quasi-phasor simulations.
It will become appearant that the system is not quite reliable in KREAN simu-
lations either, but not for the same reasons. The results for the whole
simulation period are given in the following figures. Figure 10-24 presents the
frequencies in the system. Figure 10-25 displays the system voltages and
Figure 10-26 depicts the angles, calculated in the same way as in 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
is the 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:

(10-12)ωel f P( )= ωd
Pd

------- 0>
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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. Simulated by 

KREAN.

Electrical
frequency

Electrical and mechanical
frequency

Motor speed

0 5 10 15 20 25 30
0

20

40

60

80

100

120

140

160

180

200

Time [Sec]

V
ol

ta
ge

 [k
V

]

I3syasri - Simulated by KREAN

           Uv

           Ud

Figure 10-25  AC and DC voltages during DOL start of the induction motor.
Firing pulse reference from PCC voltage. Simulated by KREAN.
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simply stating that electrical frequency is a function of the active power, and
increasing the power increases the frequency. (10-12) can be modified to
express the electrical acceleration:

(10-13)

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

(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, this is
managed by the dependency of the torque/slip relationship, as long as the slip
is below the pull-out value. But in the case simulated, there is a positive feed-
back, increasing the power leads to increased frequency, which leads to
increased slip and further increase in power. In this simulation, 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. 

Looking 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 as reference

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 the following figures. Figure 10-27 shows the frequencies
in the system. Figure 10-28 presents the system voltages and Figure 10-29
displays the angles, calculated in the same way as in 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. This is 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
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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. Simulated 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. Simulated by KREAN.
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considerations regarding the frequency increase apply as in 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
reveals first that the motor accelerates somewhat faster in the KREAN model.
The immediate reason for this is that during the acceleration period the system
frequency gets somewhat higher in the KREAN model. This leads to a smaller
extinction angle γ, 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 γ 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 pulse reference taken from
the voltage at PCC is less stable than the second system. Possibly, good
controllers with sufficient power can manage the instability of this system, 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, as in
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 MVA) 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 a way that the load rises with
increasing frequency. This type of load could easily make the system become
unstable. In the simulations, the static part of the load was made up by of resis-
tors, which are frequency independent. This is the 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.
This is 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 a time span of less than one second most practical controllers will have
ample time to react. One of the aims of this thesis is to decide if such a system
will be feasible 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 a typical
offshore oil installation is indicated in Figure 11-1, together with some impor-
tant power consumers. As indicated 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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which are directly powered by gas turbines today, will be replaced by electri-
cally powered drives. These will mainly be adjustable speed drives due to 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. As in the previous cases it is assumed that
the motor which is to be started is 10 MVA or 10 % of the inverter rating. This
leaves 40 % of the load as running DOL-motors.
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Figure 11-1 Model of HVDC supply to an offshore oil-installation.
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11. 2. 1 The inverter

This thesis is based on the application of a classical 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, this will decrease
the DC voltage and increase the DC current. But this will not mean a need 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 the rated current. Thus it can be concluded that
there will be no extraordinary requirements upon the inverter. Some over-
dimensioning will be necessary due to a larger 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 the traditional tap changer can
be omitted.

Table 11-1 Data for Base Case inverter and load.

Inverter rating [MW] PN 100

Inverter nominal extinction angle [°] γN 20

Non-DOL load (50 %) [MW] (Power factor=1.0) Pnmot 50

DOL motor load running at start of simulation(40 %) [MW] Pmot0 40

Average power factor of motor load cos(ϕav) 0.85

Rating of motor going to be started DOL [MW] ∆Pmot 10

Start-up current of motor to be started [%] I0mot/INmot 430

Nominal power factor of motor to be started cos(ϕN) 0.89
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11. 2. 3 Harmonic filters

Harmonic filters will be needed. The dimensioning of these will have to 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 normal HVDC
transmission.

Harmonic filters will also 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 a load
increase by increasing the extinction angle. This is 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 γ0 before starting the last and
largest motor (10 %) is given by:

(7-84)

(11-1)

γ0
PN ∆P–

PN
-------------------- γNcos� �
� �acos=

γ0
90
100
--------- 20cos� �
� �acos 32.25 °[ ]= =
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The need for reactive power to the inverter before starting the motor will then
be

(11-2)

The need for reactive power to the running motors will be

(11-3)

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

(11-4)

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):

(11-5)

After the motor has started and the system has stabilized, the need for reac-
tive power will be:

• Inverter:

(11-6)

• Just started motor:

(11-7)

The rest of the motors will have unchanged needs for reactive power, and
the total need will now be:

(11-8)

The need for reactive power will vary widely according to the load situ-
ation, and there must be some way of controlling the production. In the earlier
simulations in this thesis it has been assumed that the total network capaci-

Qinv0 Pinv0 γ0( )tan 90 32.25( )tan 56.8 MVAr[ ]= = =

Qmot0 Pmot0 ϕ0( )tan 40 0.85acos( )tan 27.9 MVAr[ ]= = =

∆Qmot0
∆Pmot

ϕN( )cos
--------------------

I0mot
INmot
------------⋅ 10

0.89
---------- 4.3⋅ 48.3 MVAr[ ]= = =

Qmax Qinv0 Qmot0 ∆Qmot0+ + 56.8 27.9 48.3+ + 133 MVAr[ ]= = =

QinvN PinvN γN( )tan 100 20( )tan 36.4 MVAr[ ]= = =

∆Qmot ∆Pmot ϕN( )tan⋅ 10 0.89( )acos( )tan⋅ 5.1 MVAr[ ]= = =

QN QinvN Qmot0 ∆Qmot+ + 36.4 27.9 5.1+ + 69.4 MVAr[ ]= = =
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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 Ssc,N 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 a dual 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 a typical, large gas turbine powered generator
rated 20 MW. This rating is equivalent to an apparent power rating Ssc,N 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 MVAr. What the step size actually ought to be is
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 is also 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 as a generator is also
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. This will have to be investigated closer. 

It is not presently known to me if a gas turbine can be left running cold, or
if there has to be installed some sort of clutch between the motor and the
turbine. In this thesis it has been assumed that such a clutch is installed, 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 The motor 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 shocks in 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 a representative 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. This is in 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 γ 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 a worst case. Then we have the maximum DC voltage
of:

(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 α,
which typically will be 5°. Thus, if we ignore the voltage drop along the cable,
we have:

(11-10)

which gives the necessary AC voltage on land:

(11-11)

But, if we keep this voltage stable on land, we have to control the rectifier
firing angle α to a high value during normal operation, when the voltage on
the platform is normal and the inverter extinction angle is normal:

(11-12)

(11-13)

(11-14)

Ud max, UvN platform, 1.2 1.35 15cos⋅ ⋅ ⋅ 1.565 UvN platform,⋅= =

Ud max, 1.565 UvN platform,⋅ UvN land, 1.35 5cos⋅ ⋅= =

UvN land,
1.565

1.35 5cos⋅
-------------------------- UvN platform,⋅ 1.164 UvN platform,⋅= =

Ud norm, UvN platform, 1.35 20cos⋅ ⋅ UvN land, 1.35 αcos⋅ ⋅= =

αcos
UvN platform, 1.35 20cos⋅ ⋅

UvN land, 1.35⋅
---------------------------------------------------------------

1.269 UvN platform,⋅
1.164 UvN platform, 1.35⋅ ⋅
-------------------------------------------------------------- 0.807= = =

α 36.2°=
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Operating the rectifier 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 a tap changer. Then the terminal voltage of the rectifier
can be reduced bringing a reduction in the firing angle as well. Tap changers
are normal on rectifier transformers for HVDC, and they often have a range
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 a large
motor on board. This means that 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 previous to the start of a large motor. It was calculated
that the extinction angle would be as high as 

(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 α0 before the motor is started:

(11-15)

(11-16)

(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 all 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.

γ 32.25°=

α0cos
UvN platform, 1.35 32.25cos⋅ ⋅

UvN land, 1.35⋅
-----------------------------------------------------------------------=

α0cos
1.142 UvN platform,⋅

1.164 UvN platform, 1.35⋅ ⋅
-------------------------------------------------------------- 0.726= =

α0 43.4°=
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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, is an open question. It can be omitted altogether,
leaving the rectifier to supply the current order from the platform. This is 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 a loss 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 this time reduces the need
for power, the rectifier will continue to supply power the platform cannot
consume.

11. 2. 11 Telecommunications

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
fibres are to be integrated in the power cables, or if they are to 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 able to
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 as shown in Table 11-2.  It appears from the figures that if the synchro-
nous compensator is to take care of all 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 a way that allows fast switching during the course of the start-
up. Thus at least a number of the capacitor banks should be thyristor switched.
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11. 2. 13 Procedure for starting a large motor

The procedure for starting a large motor can be:

• When it is decided to start a large 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. 

Table 11-2 Variation of reactive power

Inverter rated power 100 MW

Inverter nominal extinction angle 20 °

Synchronous compensator rating ±22.5 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 32.25 °

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 48.3 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 
motor

15.3 MVAr

Final synchr. compensator load -37.8 MVAr

Final synchr. compensator load -168 %
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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 α
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 voltage is reduced. The firing angle α has to be increased
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
a motor.

• 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 slightly 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 α
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 the inverter, but no current overdimensioning. The worst
problem is the control of reactive power, the change of demand under worst
case load switching is calculated to be an increase of 43.8 MVAr, followed by
a decrease of 63.6 MVAr. These are outside the supposed nominal range for
the synchronous compensator, ±22.5 MVAr. 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 SIMULATIONS ON 
MODEL WITH INVERTER, 
SYNCHRONOUS COMPENSATOR 
AND LOAD

In this chapter we shall perform the final simulations to confirm that the
system may be feasible. Due to the development of the thesis it will not be the
complete simulation 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 realistically 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 is not the scope of this thesis to perform any optimization
of the controllers involved. As a basic dimensioning the values found in
Chapter 7. 3 will be applied.

The verification simulations in 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 final 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 a more 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. This is the same model as was inves-

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 controllers will be acti-
vated. The synchronous and induction machines are modelled by state space
models which belong to the standard module library of KREAN. Data for 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 values found in Chapter 7. 3. The main data for the simulation is given
in Table 12-1.

The initial 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. As in all 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 simulation, except for the

Figure 12-1 First step of model of HVDC supply to an offshore oil-installa-
tion, to be simulated in KREAN.
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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 s is allowed for initial stabi-
lization. At time t=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.

Table 12-1  Main data for KREAN simulation.

Inverter nominal power rating at 50 hz [MW] 100

Inverter nominal firing angle α 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 G0 [mho] 5.56

Initial extinction angle γ0 [°] 35.4

Initial firing delay ∆t0 [ms] 8.147

Initial DC current Id0 [A] 619

Synchronous compensator rating [MVA] 20

Initial synchronous compensator reactive power [MVAr] 16.5

Initial value of controllable capacitance, per phase C0 [µF] 8.71

Induction motor rating [MW] 10
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Figure 12-5 presents the ACRMS voltage 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-
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Figure 12-2 Speed of motor during start-up of a 10 MW induction motor.
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start-up of a 10 MW induction motor.
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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 a transient 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 is in the capacitive range.
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Figure 12-4 Capacitance control values before and after decoupling during 
start-up of a 10 MW induction motor.
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Figure 12-5 AC-RMS voltage during start-up of a 10 MW induction motor.
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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-
site takes 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
a traditional 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. As long 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 as follows: At time t=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
additional active load in the AC network, which is purely resistive, drops
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Figure 12-6 DC voltage during start-up of a 10 MW induction motor.
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proportional to the square of the AC voltage. 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. This implies 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. This implies that the increase in active load in the AC system is greater
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≈2.5 s.

At time t≈3.3s the opposite course of events takes place. Initially 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=7 s, 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 a physical explanation. In the first 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
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Figure 12-7 Network frequency during start-up of a 10 MW induction motor.
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same time, however, the AC voltage drops significantly. The additional load
in the system is resistive, thus it draws a power load proportional to the square
of the voltage. The supplied power, however, is directly proportional 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. The trick with the auxiliary start-up torque has not
been applied in this case.

12. 3 CONCLUSION

These simulations indicates that with good controllers it should be possible
to keep a system as investigated 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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motor.
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frequency dependent motor load is assumed to be possible to handle by means
of good controllers, as this is a fairly 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 calculated
to be 

(11-9)

That is

(12-1)

which is a difference of 1.01 %

Ud max, UvN platform, 1.2 1.35 15cos⋅ ⋅ ⋅ 1.565 UvN platform,⋅= =

Ud max, 1.565 UvN platform,⋅ 187.2 kV[ ]= =
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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 topologies 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 sources influences the
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 has to adapt in order to keep active
and reactive power balance until controllers are able to react. The concept of
firing angle for a thyristor is limited in a system with variable frequency, what
actually is controlled is the firing delay time. With variable frequency,



Chapter 13 Conclusions

- 222 -

M:\MAKER5\AVHANDL\Conclusion 22 Apr 2001

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 reactive loads. Voltage
falls by increased active load, but rises by increased inductive load. It is more
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. 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
simulated EMF of the synchronous compensator. Of these, the second is the
more stable. It acts slower, both following disturbances and control
commands. It also gives the smallest dynamic deflections. This should be
chosen as a basis for a possible control system.

13. 4 TWO SIMULATION TOOLS

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 quasiphasors is still a valuable 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 oil 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. It was shown that a
system with a frequency independent base load was intrinsically stable for the
switching of an additional load. The system with reference for the firing
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pulses 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 a frequency 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 has it 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 the inverter, but no current overdimensioning. The worst
problem is the control of reactive power, the change of demand under worst
case load switching is calculated to be an increase of 43.8 MVAr, followed by
a decrease of 63.6 MVAr. These are outside the supposed nominal range for
the synchronous compensator, ±22.5 MVAr. 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 IGBTs.
These solutions have already been applied to a prestudy for BP of the possi-
bilities to supply their installations in the British Sector of the North Sea with
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 losses is 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 also possible to
connect these units in 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
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 unrealistically fast controllers to handle them.
They are partly due to the model, where the land based rectifier and the DC
reactors are simulated 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 a direct 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 usually fulfilled in the case of large, modern
motors, where the efficiency η 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-
siently in the norms [2] is considered acceptable.

• The impedance of the starting motor is independent of the applied
voltage.
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The electric 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.:

(A-1)  

where p is active power in p.u.
ωmek is mechanical speed in p.u.
ωel is electric frequency in p.u.
and m(ωmek/ωel|un) is real start-up-torque as function of relative speed at
nominal voltage in p.u.

The electrical power equation at nominal voltage is:

(A-2)  

where un 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

(A-3)  

As we have assumed that this resistance is voltage independent, we get
the electric power equation for an arbitrary voltage:

(A-4)  

and the active part of the current:

(A-5)  
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The torque, for an arbitrary voltage:

(A-6)  

We can calculate the absolute value of the impedance z from the current
data:

(A-7)  

and from this the apparent power s at arbitrary voltage:

(A-8)  

From apparent and active power we can calculate the reactive power q:

(A-9)  
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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 also typical, catalogue data are only informative for large
motors, the real motors are built to specifications. 

Table C-1: Catalogue data for SIEMENS 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 IP545

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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Efficiency at 5/4 - 4/4 - 3/4 - 2/4 of rated power 97.1 - 97.5 - 97.5 - 97.0%

Cos ϕ 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 m2

Max. permissible external moment of inertia 2145 kg m2

Weight 17.1 t

Table C-1: Catalogue data for SIEMENS Motor
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APPENDIX D COMPARISON OF 
SYSTEMS FOR HVDC POWER 
SUPPLY TO OFFSHORE OIL INSTAL-
LATIONS WITH 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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