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ABSTRACT 

The paper deals with system of electrical power supply inside NPP on AC and DC 
safety buses. The goal is to evaluate performance of the computer program APROS for 
simulations of electrical systems and comparison with full scope simulator of NPP Krško. The 
computer program APROS is capable of modelling the entire nuclear power plant, from the 
core, the thermohydraulic analyses of the primary coolant loop, secondary system with 
turbine and condenser, to the electrical connection to the network. The developed electrical 
model is applied to simulate the responses of the diesel generator when switching-on and off 
the electrical loads in the case of station blackout signal (BO signal). The model consists of 
basic elements of the electricity network, like outside high-voltage network, transformer, 
switch, inverter, battery, loads and generator. Ensuring the powering of the safety equipment 
is of key importance, as it provides heat removal from the nuclear reactor core in case of 
accidents. 

  

1 INTRODUCTION 

All nuclear plants have redundant emergency electrical systems that are designed to 
provide backup AC and DC power to emergency safety equipment if normal sources of 
electrical power are lost. If normal AC power is lost, each diesel generator (typically a 
minimum of 2 per unit) starts to provide electrical power to a safeguards electrical load center 
(also called switchgear or bus). Each bus then supplies power directly to important 
electrically-driven components such as: Centrifugal Charging Pump (CP), Essential Service 
Water pump (ESW), Component Cooling pump (CC), Auxiliary feedwater pump (AF), 
Containment Air recirculation fans, Control Room Chiler, Boric Acid transfer pump… 

 Loss of off-site power (LOOP) and undervoltage on each of the emergency Class 1E 
6.3 kV bus initiate the bus strip and start of each 3.5 MW emergency diesel generator [5]. The 
diesel shall be started up in less than 10 seconds and loaded sequentially (blackout sequence) 
to avoid overloads.  
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The present paper gives an overview of the recent progress made on modelling 
electrical system with computer code APROS, after the diploma thesis entitled [6]. The 
second chapter deals with model description of NPP Krško electrical distribution system 
created in APROS code. The third chapter focus on validation of this model against numerical 
simulation with NEK full scope simulator of NPP Krško. 

The Advanced Process Simulation Environment (APROS) has been developed by 
Fortum Nuclear Services Ltd (FNS) and Technical Research Centre of Finland (VTT). 
APROS provides tools, solution algorithms and model libraries for fullscale modelling and 
simulation of dynamic processes different power plants. APROS model of plant, including all 
the main process, automation and electric systems and using it extensively for safety analyses, 
dynamic process and automation testing, training simulators, optimization etc [1]. 

2 CALCULATION MODEL 

2.1 Electrical systems in the APROS code 

The APROS electrical system provides dynamic models for calculating the electrical 
power consumption and production in the very large network in real time. In APROS it is 
supposed that the three-phase network is symmetric. APROS three-phase power grid models 
are made for symmetric conditions, that is, single phase line breaks and short circuits can not 
be simulated. The network model is based on the Norton equivalent circuit model 
complemented by the Kirchoff's current law. In the calculations are used complex value 
variables for voltage U, current I, impedances Z  and admittances Y. The complex node 
voltages are solved from complex equivalent currents associated with the nodes. The sparse 
matrix technique is used to solve the matrix equation. Nonlinearities involved are linearized at 
the end of each time step. The frequency is calculated for the separate parts of the network. 

The modules of the electrical system can be used to simulate both alternating current 
(AC) and direct current (DC) electrical circuits. The APROS models library includes 
components like el. node, switch, line, load, generator, transformer, direct current source, 
battery, DC/DC converter, inverter and AC/DC converter [2].  

Process components like pumps, motors and valves can also be connected to the 
electrical bus bar (node). The connection can be either on/off-type for small devices or a fully 
dynamic one, resulting in changing load and speed according to motor torque specification. A 
generic shaft component can be used to provide a fully dynamic connection between turbine 
sections, motors and generators. 

2.2 AC and DC electrical distribution systems on different voltage level 

The onsite Class 1E AC, DC, and AC vital bus Electrical Power Distribution Systems are 
divided into two redundant and independent AC electrical power distribution subsystems and 
four independent and redundant DC and AC vital bus electrical power distribution subsystems 
in the analysed internal electrical system of NEK [3], as seen on Figure 1 . 
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Figure 1:  The onsite Class 1E AC vital bus power distribution system (GT, T, TD 
transformer, DG diesel generator, LD bus, MP motor pump)  

The created electrical system in the APROS code contains electricity production, plant 
electricity consumption and 110 kV and 380 kV external grids (Figure 1). The internal 
electrical system of the plant is composed of the power lines at 21 kV, 6.3 kV, 400 V, 128 V 
and 118 V. Between the voltage levels are switches and transformers. 

The generator G1 is connected to steam turbine with shaft to a 21 kV bus through the 
generator main switch. The main transformers GT1 and GT2 connect the 21 kV bus to 380 
kV bus. The internal consumption of 6.3 kV is connected to 21 kV bus via the transformers 
T1 and T2. Unit transformers T1 and T2 supply power to for different voltage levels (6.3 kV, 
0.4 kV, 0.128 kV and 0.118 kV) with several buses. Electrical devices like pumps are 
connected to buses and their functioning depends on the electricity supply. If the electricity is 
not available the pumps will stop. Therefore, the 6.3 kV line is connected to a 110 kV 
switchyard from the transformer T3 to ensure safe operation of the plant. If electricity from 
external is not available, BO signal is started. The internal consumer is modelled with load 
modules, which include components like motor valves, control room chillers, charging 
pumps, air compressors, containment cooling fans and fan cooler units. 

The figure below illustrates the configuration of direct current system (DC), that 
consists of two sources of 125 V DC power (Class 1 E). Each source has its own battery, 
battery charger and distribution bus. Buses have also a common charger which is normally in 
reserve. Normally in operation, the batteries are kept fully charged by the battery charger.  
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Figure 2: Direct current system, Class 1E (BAT battery, MCCD bus) 

 
Figure 3: 118 V instrument power system, Class 1E  

(MCCD, LS, EE, DC busses) 
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The 118 V instrument power system is divided into for buses (Class 1 E) and two buses 
(Non-Class 1 E). The function of the inverter is to provide AC electrical power to the vital 
buses. Normal power supply to the inverter is 400V AC from the motor control center 
(MCCD). Emergency input to the inverter is from the 125 V DC bus. If AC fails, the DC 
input will supply the inverter instantly. The inverters can be powered from the 125 V DC 
buses which are energized from the station battery and/or battery chargers Figure 2. The 
station battery and the inverters provides an uninterruptible power source for the reactor 
protection and safety features instrumentation and control channels I, II, III and IV [4]. 

2.3 Starting diesel and BO signal 

If an undervoltage condition exist on the bus MD1 and/or MD2, “BO” signal is 
generated, and initiates the following automatic actions: 

• Trip of all 6,3 kV loads on the affected bus except classes 1E substation 
transformers and centrifugal charging pumps (Strip signal) 

• Block auto-start signals for all 6.3 kV and 400 V components, which could start 
due to process condition (Strip signal) 

• Start DG associated with the affected bus. In 10 sec DG will reach synchronous 
parameters (6.3 kV; 50 Hz) and will be connected on the bus if following 
conditions are met: 

- Supply breakers from T1 and T2 transformers opened, 

- Synchronous control switch for affected bus in ON position, 

- Supply breaker from DG to the bus in NEUTRAL position,  

When DG supply breaker is closed  BO sequencer will sequentially load equipment on 
the 6.3kV and 400V busses. 

3 VALIDATION AGAINST NEK FULL SCOPE SIMULATOR 

The developed electrical model is applied to simulate the responses of the diesel 
generator when switching-on and off the electrical loads in the case of station blackout signal 
(BO signal). The results are compared with NEK full scope simulator, which response is very 
close to the real NEK. Simulation starts after undervoltage on the associated 6,3 kV Class 1E 
bus MD1, BO signal striped all selected bus loads including all non-Class 1E loads and start 
DG1 after 10 seconds. The bus MD1 is than reloaded in the BO sequence shown in table 1. 
During the first 50 seconds of simulation the main essential pumps for safety charging pump 
(CP), Essential Service Water pump (SW), Auxiliary Feedwater pump (AF) and Component 
Cooling pump (CC) are being switch-on the bus MD1. 

Table 1: BO sequencing 
 

Time Equipment 
0 sec Cent. Charging Pump (CP) 
5 sec Essential Service Water pump (SW) 
10 sec  Component Cooling pump (CC) 
20 sec Auxiliary feedwater pump (AF) 
25 sec Cont. Air recirculation fans (VA) 
5 min Control Rooom Chiller (CZ) 
30 min Boric Acid transfer pump (BA) 
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This emergency loads should not exceed the diesel generator short-term (30 minutes) 
rating of 4178 kW and a  long-term rating of 3893 kW.  Starting a large pump motor at full 
voltage may cause overloading diesel, if timing of loads are not carefully selected in 
sequence. The sequence is selected, based on the importance of loads in fulfilling the safety 
functions. After the first few seconds when the motor begins to rotate the starting current is 
often higher than 6 to 8 times the normal full load current, as seen from simulations on Figure 
5. 

 
 

Figure 4: Comparison of active, reactive and apparent power and starting 
current  of motor Charging pump (CP)  

 

Figure 4 shows the response of active, reactive and apparent power and starting current 
of pump motor CP between the model APROS and NEK full scope simulator. The maximum 
power occurs when the motor pump is started. The active power is calculated from the 
volumetric flow, head efficiency of the pump and the efficiency of the pump and motor. The 
electric current consumed by the pump than is calculated from total power and voltage of the 
busbar. 

When the pump motor is starting the active power simulated with APROS model is 
lower and reactive power is greater than the power of simulation in NEK full scope simulator, 
as can be observed in Figure 4. The relationship between apparent and active power defines 
the power coefficient (𝑐𝑜𝑠𝜑) of the pump when the motor is started. In APROS model this 
attribute is much lower during the time of starting motor and then changes to normal value. In 
NEK full scope simulator active and reactive power in the time of starting has the same 
amplitude. Response of the apparent power in both case are similar. Starting current is 
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linearly dependent on the apparent power, as well as response of starting current. Curves are 
different due to voltage and frequency regulation of DG1 between the model in APROS and 
NEK full scope simulator.   

The method of starting a pump motor is direct, that means by closing a contactor and 
allowing the motor to start at full rated voltage. For squirrel cage motor with double rotor 
windings starting moment will be as high as to 2 times its normal full load running moment 
and starting current will be 6 to 8 times higher than nominal is. The ratio of the starting 
current and current in normal operation is also depend on the number of pole pairs and motors 
with higher number of pole pairs has higher leakage reactance and therefor for starting needs 
more reactive power.  

 
Figure 5: Comparison of starting current for motor pumps: Charging pump (CP),  

Essential Service Water pump (SW), Component Cooling pump (CC) and Auxiliary 
Feedwater pump (AF) 

 

Figure 5 shows a comparison of starting currents for motor pumps CP, SW, AF and CC 
between the model APROS and NEK full scope simulator. Amplitude of starting current for 
the CP pump is to about 20% higher in model APROS. For other pumps are amplitudes about 
the same. The time when motor pump reach current peak is a little shorter for motor pump CC 
due to lower inertia of the total thermal hydraulic and electrical system in APROS model. 
Current values in steady state for motor pump CP is higher, for SW lower, for CC matches 
and for AF is about 50% lower in model APROS than in NEK full scope simulator. 
Mismatches in steady state current are due to the different load pumps because the 
simplification of thermal hydraulic system of pipes  and branches in model APROS.  
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Figure 6: Comparison of voltage, frequency and active power for  

diesel generator DG1 on BO signal 

Figure 6 shows a comparison of voltage, frequency and current for diesel generator 
DG1 on BO signal between the model APROS and in NEK full scope simulator in the first 50 
seconds of BO sequence. The voltage and frequency depend on the size of the loads 
connected to DG1. Simulation model in APROS include main charging pumps (CP, SW, CC 
in AF) and estimated sum of smaller loads which are connected on 6,3 kV bus in the first 50 
seconds of simulation. The amplitudes of diesel generator current are the same in steady state 
and a little different in transients. The responses of voltage drops in the model APROS are 
smaller because the voltage regulator settings are not the same than in NEK full scope 
simulator. Also the frequency gain depends on voltage drops and frequency regulator settings  
of diesel generator.  
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5 CONCLUSIONS 

The developed electrical system simulation model of the electrical network of a nuclear 
power plant Krško includes electricity production, plant electricity consumption and external 
grids. This makes it possible to study the impact of possible failures in electrical network on 
the process or to make sure that each component gets enough electric power in every 
situation. Electrical transients, such is station blackout or loss of offsite power could also be 
simulated. 

Results in model APROS and comparison with NEK full scope simulator shows a good 
agreement in start up transient calculations (e.g. motor connected to a pump in the pipe 
network). Also the start up diesel or synchronization the main generator back to the main grid 
can be emulated.  

Because APROS three-phase power grid models are made for symmetric conditions, 
that is, single phase line breaks and short circuits can not be simulated exactly. However 
APROS can simulate very large integrated networks in real time - as required for instance in 
training simulators. 
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