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Abstract 

Hybrid electric power distribution systems are emerging rapidly in recent years in the industry for reasons 

such as the flexibility to integrate multiple sources. This allows the power systems to operate with maximum 

efficiency, thus reducing the GHG emissions produced. Integration of different power sources can be 

achieved using AC as well as DC distribution systems. 

 

Conversion of electric power from AC to DC and DC to AC is inevitable in integrated power systems. 

Conversion process of AC to DC and DC to AC includes but not limited to six pulse bridge (diode or 

thyristor), voltage source converter / inverter.  Use of power electronic devices which is a necessity in the 

power conversion and causes non-linear current draw from sources leading to excessive distortion in power 

systems unless appropriate filters are used to mitigate them. 

 

Hybrid power systems can be configured using multiple sources such as generators, batteries, fuel cells and 

super capacitors etc. and optimising them in order to get the maximum benefits. Configuration of  hybrid 

power systems to operate minimum number of generators at optimum operating points and arranging the 

energy storage devices to perform peak shaving and providing any shortage of power until the next suitable 

generator starts load sharing will ensure stable power system without reducing the power to thrusters to 

provide sufficient thrust demanded by the DP control system. The process could be used to reduce fuel 

consumption significantly thereby reducing the emission.  

 

Since the technology is new and emerging rapidly, studies are required to understand the mode of failures 

of power electronic systems and their effects without treating them as black boxes in order to provide 

adequate mitigation methods against these failures for application in DP Class 2 or 3 vessels. Lack of 

comprehensive analysis on systems associated with power electronic devices are common in the industry. 

 

This paper presents mathematical modelling and simulation of a Hybrid DC distribution system using 

storage batteries  sources in PS-CAD EMTP suitable for a DP-2 vessel. Simulation results will be presented 

to demonstrate several failure modes and their effects. 
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Abbreviation / Definition  

ABS - American Bureau of Shipping 

AC - Alternating current 

AFE - Active Frond End 

APMS  - Advanced Power Management System 

AVR - Automatic Voltage Regulation 

DC - Direct Current 

DP - Dynamic Positioning 

EEDI    - Energy Efficiency Design Index 

EEOI    - Energy Efficiency Operating Index 

EEXI    - Energy Efficiency Existing ship Index 

IEEE - Institute of Electrical and Electronics Engineers 

IGBT - Insulated-Gate Bipolar Transistor 

PMS     - Power Management System 

PWM - Pulse Width Modulation  

RMS - Root Mean Squire 

SOC     - State of Charge 

SVM - Space Vector Modulation 

THD - Total Harmonic Distortion 

VFD - Variable Frequency Drive 

VSC - Voltage Source Converter. 
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Introduction 

Due to the increased demand in emission reduction for a sustainable environment, significant research has 

been conducted to find effective solutions to reduce environment pollution. Hybrid power systems can be 

configured to improve EEXI and EEDI by optimising the power plants so that just enough generator 

capacity is used at a given time to supply the load demand and transient loads are absorbed by the battery 

storage devices. This arrangement can reduce the amount of fuel consumed by the generators to supply the 

load demand  without any excessive power on the network. If any excessive power is available, then that 

power can be used to recharge the storage devices. This arrangement can be configured to operate the 

generators at optimum operating points for example 80% of the total capacity. It will be required to have 

generators with different capacities in order to select the correct combination based on the load demand as 

opposed to connecting generators based on the sequence selected in current PMS systems. Advanced power 

management systems (APMS) can be used for selecting the optimum combination of generators based on 

their capacity to serve the load demand and to charge the batteries when there is excessive power in the 

network or to charge when the batteries are depleted below a certain level of charge to ensure that batteries 

have sufficient charge to support step load demand changes. 

 

Power distribution systems can be Alternating Current (AC) or Direct Current (DC) in hybrid power 

systems. If AC is used then the battery power has to be converted to AC using inverters before feeding to 

the AC switchboard. If the power distribution system is DC, then all the generator power must be converted 

to DC using rectifiers. Batteries can then feed the DC bus directly if the batteries are arranged to have the 

same DC voltage as the DC bus voltage, otherwise DC to DC converters can be used to boost the battery 

voltage to match the DC bus voltage. However, there will be challenges in load sharing of batteries with 

the generators (AC or DC) to supply the load only when the load is above the generator capacity until the 

next suitable generator is started. This will require a comprehensive control algorithm to ensure that the 

system is operating efficiently as per the design concept. Another challenge is to implement effective 

protection systems to mitigate against fault propagation from one redundant group to another and voltage 

dip ride through capabilities of consumers if a closed bus configuration of power plant is implemented for 

maximising efficiency. 

 

There are numerous technical papers proposing novel concepts of DC distribution systems suitable for ships 

offering several benefits over AC distribution systems. However some system suppliers claim that AC 

power systems are more beneficial than DC distribution systems. There is aa few Dynamically Positioned 

(DP) ships equipped with DC systems in the industry. Studies undertaken by some system providers claim 

that DC systems offer reductions of fuel consumption, flexibility in integrating several renewable energy 

sources with DC systems, ability to operate generators independently at different frequencies without 

synchronising them and reducing the risk of common mode failures in generators etc.  

  

Operating engines at variable and optimum speeds is one of the benefits of DC distribution systems as fuel 

consumption can be reduced significantly. Electrical power storage devices such as super capacitors, 

storage batteries and fuel cells may be integrated to absorb the nonlinearity of thruster dynamics such that 

generators can continue to operate at optimum speeds. One of the disadvantages of DC systems is the energy 

dissipated within the DC circuit breakers requires a higher capacity as compared to AC circuit breakers due 

to the fact that DC power by nature does not possess zero crossing of the current. However, efficient 

protection systems can be achieved by using current limiting functions associated with power electronic 

devices before opening circuit breakers mechanically. The current limiting functions reduce the power 

dissipation across the circuit breakers caused by non-zero crossing DC current. This paper presents 

mathematical modelling and simulation of one redundant group of a DC hybrid system with storage 

batteries suitable for a DP-2 vessel using PS-CAD EMTP. The system model is used for demonstration of 

performance and some failure modes of the system. Reference can be made to Modelling and Simulation 



Sen Abhayasinghe Power System Design Fault Analysis of DC Hybrid System 
 

 

 

MTS DP Conference - Houston October 10 - 11, 2023 Page 4 
 

 

of HVDC Distribution System suitable for DP Ships [Ref 1] for details of the different power conversion 

methods and modelling generators, VSC and L-C-L harmonic filter with active damping used in this paper. 

DC Hybrid Power System 

DC distribution systems can be considered as an extension of multiple DC links that already exist in 

Variable Frequency Drives (VFD) and thus AC to DC conversion in VFDs can be eliminated. This concept 

provides benefits of integrating AC sources in DC format (after converting to DC) and mitigate against 

failures of AVR and Governors of AC generators causing global effects in closed bus operation. An 

overview of a DP-2 hybrid DC battery and generator power system with two redundant groups is depicted 

in Figure 1.  Each redundant group of the system consists of two generators and one battery bank feeding 

two thrusters and one AC switchboard used for feeding auxiliary systems. The output of the generators is 

connected to DC bus after converting to DC using AC to DC rectifiers. Batteries are connected to the DC 

bus through DC to DC converters which can operate in buck and boost mode to match the DC bus voltage 

and to facilitate charging and discharging of the battery as necessary.  
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Figure 1 An overview of a DC Hybrid system with two redundant groups of a DP-2 Vessel 

The system can be configured as two independent redundant groups or as a single power system by closing 

the bus tie circuit breaker. Conversion of AC to DC can be achieved by various methods such as the six 

pulse diode rectifiers, thyristor rectifiers or voltage source converters . In this case, the generators do not 

have to operate in synchronization and a failure of one generator does not affect others in the network, 

rather there is a reduction of available power. The DC bus voltage can be maintained at a constant voltage 

in a  system where power conversion is done using diode rectifiers by controlling the excitation of the 

generator feeding the diode bridge. Firing angles of thyristors can be  used to control the DC bus output 

whilst pulse width modulation is used in VSCs to maintain the DC bus voltage during various load 

conditions. DC to DC converters operating in buck and boost modes can be used to integrate batteries with 

the DC power system so that batteries can be charged in buck mode whilst batteries can provide power to 

the DC bus during boost mode, where the converter is capable of controlling the power flow to/from the 

battery bank.  



Sen Abhayasinghe Power System Design Fault Analysis of DC Hybrid System 
 

 

 

MTS DP Conference - Houston October 10 - 11, 2023 Page 5 
 

 

Voltage Source Converter 

An overview of the VSC used in this paper is depicted in Figure 2. The VSC is modelled using IGBTs 

whilst the DC bus voltage is maintained by using space vector modulation. Independent control of the d 

and q axes is implemented as the input electrical power to the VSC is provided by a salient pole synchronous 

generator in which reactance of d and q axes are different. A cascade control system for outer voltage (DC 

and AC) and inner current (load current) is implemented for maintaining robust and constant output voltage 

at the VSC output at different loaded conditions.   Tuning of  inner current outer controllers was done 

independently in the d and q axes using a combination of optimisation techniques consisting of modulus 

optimum, symmetrical optimum and simplex optimisation in order to obtain the best performance of the 

cascade control system. Validation of the VSC was done by comparing the calculated values and measured 

values of power transfer from AC to DC, voltage levels and their response to disturbances. 
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Figure 2 Voltage Source Converter for converting AC to DC 

Standard Kirchhoff’s voltage law is used to model and analyse a VSC powered by a salient pole generator 

and thus the supply voltage at the input of the VSC can be expressed in equation 1 below. The system 

modeling of the VSC is based on this transfer function.  

 

cbacbacbaabc iRVi
dt

d
LE     1   

Where Eabc, Vabc and iabc are generator output voltage, input voltage at the converter and the generator 

output current whilst L and R are inductance and resistance between the generator and the converter. 

 

Please refer to Modelling and Simulation of HVDC Distribution System suitable for DP Ships [Ref 1] for 

details of the modeling and verification the VSC.  

Battery Model and DC to DC Converter 

The battery model and the DC-DC converter are selected from the PS-CAD examples that are validated by 

PS-CAD system engineers. These systems are re-configured for the requirement  of this model. Reference 

can be made to books Power electronics Converters, applications and design – Ned Mohan et el and Moden 

Power electronics and AC Drives of Bimal K Boss for details of DC to DC converters. Design of the 

batteries and safety are not discussed in this paper as the purpose this paper is to analyse the failure modes 

and their effects on one redundant group of the complete integrated power system. 
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Details of the PS-CAD System Model  

Figure 3 depicts the PS-CAD system model used for this simulation. The generator, L-C-L filter, VSC have 

already been validated in Ref 1. The storage battery and the DC-DC converter models are validated by the 

PS-CAD system supplier. The required load is achieved by using a variable resister and indictor 

combination. The generator is rated at 2465 kVA and the battery is rated at 500 kWh with a rated voltage 

of 500 V. The generator output voltage is at 690V, and the DC bus is operating at 1.2 kV. The VSC converts 

690V AC to 1.2 kV DC and the DC-DC converter converts the battery voltage from 500V to 1.2 kV in 

boost mode. The DC-DC converter works on buck mode during charging mode of the battery. This model 

is used for simulation of various configurations and loading conditions in the next section. 
 

 

 
 

Figure 3 PS-CAD Model showing DG, L-CL Filter, VSC, Battery, DC-DC Converter and the Load 

 

System Simulation 
 

The purpose of battery hybrid system is to configure the system for various operating modes so that the 

generators are able to operate at maximum efficiency operating points. The maximum efficiency operating 

points are not same for all the generators, but they vary with the manufacturers. Most of the generators 

operate optimum in the range of 80% to 85% of the capacity of generators. This analysis considers 

maximum operating point as 80%, however the operating point can be varied depending on the specific 

parameters of the generator.  

 

Case 1 Performance of the VSC 
 

Figure 4 shows the simulated results of the DG only mode without the use of any battery power. The top 

graph shows the DC bus voltage and the VSC output voltage for during load change from zero to 2 MW in 

steps of 0.5MW. This proves that the DC bus voltage can be maintained at 1.2 kV throughout the load 

variation from zero to the maximum. The battery voltage is at 0.5kV and battery power delivered is zero 

(middle graph) throughout the period. This indicates that battery is not delivering any power to the load. 

The middle graphs show the power measured at the main bus and at the VSC output from zero to 2 MW. 

The bottom graphs illustrate the DG load from zero to 2MW of load demand. Although there are inductive 

components in the system, the green graph at the bottom of figure 4 shows that the reactive power drawn 
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from the DG is zero throughout the period of load variation from zero to 2MW. This is because the VSC is 

tuned to draw zero reactive power from the DG and the reactive power demand is provided by the VSC and 

the system is operating at unity power factor.   
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Figure 4 Simulated result showing only the DG feeding different the load levels 

Case 2 Peak-shaving in hybrid mode 

Figure 5 depicts the simulated results when the load demand is increased to 2.5 MW whilst the maximum 

output of the VSC is set to 2 MW (about 80% of the DG). The deficiency of 0.5 MW has to be supplied by 

the batteries. The control system should be optimised to allow the battery to supply only the shortfall of 

power based on the load demand so that the power system is operated efficiently. The simulated results 

show that the two sources, DG and battery, supply the power to the load as per the PMS setup. It can also 

be seen in top graph that the DC voltage (VSC, DC-DC converter and DC bus) drops by about 0.1kV for a 

short period of less than 0.5 seconds when the battery starts load sharing. The battery took about 1 second 

to take the allocated load of 0.5 kW as shown in middle graph. It seems that this is within the acceptable 

limits and the response time can be reduced further by tuning the DC-DC controller if needed. The battery 

voltage can be seen as constant during the period of 3 seconds of battery discharge in top graph; however, 

the voltage can reduce during continuation of the discharge. The DC-DC converter will maintain its output 

voltage at 1.2 kV in boost mode. The State of Charge (SOC) of the battery has dropped from 40% to 39.9% 

during this 3 second period as seen in the bottom graph. Figure 6 shows the simulation results of the model 

when the VSC output is restricted to 1.5MW as shown in the middle graph. Then the PMS increased the 

battery supply to 1 MW to meet the load demand as the battery current is increased to 2 kA as shown in top 

graph. The SOC is reduced to 39.8% as shown in bottom graph. This shows that PMS can be configured to 

set the DG load limitation and to supply the rest of the power by battery for peak shaving. The system 

shows that 1 MW of step load is handled by batteries within 2 seconds without destabilizing the power 

system.  
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Figure 5 Simulated result showing VSC providing 2MW and battery providing 0.5MW 
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Figure 6 Simulated result showing VSC providing 1.5MW and battery providing 1.0MW 
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Case 3 PMS failure to allocate correct amount of power in Hybrid mode 

 
Figure 7 shows the simulated results for system performance under PMS failure to allocate the correct 

amount of power to the  batteries in hybrid mode of operation. The failure occurred when the DG was 

delivering 2 MW (80%) of power for optimum operation. Batteries were supplying 0.5MW for load leveling 

when the power demand by the load was 2.5MW. Approximately 9 seconds after starting the simulation, 

the PMS allowed the batteries to supply 1.0MW of power as the result of a signal  error. As can be seen in 

the middle graph, the batteries started providing the load and delivering 1 MW at around 10.5 seconds. 

Then the DG started reducing its contribution to 1.5 MW causing the DG to operate outside the optimum 

operating point. This will cause the DG to consume more fuel and increase emissions. On the other hand, 

batteries started discharging unnecessarily requiring more charge cycles leading to reduce the lifetime of 

the batteries. The collective effect of this failure affects the benefits of hybrid system operating in optimum 

efficiency.  Therefore, consideration should be given to understand these failures and providing secondary 

protection to mitigate against these failures.    
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Figure 7 Simulated result showing PMS failure to limit the battery power 

 

Case 4 VSC failure in Hybrid mode 

 
Figure 8 shows the simulated results of VSC failure during hybrid operations. As can be seen in the figure, 

the VSC failed about 6.2 seconds after starting the simulation on hybrid mode when the VSC was supplying 

the total load demand of 2 MW. Batteries then took the full load of 2 MW within 2.6 seconds and supplied 

the increased load of 2.5MW in another one second. Bus voltage dropped to about 0.5 kV and recovered to 

1.2 kV in 4 seconds. The recovery time can be reduced by optimizing the DC-DC converter for fast 
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response. The results proved that batteries could take step load of 2 MW or more during hybrid operation 

if sufficient voltage dip ride through capability is available to the consumers. 
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Figure 8 Simulated result showing VSC failure during hybrid mode 

 

Case 5 Short circuit across an IGBT of the VSC  
Figure 9 illustrates the PC-CAD model of the VSC and the short circuit across the IGBT G3. The short 

circuit was made by connecting a circuit breaker across the IGBT G3 and closing the breaker about 7 

seconds after starting the simulation when the load on the system was 2.5 MW during hybrid mode. This is 

shown in the top graphs in  Figure 10 and Figure 11. The DC-DC converter output voltage started oscillation 

between 0.3 kV and 0.8kV immediately after the short circuit and VSC output started oscillation between 

0.2 kV and 0.8 kV at the same time as shown in the top graphs. The actual battery voltage was maintaining 

about 0.5 kV steadily during the faulted period. The output power at the DC-DC converter was fluctuation 

between 4 MW and 6 MW and the VSC was drawing approximately 2 MW from the batteries as shown in 

second graph from top. The battery output current was oscillating between 2 kA and 14 kA as shown in the 

bottom graphs. This means batteries were discharging fast the maximum discharge current can be limited 

at the DC-Dc converter. 

This failure is a serious situation when operating in closed bus operation as the entire power plant will be 

affected if a short circuit across an IGBT in the VSC occurs. However, the failure effects for other types of  

AC-DC converters may be different, thus it is important that proper analysis is carried out to determine 

whether adequate detection and protection methodologies are provided to mitigate against the failures. 

There is no significant difference in the response to battery SOC during the faulted period. 
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S/C ACROSS IGBT

 
Figure 9 VSC showing the short circuit across IGBT G3 
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Figure 10 Simulated result showing a short circuit across an IGBT of the VSC during hybrid mode 
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Figure 11 Simulated result showing a short circuit across an IGBT of the VSC during hybrid mode 

 

Case 6 Open circuit within an IGBT connection of the VSC  
 

Figure 12 shows the simulation results when open circuit of an IGBT connection between G5 and G2 in 

Figure 9 occurred in the VSC about 7 seconds after starting the simulation. The DC bus voltage is 

maintained at approximately 1.2 kV during the faulted period as shown in the top graph. Similarly, the load 

is not affected by this failure and the hybrid system continued to supply 2.5MW of load demand as seen in 

second graph from top. However, the power supply from the VSC is now reduced to 1 MW from 2 MW 

and the deficiency of 1 MW is taken over by the batteries. This shows that hybrid system (battery in this 

case) provides load demand rapidly without reducing the load.  Since this is a faulty situation, it is necessary 

to detect this fault and trip the faulty section and start another DG to feed the load before depleting the 

battery or causing further failures in the VSC, however the power system will not be immediately 

interrupted in this case. It is also important to study the increase in current through the healthy IGBTs and 

power electronics which require detailed analysis.  
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Figure 12 Simulated result showing an open circuit within an IGBT connection of the VSC during hybrid mode 

 

Case 7 Short circuit between two phases at the input to VSC 

  
Figure 12 shows the result of a short circuit between two phases at the input to the VSC. The short circuit 

was made by connecting a circuit breaker across the two phases of the input 690V AC supply to VSC and 

closing the breaker about 7 seconds after starting the simulation when the load on the system was 2.5 MW 

during hybrid mode. The short circuit time is shown in the top graphs in Figure 13. The DC-DC converter 

output voltage started oscillating between 0.4 kV and 0.6kV immediately after the short circuit and VSC 

output started oscillating between 0.2 kV and 0.6 kV at the same time as shown in the top graphs. The 

actual battery voltage was maintaining about 0.5 kV steadily during the faulted period. The output power 

at the DC-DC converter was fluctuation between 4.5 MW and 5 MW and the VSC was drawing 

approximately 2.5 MW of power from the batteries as shown in second graph from top. Battery output 

current was oscillation between 8 kA and 10 kA as shown in the bottom graphs.  

This failure is a serious situation similar to case 5 case when operating in closed bus operation as the entire 

power plant will be affected if phase to phase short circuit happens. The generator protection system may 

trip the generator, but the reverse power flow has to be delt with separately. However, the failure effects on 

other types of  AC-DC converters may be different (for example diode bridge prevent the reverse power 

flow), thus it is important that proper analysis is carried out to determine whether adequate detection and 

protection methodologies are provided to mitigate against the failures. There is no significant difference in 

the response to battery SOC during the faulted period. 



Sen Abhayasinghe Power System Design Fault Analysis of DC Hybrid System 
 

 

 

MTS DP Conference - Houston October 10 - 11, 2023 Page 14 
 

 

Main,CONVERTER,Unt it led_8,Untit led_7 : Graphs

sec 0.0 2.0 4.0 6.0 8.0 10.0 12.0  ...

 ...

 ...

-0.2 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

 (
k
V
)

MAIN_VDC1 S1_Vdc VH VL

-4.0 

-3.0 

-2.0 

-1.0 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

 (
M

W
)

MAIN_PDC1 S1_Pdc P_Battery

39.0 

39.2 

39.4 

39.6 

39.8 

40.0 

 (
%

)

State of charge

-2.0 

0.0 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

 (
k
A
)

Battery Current

FLUCTUATION OF BATTERY POWER BETWEEN 8 kA AND 10 kA

VSC ABSORBING ABOUT 2.5 MW FROM THE BATTERIES

FLUCTUATION OF BATTERY POWER BETWEEN 4.5 MW AND 5MW

S/C ACROSS TWO PHASES AT THE I/P TO VSC

CONSTANT BATTERY VOLTAGE BEFORE AND AFTER S/C FLUCTUATION OF VSC. DC-DC O/P AND BUS VOLTAGE

 
Figure 13 Simulated result showing the effect of S/C between two phases at the I/P of the VSC during hybrid mode 
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Conclusion 

The paper presents mathematical simulations (using PS-CAD) of one redundant group of a  hybrid electrical 

power system suitable for a DP-2 vessel.  Details of the complete system modelling is not presented in this 

paper as the purpose of this paper is to understand the effects of component failure as well as control system 

algorithm failures affecting the performance. For details of the theory and system modelling, reference can 

be made to “Modelling and Simulation of HVDC Distribution System suitable for DP Ships” - Dynamic 

Positioning Conference MTS 2018. 

 

The simulated results demonstrate that a hybrid system associated with storage batteries can be configured 

to operate efficiently and reduce the emission and operating cost by operating generators at the optimum 

point while the storage batteries will absorb the transient load changes. The simulation results demonstrated 

that storage batteries could provide power to step load demand (due to equipment failure or actual load 

demand). The model was simulated for 1 MW of step load demand and the system continued to operate 

smoothly whilst the generator was supplying 80% of its capacity and the batteries provided the step load 

demand of 1 MW.  

 

The simulated results demonstrated that batteries can be used as blackout prevention as the power system 

continued to operate as batteries took the entire load of 2.5 MW within a few seconds when the generator 

failure occurred. The system can be improved by further tuning for fast response to reduce the recovery 

time. 

 

The system demonstrated a fast response from batteries to take load when there was an open circuit of an 

IGBT causing reduction of output power of the VSC. The system continued to ride through as the batteries 

continued to provide power to the system.  

 

A short circuit across an IGBT or phase to phase short circuit of the AC input voltage to VSC caused 

complete failure of the system within a very short time. Therefore this kind of failure can lead to complete 

blackout during closed bus operation. This may not be applicable to all types of hybrid power systems and 

converters; thus it is important that analysis is carried out on a case by case basis to determine the cause 

failure and their effects.  

 

The author would like to suggest that detailed analysis of power electronic systems is carried out to 

determine the causes or failure and their local and global effects without treating them as black boxes that 

will not fail.  This is vital in understanding the impacts of different failures on the operation of the power 

system.  Further, the protection measures that are required to maintain operation of the system within DP2 

operating requirements needs to be ascertained. 
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