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SUMMARY  
The power system in central Norway has experienced rapid growth in demand and lack of sufficient 

new generation and transmission capacity into the region. This paper describes how extensive use of 

reactive power compensation has significantly increased the import capacity to the region. Two new 

±250 Mvar Static Var Compensators (SVC) and nine 100 Mvar shunt capacitor banks have been 

installed within or in close electrical vicinity to the region. All shunt capacitors were put into operation 

before the 2007-08 winter. The two new SVC stations located at Viklandet and Tunnsjødal substations 

respectively, were commissioned at the end of 2008. The paper discusses the design and project 

execution of the SVC stations, as well as their impact on grid utilisation.  
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1. INTRODUCTION  

The Norwegian power system is almost fully based on hydropower, which accounts for close to 99% 

of the total domestic power generation. The annual domestic generation is about 120 TWh in a normal 

year with average precipitation. However, variations in precipitation and thus reservoir inflow can 

cause the generation to vary by about ±30 TWh between a very dry and wet year. This can result in 

large variations both in the domestic power flow between regions and in the power exchange with 

neighbouring countries. Hence, the power system must be designed and operated to handle these large 

power flow variations, in which the extreme situations often are dimensioning cases.  

As a result of several large power demanding industry developments in central Norway, the demand in 

the region has increased dramatically in recent years and is expected to grow further. The demand has 

grown with almost 3.7 TWh during 2003-05, which is an increase by 20%. The main portion of this 

increase was caused by the expansion of a large aluminium smelter, which increased its consumption 

from 300 to 600 MW. The new onshore gas-terminal for Ormen Lange gas field started operation in 

2007. The demand at the gas-terminal will gradually increase to about 220 MW or 1.2 TWh per year. 

Gas-fired power plants have been in the planning stage for many years, but due to its highly 

controversial emissions aspects and high gas-prices, the plans have been put on hold or terminated. 

There are also extensive plans to develop wind parks along the Norwegian coast. However, there has 

so far been, due to various reasons, very limited development of wind power generation in Norway.  

The planning and licensing process for new overhead lines is often difficult and time consuming due 

to environmental aspects and public resistance. Despite this, Statnett has been able to plan, obtain 

necessary licences and build two new 420 kV overhead lines in just six years. In December 2004, a 

new 130 km long 420 kV OH line Klæbu-Viklandet was commissioned after 4.5 years of planning, 

licensing and construction period. Another 100 km long 420 kV line Viklandet-Fræna-Nyhamna was 

completed in December 2006, about five years after the planning process started.  

These new transmission lines have secured the transmission capacity within central Norway, but have 

not increased the import capacity to the region. Statnett and the Swedish TSO Svenska Kraftnät are 

currently building a new 100 km long overhead 420 kV line between central Norway and Sweden 

(Nea-Järpen). The new line, which is indicated in Figure 1, will replace an existing 300 kV line and is 

expected to be commissioned at the end of 2009. 
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It is necessary to further reinforce the 

transmission grid to secure the power supply to 

central Norway in a longer timeframe. In April 

2007, Statnett applied for license to build and 

operate a new 300 km long 420 kV 

transmission line between south and central 

Norway (Ørskog-Fardal). The planned 

transmission line will significantly increase the 

transfer capacity from south Norway and 

normalise the security of supply to central 

Norway. The new line indicated in Figure 1, is 

planned to be commissioned in year 2013 

provided that all necessary licenses are 

obtained in 2010. 

Without performing special measures, the 

import capacity will not be sufficient to fully 

supply the growing regional energy deficit in 

very dry years during the period 2008-2012. 

 

 
Figure 1: The Nordic transmission grid. 

 

2. MEASURES TO INCREASE IMPORT CAPACITY  

The Norwegian TSO Statnett is currently using several measures to secure of supply to the region 

during 2008-2012 [1]. These measures include load-shedding schemes, new bidding areas in day-

ahead market, energy options and reserve mobile gas-power generation.  

The import capacity was up to the fall of 2008 limited due to risk of voltage collapse. Reactive power 

compensation involving nine new shunt capacitors and two new SVCs, has therefore been 

commissioned during 2007-08.  The reactive power compensation has ensured high utilisation of the 

existing transmission by increasing the import capacity to the region by 200-400 MW depending on 

the operating conditions.  

 

Figure 2 shows that the existing 

import capacity to the region before 

2007, was 1100-1500 MW. This 

capacity remains unchanged with the 

Ormen Lange gas-processing plant 

and nine new shunt capacitor banks in 

operation in 2008. The installation of 

two new SVC stations increased the 

capacity to 1300-1600 MW in the fall 

of 2008. The new 420 kV OH line 

under construction between central 

Norway and Sweden (Nea-Järpen), 

will further increase the capacity to 

1300-1700 MW in 2010. Finally, the 

planned 420 kV OH line Ørskog-

Fardal will result in 2000 to 2400 

MW import capacity at expected 

completion in year 2013. 
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Figure 2: Import capacity to central Norway.

 

Statnett is confident that the above-mentioned measures and the two new 420 kV OH transmission 

lines will result in an acceptable security of supply for the region during the coming years. This paper 

addresses the design and project execution of two new SVC at Viklandet and Tunnsjødal substations.  
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3. VIKLANDET AND TUNNSJØDAL SVC STATIONS  

The turn-key contract for delivering the two SVC stations was awarded to ABB in April, 2007. 

Statnett was responsible for preparing the site and the new breaker bays for both SVC stations. The 

critical activities for the turn-key contract were: 

¶ finalize main design and equipment rating 

¶ complete civil design to facilitate start of the site work before the permafrost 

¶ utilize existing reserved production capacity for the SVC transformers 

¶ allow sufficient time for transport, FAT and final commissioning at site 

The SVC at Viklandet substation was commissioned in October 2008, followed by the SVC at 

Tunnsjødal substation in November 2008. Figure 3 shows Tunnsjødal SVC station.  

3.1 Main design and rating 

The main design is identical for the two SVC 

stations and optimised for 420 kV grid 

connection with ±250 Mvar continuous rating. 

Each SVC station is required to meet 

availability and reliability criteria, including 

Forced Energy Unavailability (FEU) of 

maximum 1.5% and annual Forced Outage 

Rate (FOR) of maximum 4. The three-phase, 

two-winding SVC transformer is rated at 270 

MVA with a 420/25 kV voltage ratio. The 

main design is a 6-pulse configuration with 

three 111 Mvar Thyristor Controlled Reactor 

(TCR) branches, two 116 Mvar Thyristor 

Switched Capacitor (TSC) branches and a 58 

Mvar filter branch tuned to the 5th, 7th and 

12th harmonic frequency.  

 

Figure 3: Tunnsjødal SVC station. 

 

The SVC stations are designed to limit the harmonic distortion on the system. Due to the stringent 

harmonic impedances specified, the SVC had to be designed with three TCR- and three filter branches 

to decrease the harmonic generation, as illustrated in Figure 4. Tunnsjødal SVC is equipped with an 

additional 100 Mvar Mechanically Switched Capacitor (MSC) branch for increased short-term 

capacitive capability to utilize the inherent short-term overload capability of the SVC transformer.  
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Figure 4: Single-line diagram for Tunnsjødal SVC. 
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3.2 Tunnsjødal SVC designed for future 420 kV voltage upgrade 
The system voltage at Tunnsjødal substation is 

currently 300 kV, but there are plans for a 420 kV 

voltage upgrade of the substation. It was therefore 

considered to procure an SVC transformer with a 

420/300 kV re-connectable primary winding. This 

solution was omitted due to e.g. weight limitations 

along the transformer transport route. Tunnsjødal 

SVC is therefore designed and prepared for future 

420 kV grid connection including the transformer, 

but commissioned for 300 kV grid connection. 

The SVC is expected to be operated with 300 kV 

grid connection for 5-10 years until the substation 

is upgraded to 420 kV.  

As a result, the SVC will have reduced rating 

during the intermediate time period with 300 kV 

grid connection. The continuous rating is reduced 

from ±250 Mvar to 140 Mvar inductive and 147 

Mvar capacitive capabilities. However, the 

additional MSC-branch can now be continuously 

utilised, thereby increasing the capacitive 

capability to 207 Mvar. Figure 5 shows the VI-

characteristic for Tunnsjødal SVC, where 1.0 per 

unit primary voltage and 1.0 per unit SVC current 

correspond to 100 MVA. 
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Figure 5: VI-characteristic, Tunnsjødal SVC.

3.3 Thyristor valves  

Each three-phase thyristor valve consists of three single-phase assemblies consisting of a vertical stack 

of BCT (Bi-Directional Control Thyristors). A BCT is two anti-parallel high power thyristors 

integrated onto one single silicon wafer and assembled into one housing [2]. Snubber circuits (series 

connection of resistors and capacitors) are mounted in parallel with the thyristors. The single-phase 

valve assembly rests on four insulators. The BCT feature offers high reliability and a compact space 

saving design. Nickel-plated aluminum heat sinks are located between each thyristor, which provides 

double-side thyristor cooling and also serves as electrical connection between the thyristors. These 

coolers are connected, each level in parallel, to a water piping system. The thyristors are liquid cooled 

using a mixture of glycol and de-ionized water with low conductivity as coolant.  

 

Figure 6 shows the thyristor valves for the 

three TCR- and two TSC branches at 

Tunnsjødal SVC. Each TCR single-phase 

valves consist of 13 series-connected 5 inch 

BCT thyristors. Similarly, there are 21 BCT 

thyristors in series in the TSC valves. Both the 

TCR and the TSC valves are designed with one 

redundant BCT thyristor level, meaning that 

the SVC can maintain operation with normal 

capacity also with one thyristor level short-

circuited. The thyristors are electrically fired 

and the energy for firing is taken from the 

snubber capacitors. The fire order to the 

thyristors is communicated via optical light 

guides from the valve control unit, which is 

normally referred to as ñindirect light firingò. 

 

Figure 6: Valve hall with TCR and TSC valves 

at Tunnsjødal SVC station. 
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3.4 Control system 

The SVC is controlled by a microprocessor based control system based on the MACH2 concept [3,4]. 

This system is built around an industrial PC with add in circuit boards and I/O racks connected via 

standard type field buses. The MACH2 system is designed especially for power system applications, 

which provides both significant volume reductions and enhances performance. Due to the extensive 

use of computers and micro-controllers, it has been possible to include very powerful internal 

supervision, which will minimize periodic maintenance for the control system. Dedicated voltage and 

current transformers provide the control system with information of the network parameters. The 

control system provides facilities for SVC control either locally from the Operator Work Station 

(OWS) in the SVC control room, the Remote Work Station (RWS) in the substation control room or 

remotely from a dispatch centre. 

The SVC is operated either in Automatic Voltage Control or in Manual Control Mode to achieve the 

highest possible availability. The normal operating mode is Automatic Voltage Control. The voltage 

control system is a closed loop system with control of the positive-sequence voltage at the 420 kV / 

300 kV bus. The SVC control will automatically be forced into Manual Control Mode if the bus 

voltage measurement is lost. In manual operating mode, the SVC operates at close to constant Mvar 

output. In Automatic Voltage Control, the manual susceptance reference follows the voltage regulator 

output. When in manual control mode, the voltage reference follows the actual voltage corrected for 

slope. This ensures a smooth transition between automatic and manual operating mode. 

3.5 Protection system 

The two sets of high speed protection schemes are used to fulfil the single failure design criteria. 

Current differential protections with overlapping differential protection zones are used in protection 

system A for the main components, SVC transformer, SVC bus, TCRs and TSCs, as short circuit 

protection. For the harmonic filters and MSC, an over-current function is used in protection system A. 

Over-current protection is used in protection system B for all SVC components. Time delayed residual 

over voltage protection is used for earth fault on the SVC bus and all branches in both protection 

system A and B. Protection system is designed using modern multifunctional IEDs (intelligent 

electronic devices) giving a compact and cost effective solution. 

3.6 Thyristor Valve Cooling System 

The cooling system consists of a piping circuit where de-ionized water / glycol mixture is pumped 

through the thyristor valves and outdoor water to air heat exchangers. There are two water-circulating 

pumps, one is in operation and the other is in stand-by mode. In case of a pump failure, an automatic 

switch over to the stand by unit will be initiated. All fans are individually controlled by a PLC 

(Programmable Logic Controller) to ensure sufficient cooling with minimum losses. 

 

4. SYSTEM PERFORMANCE AND SPECIAL FEATURES  

4.1 Earth Fault Locator  

The SVC protection system does not have selective indication that identifies the faulty branch for 

earth faults. The SVCs are equipped with one main circuit breaker, which is situated on the primary 

(high voltage) side of the step-down transformer. It is therefore not possible to obtain selective 

disconnection of earth fault on the secondary side of the transformer and re-start the SVC. Both SVCs 

are thus equipped with an Earth Fault Locator, which automatically identifies the earth fault and 

commences operation at reduced capacity with the faulty branch disconnected. The method consists of 

an automatic re-close sequence to connect and energize each branch until the earth fault is located.  

The SVC will disconnect the main circuit breaker regardless of which is the faulty branch. For an earth 

fault that is tripped by the residual over voltage protection, the following operational sequence is given 

after the main circuit breaker has opened. 

¶ Locate earth fault according to special automatic re-close sequence described above. 

¶ Open disconnect switch in the faulty branch 

¶ Activate SVC start sequence 

¶ Ramp the voltage reference to set-point prior to the SVC stop. 
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The thyristor valve cooling system shall not be stopped when the re-close function is activated. The 

TSC thyristor valves are blocked and the TCR thyristor valves are controllable during this sequence. 

The voltage control shall be active in order to compensate for the filter and MSC branches. For all 

phase-to-phase faults where the SVC protection and control system directly can identify the faulty 

branch, a normal auto re-close sequence is performed. The faulty branch is disconnected and the SVC 

continues running at reduced capacity. As a conclusion, the SVC will restart in any mode where at 

least one TCR and the filters are available after phase-to-phase and earth faults. 

4.2 Control of external shunt capacitor banks 

The SVC is equipped with a Q-Optimizer, which ensures a coordinated control between the SVCs and 

shunt capacitors in the same substation. The shunt capacitors shall perform the steady-state main 

voltage control such that the SVC operates close to balance between inductive and capacitive mode. 

This ensures that the SVC has maximum dynamic capability available to provide fast response to 

counteract disturbances.  

The Q-Optimizer is designed with both fast and slow switch-in and switch-out levels. However, the 

only the slow switch-in and switch-out levels are implemented in the Q-Optimizer at both SVCs. The 

Q-optimizer at Viklandet SVC controls one of two 100 Mvar shunt capacitor banks connected to 132 

kV in the substation. Tunnsjødal SVC controls a 100 Mvar shunt capacitor connected to 300 kV in the 

substation after a similar principle. Both SVCs connect the external shunt capacitor bank when the 

SVC has generated in excess of 80 Mvar in the capacitive range for more than 15 minutes. Similarly, 

the SVC disconnects the shunt capacitor when it has consumed in excess of 80 Mvar in the inductive 

range for more than 15 minutes.  

It may be desirable to implement the fast switch-in and switch-out levels at Viklandet SVC in the 

future. At Tunnsjødal SVC this is not planned, since the external controlled shunt capacitor 100 

Mvar@300kV is already equipped with fast switch-in (293 kV, 5 seconds) and switch-out (306 kV, 5 

seconds) levels. 

4.3 Power Oscillating Damper (POD) 

There are several well-known local- and inter-area power oscillation modes in the Norwegian power 

system. These oscillating modes include an inter area 0.45 Hz oscillation frequency between Norway 

and Finland, a 0.65 Hz oscillation frequency between Norway and Southern Sweden and a local 0.85 

Hz oscillation frequency within Norway.  

The SVCs at Viklandet and Tunnsjødal SVC are equipped with Power Oscillating Damper (POD), 

which purpose is to damp critical power oscillation modes. A POD study has been performed for two 

purposes. Firstly, the study identifies the oscillation frequencies that shall be damped by POD control 

at Viklandet and Tunnsjødal SVC. Secondly, it shall determine the required settings of the POD 

controller to achieve maximum damping of the targeted oscillating modes. The study is based on a 

PSS/E dynamic model of the Nordic power system during a summer low-load condition with high 

power transfer from Finland to Sweden.   

The study concludes that the local 0.85 Hz oscillation mode can be controlled both by Viklandet and 

Tunnsjødal SVC. The 0.45 and 0.65 Hz inter-area oscillation modes are best controlled by Hasle SVC. 

The SVC at Hasle was re-commissioned in 2008 after an upgrade involving replacement of thyristor 

valves, control & protection equipment, thyristor valve cooling system and reactors. The SVC is rated 

at 2x180 Mvar inductive and is connected to 420 kV at Hasle substation in southeastern Norway, as 

indicated in Figure 1. From Hasle substation, two 420 kV overhead transmission lines connect Norway 

and Sweden.  

5. ENVIRONMENTAL CONSIDERATIONS  

Statnett decided to follow recommendation regarding environmental issues by collecting hazardous 

liquidate in case of leakage. The SVC stations were therefore equipped with containment systems both 

for the transformer oil and the thyristor cooling water.  

5.1 Thyristor Valve Cooling Water Containment System 

The total thyristor valve cooling water volume for each SVC is 1500 litres with a 50% water and 50 % 

glycol mixture. Statnett decided to comply with a recommendation from the Norwegian Pollution 
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Control Authority to install a containment system which prevents leakage of the glycol-based cooling 

water to ground. The containment system contains a pick-up basin around the outdoor heat exchangers 

and an outlet pipe from the basin to ground with a motor-driven valve. The valve is normally in open 

position allowing continuous drainage of rainwater from the basin to ground. There is also a collection 

of cooling water in the valve hall inside the control building with a pipe to the outdoor pick-up basin. 

The pick-up basin at Viklandet SVC can be seen in Figure 8. The valve closes when a leakage from 

the cooling water has been detected. This ensures containment of cooling water in case of leakage in 

the valve hall in the control building or around the outdoor heat exchangers. The containment system 

is controlled by an automatic- and a manual valve outlet close function in case of leakage. The manual 

close function switch is located on the control cabinet beside the manual close function for the SVC 

transformer oil containment system.  

5.2 Transformer Oil Containment System 

The transformer oil containment system consists of the transformer pit, which is connected to an oil 

separation tank. The oil separation tank is connected to the drainage system. The motor-driven valve 

situated on the pipe between the transformer pit and the oil separation tank, is normally in open 

position allowing continuous drainage of rainwater from inside the transformer pit. The valve closes 

when a leakage of transformer oil has been detected, which ensures containment of transformer oil in 

the pit. The containment system is controlled by an automatic- and a manual valve outlet close 

function. The manual close function switch is located on the control cabinet beside the manual close 

function for the thyristors cooling water containment system. The SVC transformer pit is designed to 

serve as pick-up basin for leakage of transformer oil. The pit is dimensioned to collect a volume of 

240 m
3
, which is about four times the volume of the oil inside the transformer. The main reason for 

this seemingly over-dimensioning is to collect both the oil and any water used to extinguish a fire at 

the SVC transformer. This is now Statnettôs standard solution for transformer oil containment.  

 

6. PROJECT EXECUTION  

6.1 Site Work 

Statnett was responsible for the construction contracts for site preparation, fencing, access roads and 

main drainage system, which were awarded to local contractors. The interface of the civil work 

between Statnett and ABB was defined such that, Statnett prepared a levelled site in accordance with 

agreed civil requirements. ABB was responsible for drainage of the SVC site, including the SVC 

transformer pit. Both sites were arranged in a lower level with the transformer, a mid level containing 

the electrical equipment and a top level with the control building. The installed equipment on mid 

level includes the SVC bus, TCR, TSC and filter branches. The control building at top level contains 

the thyristor valves and the control & protection equipment. The transformer oil containment, the 

thyristor valve cooling water containment, all foundations for equipment and the control buildings 

were included in the scope of the SVC contract.  

At Viklandet SVC site, the intention was to perform the rock blasting to obtain close to vertical walls 

between the levels. In spite of carefully blasting the walls, this was impossible due to the very ñsoftò 

quality of the excavated rock in the site. As a result of this, it was required to construct two large 

retaining walls in order to obtain sufficient space for the equipment at the mid level of the site. Mid 

level was prepared with approximately 5 % slope. Approximately 10 200 m
3
 un-compacted material 

and 18 900 m
3
 solid rock were excavated during the site preparation work at Viklandet. The 

construction of the retaining walls was originally a part of the site preparation work and thus the 

responsibility of Statnett. This represented a delayed take-over of the site from Statnett to ABB by 

approximately three months. The construction of the retaining walls was transferred into the scope of 

ABB. This significantly increased the scope of the civil work performed by ABB and affected the time 

schedule. In order to recover the delayed take-over and meet the original delivery date, the time 

schedule was revised to utilize the winter period. The completion of the site preparation work 

(retaining walls) and ABBôs civil work were performed in parallel.  

The civil work at Viklandet was not completed at the scheduled starting time for the installation of the 

electrical equipment. Therefore, it was necessary to perform parts of the installation work in parallel in 

with civil work in order to maintain the delivery date. It was a challenge to plan and perform the 
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installation work to achieve good progress with the remaining civil work ongoing. In general, the 

installation works required longer time than if the civil work had been fully completed prior to the 

start of the installation work. 

Also at Tunnsjødal SVC, the preparation of the site was more complicated and required longer time 

than planned. As for Viklandet, the winter period was utilised in order to recover the delayed 

completion of the site preparation work. A large tent with heating was used during the civil work to 

protect against snow and avoid permafrost in the ground. The tent was mainly used for the 

construction of the foundations for the control building and the SVC transformer pit. A retaining wall 

was required between lower and mid level of the site in order to reduce the steepness of mid level 

containing the electrical equipment to 6-7%.  

6.2 Equipment Transport 
The transportation limitations to each of the two sites were specified already in the tender phase. The 

weight limitation for one of the bridges at Tunnsjødal was 163 tonnes, which was one of the design 

input for the SVC transformers. The equipment was mainly transported by road. Special permits were 

required for equipment with large dimensions, e.g. all the reactors that were transported on the road 

from Austria and the transformers that were transported from Sweden to Norway. 

 

The transport of the SVC transformer to 

Viklandet was first on railway from Ludvika to 

Norrköping harbour in Sweden and thereafter 

by sea to harbour located only a few kilometres 

from Viklandet substation. The last part of the 

transport was performed on road by Nickolas 

20 axle car, shown in Figure 7.  

The transport of the SVC transformer to 

Tunnsjødal was initially planned to be by 

railway all the way from Ludvika in Sweden, 

to the site in Norway. However, due to heavy 

rain had occurred previously, the permission 

for the heavy transport was not given for the 

complete transport route. Several other 

alternative routes was considered and applied 

for permission. The approval process for the 

permits was time demanding. The transport of 

the transformer was critical with regard to the 

time schedule for the complete project. Finally 

one route was agreed upon and approved by 

the authorities, using both railway and road 

transportation. 

 

 

Figure 7: Viklandet SVC transformer transport.  

 

6.3 Testing and Commissioning 

The manufacture and testing of the main equipment has been carried out according to schedule. Only 

one major change in the schedule was the testing of the SVC transformer to Tunnsjødal. The SVC 

transformer was tested intensively both the active part and the transformer tank in accordance to 

routine tests. Unfortunately, a damage on the transformer tank occurred due to faulty test equipment. 

The transformer was taken back to the manufacturing line and corrected, which caused a delay in the 

transformer delivery of approximately 1.5 months. However, this incident did not result in delayed 

start of commissioning of the SVC stations, as the transformer was not needed until the start of 

commissioning.  

When Tunnsjødal SVC station was ready for energization, the 300 (420) kV grid connection was not 

completed. Statnett was still working on the 300 (420) kV grid connection and it was decided to 

prioritize commissioning of Viklandet SVC before Tunnsjødal. The commissioning of Viklandet SVC 

was performed according to schedule up to the last tests. At one of the last tests, the SVC breaker did 

not interrupt the current flowing and a failure of the SVC breaker occurred. The failure of the breaker 

started with an unsuccessful switch-over between the active and the redundant system in one of the 


