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Abstract 

 

The original power system analysis was done in the seventies in former ASEA AB software. For 

approximate twenty years no major new studies was done because of limited numbers of renewal projects. 

In the end of the nineties the plant started to update the selectivity planning and study of the loading of the 

safety busbars. The simulation and start of the development of simulation models was done in a tool named 

Simpow. Simpow was also an ASEA/ABB AB software developed from the program used in the seventies. 

To continue to work with Simpow was a decision made after doing an extensive review of on the marked 

available commercially software. Also at that time we start to do our first attempt building electrical 

simulation models of unit 1 and 2 according to the original documentation. 

The development of models for the unit 1, 2 and 3 became more intensive some years after the 

millennium. Partly because of event July 25, 2006 and also because of the renewal of unit 1 and 2 and had 

subsequently been initiated for unit 3 also. Today we have initiated a conversion of our models to a new 

program called PowerFactory. That due to the withdrawal of support and development on SIMPOW a 

couple of years ago. To development relevance, accuracy and detail, models are an important issue for 

FKA (Forsmark Kraftgrupp AB). The model is initially created according to the plant documentation and 

also including requested information from the original supplier. Continued development and updates of the 

model is done according to the data received from the contractors via the demands according to 

requirements in our technical documents on different electrical components in renewal projects. The 

development of the model is driven by known weaknesses, depending of the type of studies and necessary 

data related to events. 

An important part that will be described is to have a verified simulation tool and validated models. An 

example is that the models have been validated by making start and loading test of the safety busbars at the 

units and compared with the results of the simulations. 

Forsmark has made studies with the developed models to support renewal projects to present the 

behaviour of the plant of proposed logic and to determine the specification and requirement on contracting 

function and also on including components. Power system simulation have also been used to analyse the 

different incidents that have challenged the electrical systems on the three different units, with dependence 

on the different initiators and causes of the disturbances to find similar weak points that can cause failure 

in the plants. The simulation tool is also used to study plants compliance with the authority requirements. 

Now after the latest event at May 30, 2013, Forsmark is working to develop a new strategy on throw to 

approach these studies in a more general, unconditional way. The input are review of the description how 

plants originally design. Review of the units relay protection design to bring out any weaknesses or 

inaccuracy, and compare with other plant relay protection design and study the possibilities with extended 

functionality of modern protection compared with the relay protection of the seventies. To find out if it is 

any differences in the level in the voltage, current or frequency level and duration between the result of 

simulation and the implemented protection scheme. Renewed evaluation of electrical related disturbance 

from existing experience feedback handling.  Especially focusing on avoiding jeopardizes the safety 

function, defence in-depth regarding electrical disturbances and also on availability. 
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1. Events 

 

During the last years Forsmark NPP has suffered from electrical related incidents, such as: 

Forsmark 1, 25 July 2006) Loss of external power and loss of power supply from 2 of 4 diesel 

generators Forsmark 1, 25-07-2006 (Event Analysis Report, WANO Paris Centre, 2006-0027 revision 

number 01) 
 

On July 25th, a two-phase 

short circuit occurred during 

ongoing operations in the 400 kV 

switchyard. The opening of a 

section disconnector under full 

load caused an arc and a short 

circuit. The unit circuit-breakers 

disconnected the plant 

generators, and the plant 

automatically inserted selected 

control rods for a partial scram, 

initiated pump runback and 

switched over to house load 

turbine power supply. Shortly 

after the initial event, the plant 

was scrammed and the 

containment was isolated.  

        Figure 1. The fault in the switchyard. 

 

Two out of four power supply divisions (A and B) in the internal grid (500 V, diesel backup) were 

without power for approximately 20 minutes. When the two 500 V diesel busbars were connected 

manually to the 6 kV system, all four divisions of the internal power supply system regained power, and 

the plant could go safely to a safe, hot shutdown state. 

Shortly after the initial event, before the scram, one turbine tripped due to low hydraulic pressure in 

the turbine control valve system. The turbine speed fell to 2820 r/min, which should have opened the 

generator circuit-breaker due to low frequency (47.5 Hz). However, the breaker failed to open. A few 

moments later, due to further decrease in frequency, the feeder breakers between the main internal bus bars 

and the diesel supported 500 V bus bars disconnect. 

During the electrical transient, two UPS (Uninterruptible Power Supply) units tripped. Equipment 

supported by the units includes the speed measurement control logics to the diesel engines, which 

subsequently failed to start. The loss of power resulted in loss of two auxiliary feed water pumps. Water 

was throughout the event pumped in at 2 x 22.5 kg/s by the two remaining auxiliary feed water pumps. 

During the transient, the pressure in the reactor vessel was reduced to 6 bar over a period of 30 minutes. 

The level in the vessel stabilized at +1.9 m over the core after 15 minutes, and was restored to the normal 

level after another 15 minutes. 

 

Short circuit  

between two phases 
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As the two UPS-units failed (A and B), two trains of the internal 220 V system also failed. 

Components supported by the 220 V systems in two out of four divisions failed due to loss of power, as 

follows: 

 

- Sensors, transmitters, controllers, trend and event recorders  

- Indicators and supervisory facilities in the control room  

- Fine motion control rod drives (all the rods were inserted by the hydraulic scram system)  

- Half of the control rod drive indication was lost, i.e. therefore not providing indication of 

control rods fully inserted in the core  

- Four out of eight reactor main circulation pump motors tripped  

- Four out of eight reactor low power measuring (WRNM, Wide Range Neutron Monitors)  

units lost power  

- The power station's internal public address and warning systems failed due to loss of power. 

 

Lightning strike tripped all eight main circulation pumps at Forsmark 2.(Forsmark 2; 13 June 

2008) Forsmark 2, 13-06-2008 (Miscellaneous Event Report, WANO Paris Centre, 2008-0128 revision 

number 00) 
 

A thunderstorm over central 

Sweden caused a lightning strike to 

the main grid about 50 km from 

Forsmark NPP, causing a three-

phase short circuit and a voltage dip 

to about 50 % for about 90 

milliseconds. The short circuit 

activated the rectifiers protection 

relays due to that the phase angel 

deviated from 120 degrees with 8 

degrees in more than 80 

milliseconds and the rectifier 

tripped. When the rectifiers tripped 

the rotating energy stores continued 

to produce energy resulted in that 

two of the rotating energy stores to 

trip on undervoltage and the other 

two to trip on overcurrent.   

            Figure 2. The lightning strike affects the frequency  

      converter for the main recirculation pumps 
 

This caused the main recirculation pumps to stop and run down to stop faster than anticipated in the 

safety analyses. With the main recirculation pumps stopped the reactor power fell to 39 % after the initial 

event, and the reactor power then had an increasing oscillation with amplitude of up to 10 % before a 

manual scram was initiated. There is no automatic main recirculation pump run down signal or an 

automatic scram from the reactor protection system if the rectifiers trip. With all main recirculation pumps 

stopped, there was a risk of thermal stratification in the RPV, and thus of uneven temperature distribution. 

After assessment of the transient risks, it was decided to restart two of the main recirculation pumps. 

The maximum temperature difference was 18°C. The six other main recirculation pumps were restarted 

after the temperature in the RPV had been evened out. It was decided to shut down the reactor to the cold 

shut down state. 
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Forsmark 3 July 13, 2012 Lightning strike causing voltage transient in station AC net  

Forsmark 3, 13-07-2012 (WANO Event Report, WANO Paris Centre, 2012-0217 revision number 00) 
 

During the Forsmark 3 refueling outage, operating mode cold shutdown reactor, with work underway 

in trains B/D (Forsmark 3 has four redundant safety trains A, B, C and D)  400 kV power supply is isolated 

for scheduled work and electricity is supplied from the external grid from the 70 kV mains. A lightning 

strike occurs in the 70 kV mains near the startup transformer.  

At normal operation the station is connected to 

the 400 kV off-site grid which is protected by both surge 

arrester and earth/shield wire at the lattice tower of the 

overhead line to mitigate consequences of lightning 

strikes. The cable and overhead line connection for unit 3 

to the 70 kV switchyard and network includes several 

surge arresters, but the overhead line has not any 

earth/shield wire. 

 

In the time of the event it is a thunder storm in the 

area and a lightning strike occurs in the 70 kV mains near 

the startup transformer.  

 

The lightning strike apparently caused a voltage 

transient to propagate in the station internal net and caused 

damage to a number of thyristors for the battery-supplied 

AC net.               Figure 3.The affected UPS system 

 

The event had in this case no operational consequence as the plant was in refueling mode. 

 

Forsmark 3 May 30, 2013: Loss of two phases of the external grid during outage shutdown 

with loss of decay heat removal (WANO Event Report, WANO Paris Centre, 2013-0139 revision number 

02) 

 

During cold shutdown, established on 2013-05-19, the 70-kV grid was shut down for connection to 

new switchgear. Work was underway on the 400 kV D bus. A and B trains were ready for operation. The 

diesels in C and D trains were ready for operation. Relay testing was underway on the excitation system for 

the generator during which a spurious signal was sent to the unit breaker. 

 

At 10:01 a.m. on May 30 an intermediate position was detected on the unit breaker indication for the 

E bus, due to one phase not being tripped. It was due to a loose cable in a tripping device for one of the 

phases. The main transformer configuration (Y/D) to the external grid resulted in discrepancy between the 

phases inside the plant. The operating plant components equipped with phase discrepancy protection 

tripped, whereupon decay heat removal was lost.  
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Phase discrepancy protection is 

actually a phase failure function in the 

overload protection for low voltage 

motors and negative sequence current 

protection. The diesel buses were 

separated manually from the external 

grid and energized by auxiliary diesels. 

The first train was ready at 10:15 a.m. 

and all trains were ready at 10:36 a.m. 

Decay heat removal was restored at 

10:17 a.m.  

 

 

 

             Figure 4. The event and the effect 

 

The fuel was removed from the core and the fuel storage pool gates were open. The plant can go 

about one day before boiling starts. The temperature increase rate at 34°C was approximate 0.7°C/h. In 

conjunction with diesel start local resetting of the phase discrepancy protection for the diesel cooling water 

systems was required. At 10:44 a.m. the supply from the 400 kV E bus was restored. The incident is not 

analysed in the safety analysis report, which means that the plant is not designed to automatically handle 

the situation that arose. The INES classification is assessed as (1) as there was an impact on defence in-

depth. Basic classification is zero and an additional factor for CCF. The incident did not have any 

operational consequences. 

These events have an incitement to increase the efforts to make models of the plants and the off-site 

grid and continue to do studies. 

 

2. Requirement 

 

The following fundamental requirements are the base for the interpretation of the analysis of the 

studies: 

 

- Swedish Radiation Safety Authority’s regulation 

- Keeping the integrity of the safety system and defence in-depth 

- Svenska kraftnät (Swedish national grid) regulation 

- Availability of the plant 

 

It affects what studies to be performed and development of the models, and as well as how detailed 

the models need to be. 

 

3. Original studies 

 

The original simulation for unit 3 included as reference reports to the safety analysis report are as 

follows: 
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- Plant condition at grid disturbance: 

According to a special grid voltage profile: which from the beginning include an instant voltage drop 

on the generator busbar down to a level of 25 % for 0.25 s and then linear increase to 95 % for 0.5 s. 

- Short circuit on each AC-busbar 

Feeding from auxiliary transformer and start-up transformer and an initial nominal voltage to find the 

maximum short-circuit currents. 

- Start-up of the largest electrical machine: 

The purpose is to verify the start of the largest engine at the worst allowable ratio (0.9 p.u. voltage and 

at a specified short circuit power), while not interfering other motor drives with protection tripping, 

etc. 

- Start-up sequence of the safety and non-safety busbar. 

 

Similar studies have been done for the unit 1 and 2. These original studies have used a simulation tool 

from ASEA called MOSTA. 

The original studies are few and can be seen as basic studies how the plant will be behave at design 

cases as disturbance in the off-site grid, internal short circuits and start-up sequences. In this case faults in 

off-site grid have been simplified to only apply to be executed as one case. 

 

4. Activity plan 

 

Each year is an activity plan updated to describe the planned power system simulation and analysis 

activities for the next three years. The activity plan presents the work done during the past year, as well as 

ongoing and planned activities in the areas of structuring working procedure, modelling and studies. 

Because of the recent years events increased focus has been on planning a base activity which 

unconditionally analyses of the plant behaviour during different electricity-related incidents/disturbances, 

to ensure that we have models and data to assess all, or as many initial events as possible to make the 

plants more resilient and better protected. Basis for analysis are developed from original design philosophy 

to find out if some knowledge has disappeared or if it was not possible to include the functionality because 

of limitation in the existing technology imprinted weaknesses in the functionality or design of the systems. 

Also included as sources of experience and knowledge is a review of events in other plants and 

participations in conferences and meetings. If the result reveals weaknesses in the protection configuration, 

it must be evaluated if there is a need to introduce new protection equipment or if there is a need to modify 

existing. It is important to evaluate any changes in the protection scheme to keep selectivity. 

Attempted simulations will focus primarily on studying applied events impact on safety systems, 

specifically on the objects connected to, and disconnection of, the safety busbar, also including defence in-

depth for the non-safety system/busbar and how it is affected. 

FKA have an existing tool to performing studies of electrical faults in both the internal power system 

in the units and off-site gridFaults caused by thunderstorms that have been assumed to have affected F3 at 

the event July 13, 2012 requires completely different models and tools to be studied. To study how external 

lightning spreading in the plant is something that will not be regularly used. This is the reason to try to 

develop a generic model useful for all plants and in cooperation with the other plants in Sweden. 

After each study is performed, it will be evaluated if, or how, the result will affect the safety reports, 

either included directly or referenced via separate reports 
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5. Development of simulation models 

 

When the units began modernisation in the late nineties it was as a beginning to building own 

competence in the area of power system simulation and analysis. Initial work was to carry out a scan of the 

market of different power system simulation and analysis software available. ABB's simulation tool 

Simpow was chosen due to proximity of support. An important factor was to have a program with the 

property to perform both power frequency modelling, which saves computer time, and instantaneous 

modelling, which gives results with more detailed time resolution. It is of importance to be able to interrupt 

and freeze the simulation at any time and change between the two model parameters. Also the possibility 

to do user defined modelling to get additional flexibility not available in the corresponding standard model.   

A Master Thesis was also performed which included collection of model data from existing documentation 

and from the original suppliers of primarily electrical machines and cables. The project also included a 

comparative study of the established model with a previously performed study. 

The modelling of the units restarted after some years. In the meantime FKA started using contractors 

to performing diesel start sequence studies for the units F1 and F3 to verify the fulfilment of the loading 

requirement according to RG 1.9. Also some work was done to study the internal selectivity planning. 

In 2005 the number of people in Forsmark working with these issues increased and working with 

plant modelling, was intensified with the help of the software developer. The goal was to develop a more 

detailed model of the Forsmark 1 unit, which later was converted to be a Forsmark 2 model. There are just 

some few differences between these two units. The year after FKA bought the the Oskarshamn 3 model, 

which is a similar unit as Forsmark 3. Oskarshamn 3 model were reviewed and converted to be a Forsmark 

3 model. The models have been developed from existing documentation. When it has been a lack of model 

data the original suppliers, at the time of when the units was build, has been contacted to try to receive 

further information. The models have later been compared to the document load compilation. A document 

was developed by, and kept updated in connection with, the renewal projects by the system design group. 

The ownership of the used software has changed and since two-three years it is not any support and 

development of the tool. FKA has been forced to transfer and develop models in a new tool called 

PowerFactory from DIgSILENT. In the market there are a variety of codes and suppliers to choose 

between and the choice of the code has been made strategically, especially for us in Forsmark which are 

few working in this area, based on a number of aspects as: competence, development, support, 

perseverance at the supplier, the capacity of code, number of users (total and locally), the ability to make 

own models, possibility to do make and change between RMS and instantaneous calculations etc. 

The models have been validated by making start-up and loading test of the safety busbars at the units 

and compared with the results of the simulations. Further validation of the models has been done to the 

event of 13 June 2008 and also to the case of start-up of larger motor the feed water pump. 

 

6. Model data 

 

Initially developed models based on information in existing documentation. Further development of 

the models made by help from the original supplier. For some object e.g. electrical machines for the unit 1 

and 2 similar motor size from unit 3 has been used when it has not been possible to find any original design 

documentation. 
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The work with the modelling of each unit has included very much effort to development of document 

including modelling and dynamic analyses requirement as: 

 

- Modelling and Dynamic Analyses - Mandatory Information for Electrical Motor 

- Modelling and Dynamic Analyses - Mandatory Information for Power Transformer 

- Modelling and Dynamic Analyses - Mandatory Information for Cable 

- Modelling and Dynamic Analyses - Mandatory Information for Motor Load 

 

For some equipment that is seldom renewed as the main generators and related excitation equipment 

has some special requirement documents been developed. The document has been successively updated 

dependent on new knowledge. The requirement has also in some cases also included some extraordinary 

testing to get the extended data or to verify the theoretically determined model data. 

The off-site grid is divided into three different parts as follows: 

 

- Main 400 kV grid which is a physical correct model up to 3-4 switchyards away from the units. The 

remaining power grid is modelled as various equivalents for different parts of Sweden grid and its 

Nordic countries. 

- The 220 kV grid is a quasi-physical model. 

- The units stand-by 70 kV grid uses the TSO model as a base and includes more extended model data of 

the included hydro power plant and the most important the closed located gas-turbine station. 

 

In recent years an intensive work is in progress to get into a continuously operating process to include 

the requirement of component data as a requirement in the contract with our suppliers to continuously 

update the models of the units. A major difficulty is to get a good understanding of the reason to why it is 

importance to develop electrical dynamic simulation models with sufficient good models to give 

simulation results. 

A lot of effort has also been done to document the models, which is divided into different parts; one 

for each unit and the one for the 400 kV, 220 kV and 70 kV grid. 
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7. Studies 

 

Around the millennium the focus on the studies was to verify the capacity of the diesel-generator set 

for the safety busbar according to RG 1.9. It has continued been an important study to make and to develop 

the accuracy of the modelled object in diesel supplied safety busbar, including the speed and voltage 

regulator of the diesel-generator set. 

 

Network disturbances occur occasionally and are of various kinds. The nuclear power plants are 

designed to cope with a majority of the disturbances with which occurs with different frequencies. Further 

in the report some of the studies that have been made at Forsmark will be described.  

 

After the event of 25 July 2006 a major 

study of disturbances in the off-site grid that 

can affect two or multiple trains of the 

internal power system was started. The 

incident shows that failure other than the 

three-phase short-circuit may affect internal 

power system in a negative way. The study 

included calculation of voltage profile in the 

generator busbar and internal grid e.g. the 

non-safety busbar in Forsmark 1, 2 and 3 at 

one-, two-and three-phase fault in the off-

site grid. 

    Figure 5. Location of the faults. 
 

 
Figure 6. Generator busbar voltage at load rejection unit 1 and the remotely three-phase fault at  

  unit 3. 
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One other condition that has been studied is 

behaviour of motors in the units at decreasing network 

voltage in the cases of generator not connected and 

generator in-service. The first case with the generator 

not connected is a worst case scenario and the trip 

times for thermal motor overload protections in the 

auxiliary system has been calculated. The simulation 

was performed with all motors connected to both the 

safety and non-safety busbar. The used voltage profile 

had a slope of -0.015 p.u./min and -0.03 p.u./min and 

different active power operating points. Initially the 

bus voltage at the safety busbar was 85 % and then it 

decreased to 65 % of nominal voltage for calculation 

of minimum delays to thermal trip with decreasing 

voltage. The value 85 % is because of it is the lowest 

voltage value according to the TSO regulation and 

65 % is the voltage value at which the diesel-generator set Figure 7. Principal sketch of the network 

set will receive the order to start.    modelled at slow decr. voltage. 

The study shows that the shortest delay is 48.9 s for unit 3 which was the basis for the introduction of an 

under-voltage protection at 85 % and trip time of 10 s. 

 

The second study which is a more realistic case deals with slowly decreasing network voltage in the 

400 kV off-site grid with the generator in operation and how this can affect the auxiliary power system 

with special attention of the motors on the diesel feed safety busbar. Normally, when the main generator is 

in service, a situation with slowly decreasing network voltage should occur. The voltage on the generator 

busbar is kept constant up to the level of the stator and/or rotor current limiters. There may be several 

causes of decreasing network voltage but a high load level in combination with branch elements and 

production sources out of-service are often involved. 

It is very difficult to predict the risk for slowly decreasing network voltage but the risk cannot be 

disregarded. The result is to reveal if motor thermal overload protection will start and possibly trip or 

asynchronous motors to stall or if it is a risk for an out-of-step condition. 

At the renewal of the new switchyard at the 70 kV second source different type of studies has been 

done as: 

 

- F1 - Restart of internal auxiliary power system via the 70 kV grid 

- F3 - Restart of internal auxiliary power system via the 70 kV grid 

- F1/F2/F3 - Restart of three blocks through 70 kV grid 

- F1/F2/F3 – SBO (Station Black-Out) and restart of all three units by the 70 kV grid 

- Reactive compensation in new 70 kV switchyard based on the needs of the F1, F2 and F3 

 

The purpose of the simulation was to study necessarily short-circuit power in the 70 kV grid to restart 

the internal auxiliary power system. Also to develop the logic to senses when the grid starts to be weak 

which for unit 3 is a signal that it is necessary to limit the non-safety start sequence? The study also include 

testing of the logic to restart the three unit in sequence, to cope with the transformer inrush current to not 

affect the relay protection in the gas turbine station connected to the 70 kV switchyard. 
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Last year the focus has been on open-phase condition studies. According to the event in unit 3 May 

30, 2013 has a studied the cases includes that one or two breaker poles still is closed when the signal to the 

breaker has to trip (open all three phases). The studies that have been performed for unit 3 and similar 

cases have been studied for unit 1. 

 

- Single pole failure (still closed) at 400 kV unit breaker during outage 

- Single pole failure just before synchronize of the generator breaker after outage 

- Single pole failure at 400 kV unit breaker at low active power from the generator 

- Single pole failure at 400 kV unit breaker during normal power operation equivalent 

- Two pole failure (still closed) at 400 kV unit breaker during outage 

- Single pole failure (one pole does not close) of 400 kV unit breaker at synchronization after house load 

operation 

- A case similar to Byron 2 event, with one phase open at the unit breaker and an earth fault on the 

generator step-up transformer side of the breaker 

- Sensitivity study of the electrical machine model because we do not have any negative sequence data 

of the machines 

 

There are some technical differences between unit 1 and 2 and unit 3. The first two units have each 

two turbin-generator trains with splitting of the switchyard with different transmission line of the off-site 

grid. The unit 3 has one turbin-generator train and the off-site grid has two lines from the switchyard. 

Precondition for the simulations has been to have reasonable low short circuit power (worst case scenario) 

for each study case of the external grid. Different loading condition in the internal distribution system 

depending on the studied case. 

The conclusion so far is to include equipment that detect unbalanced condition at cold and hot 

shutdown reactor and at heating before synchronizing and secure that the generator quickly will be 

disconnected from the external grid at out-of-step condition caused by unbalanced condition. FKA has an 

ongoing project to include a protection for the open phase case. 

The studies of the open phase condition will continued with this type of fault in the internal power 

system and in the 70 kV grid, when the units has it power supply from the 70 kV grid. 

 

8. Conclusion 

 

As has been presented in this paper, Forsmark has been working for some years to developing detailed 

models and carrying out studies. An experience related to the disturbances Forsmark has suffering from is 

that these events, based on what we know, are initially not analysed. 

The future planning is focused on unconditional work with participants to find out faults that need to 

be analysed in order to obtain weaknesses in the units’ electrical system, which can then be addressed with 

some form of protection function. 

The models will continue to be developed depending on the modernisation of the units, and continued 

be more detailed, depending on what will be needed for the future studies and limited to what can be 

received from the contractors or subcontractors. 
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