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Abstract 

Direct Current (DC) electrical distribution systems integrated with solar power, wind energy and storage 

devices (such as batteries, super capacitors, fly-wheels and fuel cells) seem destined to be the future for 

ships’ power systems in order to reduce environmental impact and save on the operational costs of assets. 

Rectification of AC voltage to DC on vessels with DC electrical distribution systems is currently derived 

using simple six-pulse diode bridges whilst the regulation of DC voltage is achieved by controlling 

excitation of AC generators feeding diode bridges.     

A Voltage Source Converter (VSC) using IGBTs with PWM algorithm and a synchronous generator 

feeding the VSC is modelled and in PSCAD and presented in this paper. VSC can be used to increase DC 

voltage up to +/- twice the source voltage. The synchronous generator can be replaced with the permanent 

magnet synchronous generator as DC bus voltage is controlled independent of excitation of the synchronous 

generator. Excellent efficiency of the power system is achieved by de-coupling the link between direct (d) 

and quadrature (q) axes to eliminate the cross coupling and controlling dq axes separately using cascade 

control systems in outer voltage and inner current loops so that zero reactive power is drawn from the 

generator.  

This paper presents modelling and simulation of a DC distribution system in PSCAD using VSC with State 

Vector Modulation (SVM). The simulation results demonstrated the existence of dominant higher order 

harmonics which can be mitigated by LCL filter with active damping. The simulation results demonstrated 

that the system is stable during all the loaded conditions from zero to the rated power including the response 

to step load in and off.    

Abbreviation / Definition  

ABS - American Bureau of Shipping 

AC - Alternating current 

AFE - Active Frond End 

AVR - Automatic Voltage Regulation 

BDFIG - Brushless Doubly Fed Induction Generator 

DC - Direct Current 

DP - Dynamic Positioning 

IEEE - Institute of Electrical and Electronics Engineers 

IGBT - Insulated-Gate Bipolar Transistor 

PCC - Point of Common Coupling 

PMSG - Permanent Magnet Synchronous Generator 

PWM - Pulse Width Modulation  

RMS - Root Mean Squire 

SG - Shaft Generator 

SVM - Space Vector Modulation 

THD - Total Harmonic Distortion 

VFD - Variable Frequency Drive 

VSC - Voltage Source Converter 
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Introduction 

With the development of high-power electronic devices, Direct Current (DC) distribution systems are 

becoming increasingly attractive to the marine and offshore industry. There are numerous technical papers 

proposing novel concepts of DC distribution systems suitable for ships offering several benefits over 

Alternating Current (AC) distribution systems. There are several Dynamically Positioned (DP) ships 

equipped with DC distribution systems in the industry. 

Studies undertaken by some system providers claim that the new concept offers reduction 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 

affecting the entire power system when configured close bus operation [01].  Experience on the existing 

electrical systems onboard vessels including podded propulsion systems have inspired some system 

suppliers to take electric propulsion one step further by developing more efficient DC electrical distribution 

systems suitable for ships [01], [02].  

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

as fuel consumption can be reduced significantly. This in turn facilitates reducing the carbon emission, 

consequently contributing ships to operate below the emission levels imposed by the regulatory bodies. 

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. Protection systems may be enhanced by using current limiting functions associated with power 

electronic devices before opening mechanical sections of circuit breakers [01], [03]. The current limiting 

functions reduce the power dissipation across the circuit breakers caused by non-zero crossing DC current.  

Combination of fast current limiting functions and fuses or mechanical circuit breakers may limit fault 

propagation from one redundant group to another in a common power system (e.g. two switchboards 

connected by a bus tie circuit breaker or two) by opening bus tie circuit breaker/s within very short period 

of time (0.3 milli seconds). Operational experience demonstrates that common power systems (close bus 

operation) reduce the power consumption by the use of minimum number of generators during low power 

demand and connecting standby generator/s when an increase in power is demanded.  

AC power systems operating in close bus operation need additional protection systems to mitigate failures 

affecting more than one redundant group. Failures of governors and Automatic Voltage Regulators (AVR) 

affecting entire power plant or perhaps causing blackout of the common power system are considered as 

such failures. The effect of voltage dip on the common power system, which may be experienced as a result 

of a short circuit in one redundant group has to be handled by designing consumers with the facility to have 

voltage ride through capabilities or other means. 

DC power systems that are configured for closed bus operation do not require generators operating in 

synchronisation as the load sharing is done at the DC distribution level. Voltage dip on a common DC 

power system may last only for a very short period as the isolation of an affected section from the healthy 

section is done by power electronics very fast. Therefore, voltage dip may not be seen by the consumers. 

DC power distribution system may now makes not only a superior system since it reduces the inefficiencies 

inherent with AC power distribution systems, but also the DC system will provide highly efficient power 

distribution and electric propulsion for a wide range of vessels from offshore support ships, to ferries and 

passenger vessels, and even container ships [01], [02], [03].    
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DC Distribution System    

DC distribution system can be considered as an improvement to conventional AC distribution systems 

having Variable Frequency Drive (VFD) driven propulsion systems consisting of DC sections in VFD. The 

concept of DC distribution system is extension of multiple DC links that already exist in VFDs. This concept 

allows integration of AC components with a new smart DC distribution. Each power group with its 

consumers is an AC or DC “island” as depicted in Figure 1. The system can be configured as two 

independent redundant groups or as a single power system with two redundant groups connected by a bus 

tie circuit breaker. Conversion of AC to DC is achieved by the six pulse diode rectifiers (Graetz Bridge). 

Generators are not operating in synchronisation and a failure of one generator does not affect another and 

the DC bus voltage is maintained at a constant voltage by controlling the excitation of the generators if 

implemented properly.  

The AC service load can be supplied by the AC distribution systems which are created by the two inverters 

operating at the system frequency of 60 Hz or 50 Hz depending on the need. Inverters feeding thruster 

motors are operating at different frequencies demanded by the required thrust to maintain the position of 

the ship. The DC architectures do facilitate connection of parallel components in redundant and modular 

systems without needing sensitive instrumentation and control systems as opposed to frequency control and 

phase synchronization that are needed in AC distribution systems. However, detailed analysis in terms of 

fault clearance and fault tolerance is required to assess the reliability of such systems [04], [05].  
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Figure 1 A DC Distribution System with two DC Switchboards operating in Common Bus Configuration 

Challenges encountered by the system designers in designing fault tolerant AC power systems suitable for 

DP vessels include the need for synchronization of the generators and control of reactive power flow, inrush 

currents of transformers, power system distortions and phase imbalances. The shipboard DC power systems 

contribute to fuel saving as compared to conventional AC systems by allowing prime movers to operate at 

their optimal speeds. It also offers further benefits of space and weight savings, and flexibility in locating 

equipment [07], [08]. Ability to use high-speed prime-movers, for example gas turbines is another benefit 

[06]. In addition to six pulse diode bridge converter, there are several other ways of converting AC to DC. 

These include converters in which output voltage is controlled by varying the firing angles of thyristors 

which introduce line notching and varying the pulse width of trigger pulses to Insulated-Gate Bipolar 

Transistor (IGBT) etc.  
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Six Pulse Diode Bridge  

Figure 2 depicts a basic construction of a six-pulse diode bridge whilst Figure 3  shows the input waveforms, 

output DC voltage and the conducting period of each diode within 360 degrees of a waveform. Equation 1 

is used to calculate the maximum output DC voltage which is 931.5 V DC if the generator output voltage 

is 690V AC. 
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Figure 2 A Six Pulse Diode Bridge 

 

 
Figure 3 Three Phase Waveforms, Output DC Waveform and Diodes showing their conducting regions 

𝑉𝑑 = 1.35 × 𝑉𝐿𝐿………………………………...1 

Where VDC (Vd)is the output voltage of the diode bride and VLL is the input RMS voltage of the diode bridge, 

Va, Vb, Vc are phase voltages, Id is load current Lo is output inductance, R is the load resistance.  
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Thyristor Bridge  

Figure 4 illustrates a Thyristor Bridge rectifier which is similar to six pulse diode bridge rectifier except the 

need for gate pulses to operate this rectifier. Trigger pulses are required to be arranged so that a pair of 

thyristors (one in the positive and the other in the relevant negative side) is triggered simultaneously so that 

the return current through the load back to the source is not blocked.  This is actually needed only at the 

start of operation in order to commence the current flow. Once the conduction is started, firing only one 

thyristor at a time is sufficient because the corresponding thyristor in the opposite leg remains conducting.    

 
 

Figure 4 Six Pulse Thyristor Bridge 

The DC output voltage of the thyristor bridge is controlled by varying the firing angle. The highest mean 

value of the DC output voltage is achieved when the firing angle is zero degrees and the DC voltage reaches 

its zero-mean value when the firing angle is 90 degrees. Output voltage of a thyristor bridge can be varied 

between zero and its maximum value by changing the firing angles.  The output voltage of a thyristor bridge 

can be given in equation (2) [09] [10]. 

𝑉𝑑 = 1.35 × 𝑉𝐿𝐿  ×  𝐶𝑜𝑠𝛼………………………...2 

Where VDC (Vd) is the output voltage of the thyristor bride, α is the firing angle of thyristors and VLL is the 

input RMS line voltage to the diode bridge. 

Figure 5 depicts input the three phase voltage waveforms (Va, Vb and Vc) at the thyristor bridge and the 

DC ripple voltage waveform (VDC) at the output of the thyristor rectifier when the firing angle is set to 10 

degrees. As can be seen in the waveforms, there are commutation notches in the input phase voltage 

waveforms. It may be considered that a momentary 'short-circuit' occurs when current flow changes from 

one thyristor to the other during input current phase change because both the incoming and outgoing 

thyristors are conducting during this time. Overlap starts when incoming thyristor starts conducting and is 

complete when incoming thyristor feeds the total load current. The period of overlap depends on the 

inductive reactance of the system and the load current. The time taken for the completion of current transfer 

from one thyristor to another is called overlap period or notch width. Line notching can also lead to thyristor 

misfiring when notch width exceeds the duration of the trigger pulse or when the notching produces false 

crossovers. These commutations notches produce power system distortions including characteristic 

harmonics and non-characteristic harmonics (sub harmonics and inter harmonics) [10].  

 

R

LO

VDC

IDC

GS

C
A

P
A

C
IT

O
R

T1 T3 T5

T4 T6 T2



Senananda Abhayasinghe Power and Design Modelling and Simulation of HVDC 
Distribution System suitable for DP 

Ships 
 

 

MTS DP Conference - Houston October 09 - 10, 2018 Page 6 
 

 
Figure 5 Input phase voltage and output DC ripple waveform of thyristor bridge when firing angle is at 10 degrees 

 

Active Front End Rectifier 

An Active Frond End (AFE) rectifier operating in Pulse Width Modulation (PWM) is depicted in Figure 6. 

This AFE rectifier converts AC to DC voltage using six IGBTs and six anti-parallel diodes connected across 

IGBTs. Power flows in both the directions from source to load (rectifier mode) and load to source (inverter 

mode). Unlike the diode rectifier, the AFE rectifier is able to maintain a constant DC voltage on the output 

by varying the pulse width of the PWM signals applied to the gate terminals of IGBTs. 
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Figure 6 Switch-Mode Rectifier using IGBTs with antiparallel Diodes 

The AFE rectifier operates in all four quadrants as depicted in Figure 7. Single phase voltage and current 

waveforms of an AC system and all the four quadrants are shown in the figure. Current is lagging the 

voltage due to the inductive components of the system. It can be seen that power is positive when both 

voltage and current waveforms are positive (quadrant 1) or both voltage and current waveforms are negative 

(quadrant 3). The power flow in quadrants one and three is from DC to AC (inverter mode). Current and 
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voltage are respectively positive and negative in quadrant 2 and vice versa in quadrant four. Power flow in 

these quadrants are from AC to DC (rectifier mode) [09], [11].  
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Figure 7 Four Quadrants showing inverter/converter operation 

System Modelling  

A system model including a synchronous generator and a Voltage Source Converter (VSC) using IGBTs 

operating in PWM State Vector Modulation (SVM) algorithm is presented in this paper. Simulation 

platform is developed using PSCAD/EMTDC for system-level studies of both the generator and the VSC. 

Synchronous generator model includes diesel engine, speed governor, alternator including with Automatic 

Voltage Regulator (AVR). Validated diesel engine, generator, exciter and AVR models are selected for this 

model from the PSCAD library. Performance of the synchronised generator is verified against the class 

rules (ABS). Frequency responses are within the acceptable limits when step load equivalent to half of the 

rated power and 100% of the rated power are thrown in. The synchronous generator also demonstrated that 

frequency response is within an acceptable limit when 100% of the rated power is thrown off. Similarly, 

voltage response is also within the acceptable limits when a reactive load equivalent to 0.4 p.f is thrown in 

and off. In addition, the generator is able to deliver its rated power at rated frequency and rated voltage. 

Modelling of VSC is described in the section of modelling VSC [12]. 

Generator Modelling 

A complete model of a generator that includes a diesel generator and an alternator is presented in this 

section. The synchronous generator model in PSCAD library is configured with the parameters from the 

data sheet of a marine generator.  Principle of diesel generator control scheme is depicted in Figure 8. 
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Figure 8 Diesel Generator control principal 

 

Control of speed or torque of the diesel engine is performed by regulating the fuel supply to the diesel 

engine. The generator has to supply active power and reactive power to load. Active power is directly 

related to the torque of the machine. Reactive power is proportional to the excitation of the synchronous 

generator.  

The generalized machine model transforms the stator windings to equivalent commutator windings dq0 

using Park transformation as shown in equation 3 and Figure 9. The Park transformation matrix defines the 

quadrature (q) axis as being 90 degrees ahead the direct (d) axis. See the IEC 60034-10 standard for details. 

In a synchronous generator, the magnetic field of the rotor for self-excitation is produced by a dc current 

that is flowing through the rotor winding. A turning rotor produces a rotating magnetic field within the air 

gap of a synchronous machine and this time varying magnetic field induces a set of electromagnetic 

magnetic force in the interior of the stator windings of the generator [12], [13], [14]. 
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Where Ud is the direct axis voltage component of the stator, Uq is the voltage component on the 

quadrature axis and Uo is the zero sequence components. Va, Vb and Vc are the three phase 

voltage components. 
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Figure 9 Conceptual Diagram of the Three Phase and dq Windings 

ψf       = Flux produced by the field winding 

ψkd  = Flux produced on the direct axis by Amortisseur windings 

ψkq  = Flux produced on the quadrature axis by Amortisseur windings 

ψd  = Flux produced on the direct axis (rotor) by stator magnetic field 

ψq  = Flux produced on the quadrature axis(rotor) by stator magnetic field 

ψa  = Flux on the phase A winding of the stator  

ψb  = Flux on the phase B winding of the stator  

ψc  = Flux on the phase C winding of the stator  

The IEEE Std 421.5-2005 exciter model AC1A that is developed by PSCAD in Figure 10 is used for 

controlling the excitation of the synchronous generator. Effect of armature reaction causing load regulation 

is accounted for and saturation function SE is defined using no-load saturation curve. SE is defined as a 

multiplier of per unit exciter output voltage to represent the increase in exciter excitation requirements due 

to saturation. The exciter internal voltage VE is determined by the saturation function. Constant KD in the 

exciter section, which is a function of synchronous and transient reactance of the exciter, signifies the flux 

reduction instigated by an increasing field current. Exciter load current is represented by the field current 

IFD of the main generator and the demagnetising effects associated with armature reaction is caused by the 

negative feedback of the product KDIFD. KC constant that is function of the load current expresses the voltage 

fall inside the rectifier. Non-linearities, for example saturation, are addressed by utilizing the LV or HV gates 

in conjunction with non-windup proportional-integrator block [12], [13], [15]. 
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Figure 10  Type AC1A Excitation system with un-controlled rectifiers and feedback from exciter current 

Figure 11 shows four overlays illustrating waveforms of RMS voltage, system frequency, delivered load 

(apparent power, active power, reactive power) and RMS line current. These graphs represent the 

simulation results of the generator under no load, fifty percent of the full load and full load conditions. The 

top most graph illustrates the RMS voltage of the generator output during the three conditions indicated 

above. The graph demonstrates the ability of the generator to maintain its terminal voltage at rated voltage 

of 690V during the above conditions with minor voltage dips when step load is energised and a swell when 

100% load is de-energised. The second overlay from the top represents the output frequency of the generator 

in Hz. It can be seen that the rated frequency of 60Hz is maintained during the simulation except during 

step load function, which is within the acceptable limits. The third overlay shows three graphs representing 

apparent power (Sg) in MVA, active power (Pg) in MW and reactive power (Qg) in kVAR. These graphs 

show the correct power levels at no load, 50 percent and 100 percent of the generator capacity as per the 

design data of the generator.  The fourth and the last overlay illustrates the correct RMS line current during 

the above loading conditions as per the design data. 
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Figure 11 Simulation results of generator terminal voltage in RMS, frequency in Hz, active power (Pg) in kW and 

reactive power (Qg) in kVAR 

 

 

Table 1 Dynamic parameters of the synchronous generator 

 

Parameters Value Unit Description 

VLL 690.00 Volt Rated RMS Line-Line Voltage 

kVA 2465.00 kVA Rated power 

I 2062.60 Amp Rated current 

Pf 0.80 Pf Power factor 

Xd 1.56 p.u. Direct axis unsaturated reactance 

Xd’ 0.199 p.u. Direct axis unsaturated transient reactance 

Xd’’ 0.128 p.u. Direct axis unsaturated sub-transient reactance 

Xq 0.78 p.u. Quadrature axis unsaturated reactance 

Xq’ 0.78 p.u. Quadrature axis unsaturated transient reactance 

Xq’’ 0.128 p.u. Quadrature axis unsaturated sub-transient reactance 

Tdo’ 3.1 Sec Direct axis unsaturated transient time - open 

Tdo’’ 0.03431 Sec Direct axis unsaturated sub-transient time - open 

Ta 0.06 Sec Armature time constant 

Tqo’ 0.4 Sec Quadrature axis unsaturated transient time - open 

Tqo’’ 0.24375 Sec Quadrature axis unsaturated sub-transient time - open 
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Voltage Source Converter Modelling 

The VSC is modelled using IGBTs whilst the DC bus voltage is controlled by vector control algorithm. 

Since the input electrical power to the VSC is provided by a salient pole synchronous generator, reactance 

of d and q axes are not equal. Therefore, independent control system for each d axis as well as q axis is 

implemented. Cascade control system for outer voltage (DC and AC) control and inner current control for 

maintaining robust and constant output voltage at the VSC output is implemented.  The VSC control 

strategy is based on the constant voltage control. The inner current controllers for d and q axes were tuned 

independently using combination of optimisation techniques 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. The diagram in Figure 12 shows the voltage source 

converter that is modelled in PSCAD. The output DC voltage is regulated at the PWM-VSC by using 

cascade control system in order to maintain constant voltage irrespective of the status of the load current 

[14], [16], 17]. 
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Figure 12  PWM Voltage Source Converter 

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 the equation 4 below. 

 

cbacbacbaabc iRVi
dt

d
LE  …………………………….4 

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. 

 

Vector Control 

Vector control system is based on the principle of transformation of the natural reference frame ABC in to 

synchronous reference frame d-q. One of the most advantageous characteristics of vector control is that 

vectors of AC currents and voltages occur as constant vectors in steady state; hence static errors in the 

control system can be avoided by using PI controllers. Transformation of stationary ABC reference frame 

into d-q coordinates can be done by converting first to α-β stationary frame using Clark transformation and 

then converting α-β to synchronous frame d-q and rotate it using Park transformation as illustrated in Figure 
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13. Similarly, inverse Park transformation converts d-q frame into stationary frame α-β and inverse Clark 

then coverts α-β into natural stationary frame ABC. 
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Figure 13 Transformation of axes in vector control 

 

Stationary axis “A” of the three-phase natural reference frame is aligned with axis α of the two-phase 

stationary reference frame. Stationary reference frame axis β is leading the axis α by 90 degrees. The angle 

between stationary axis α and d axis of the rotating d-q reference frame at any given time is denoted by θ 

that is equivalent to ωt where ω is the synchronous speed of the d-q frame with respect to the stationary α-

β frame and t is the time travelled in a second. Figure 14 illustrates the status of each frame at different 

stages. However, stationary ABC frame can also be directly converted to synchronous rotating dqo frame 

by using the equation 5. 
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Figure 14 Transformation of reference frames 
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Since PSCAD library has the model described in equation 5, it will be used to convert the ABC into dqo 

frame. If the ABC system is a balanced system, then the zero sequence components will be zero and the 

active component will only be d and q. The converter voltage and current in equation in (4) can be 

represented in d-q frame using Park transformation as shown in equation (6). 
 

⌊𝐸𝑑
𝐸𝑞

⌋  = ⌊𝑉𝑑
𝑉𝑞

⌋ + 𝐿
𝑑

𝑑𝑡
⌊𝑖𝑑

𝑖𝑞
⌋ + 𝐿 [

0 −𝜔
𝜔 0

] ⌊𝑖𝑑
𝑖𝑞

⌋ + 𝑅 ⌊𝑖𝑑
𝑖𝑞

⌋ ………………….6  

 

Where Ed and Eq are d and q axes of generator output voltage (the input source voltage to the converter 

before the system inductance and resistance), id and iq are source current in d and q axis, Vd and Vq are d 

and q axis of the voltage at the converter input terminals, ω is the angular frequency of the rotating 

synchronous reference frame d-q.   

 

Equations (7) and (8) can be deduced from equation (5): 

dq
d

dd RiLi
dt

di
LVE   …………………….………...7 

qd

q

qq RiLi
dt

di
LVE   ………………………….,,,……8 

It can be seen from the two equations (7) and (8) that d and q axis are cross coupled by ωLid and ωLiq  terms. 

Since control of current in d and q axes needs to be independent of each other, de-coupling of these terms 

is required in the control system. The cross-coupling terms are compensated by introducing feed-forward 

terms in the controller so that d and q axis current can be controlled independently. 

 

The output DC current of the converter can be given in equation (9). 

L
DC

DCDC I
dt

dV
CI  ………………………..……..….9 

Where IDC is the converter output current CDC is the capacitance of the DC capacitor, VDC is the voltage 

across the capacitor and the IL is the load current. 
 

Overall equilibrium of the power between the input and output side of the VSC Pdq can be given by equation 

(10). 

  DCDCqqdddq IVivivP 
2

3
………………….. …………10 

The d-q synchronous reference frame is aligned so that generator voltage vector is along the d-axis and 

therefore the virtual generator flux vector is along the q-axis. This alignment makes Vd = V, Vq = 0 and the 

instantaneous active and reactive power absorbed from the source or injected to the source are given by 

equations (11) and (12). 
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3
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Control Methodology of the PWM Controller  
 

Realization of control system is achieved in the form of cascade structure using two PI control loops in 

cascade. Figure 15 illustrates the overall scheme of the cascaded controller. The first control loop is the 

outer control loop, which regulates the DC output voltage of the VSC whilst the second controller is the 

inner control loop that is based on a fast-inner current control loop regulating the current. The outer 

controller, which can either be a DC voltage controller or an active power controller, provides Id reference 

for the inner current controller, whilst Iq reference for the inner current controller is provided by the AC 

voltage controller or reactive power controller [14], [16], [17]. 
 

 

INNER CONTROL 
LOOP

CURRENT 
CONTROLLERS

OUTER CONTROL LOOP
DC VOLTAGE 
CONTROLLERVDC REFERENCE

OUTPUT DC 
VOLTAGE 

ABC TO D-Q 
TRANSFORMATIONAC VOLTAGE 

MEASUREMENT

AC CURRENT 
MEASUREMENT

Id REFERENCE

Idq vdq 

Iq REFERENCE

PLL MEASUREMENT
COS Ɵ, SINƟ 

PWM GENERATOR
PULSE GENERATOR

PWM CONVERTER
VSC

D-AXIS 

Q-AXIS 
IGBT TRIG

OUTER CONTROL LOOP
ACTIVE POWER 
CONTROLLERP  REFERENCE

MEASURED P

OUTER CONTROL LOOP
REACTIVE POWER 

CONTROL

OUTER CONTROL LOOP
AC VOLTAGE CONTROL

MEASURED Q

Q  REFERENCE

V  REFERENCE

MEASURED  
VOLTAGE

 
Figure 15 Vector control principle 

IGBTs of the VSC in Figure 12 need trigger pulses for it to operate in PWM to convert AC to DC electrical 

power. These trigger pulses are generated using Space Vector Modulation (SVM) technique in this paper. 

There is a validated SVM model in PSCAD library and it is used to generate trigger pulses. The d and q 

axes component of the output of the inner current controller are converted to polar form by rectangular to 

polar converter before using them as input data for SVM as illustrated in Figure 16. 
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Figure 16 PWM pulse generator using SVM model and rectangular to polar converter in PS-CAD 

The functional block diagram of the inner current control loop is depicted by Figure 17 in which current 

control is implemented using d-q reference frame. The reference currents for the comparators are provided 

by the outer controllers in the form of d and q axes. The comparators transform the current signals (Id and 

Iq) into error voltage signals in d and q axes after the comparison of reference currents with the actual 

system currents at the input of the VSC.  These voltage error signals are sent through PI controllers that are 

tuned for fast response with required bandwidth. Output voltage signals of PI controllers are then subjected 

to decoupling of the cross coupled terms ωLid and ωLiq.  
 

 

PI CONTROLLER
SYSTEM TRANSFER 

FUNCTION
+

-
Iref(dq) Error I(dq)PWM CONVERTER

VCON-IN VCON-OUT

 
Figure 17 Functional block diagram of inner control loop 

The PWM converter is considered as a transformer with a time delay, which is equivalent to half of the 

period of switching frequency of the VSC. This time delay is caused by the switching delay of the IGBTs 

of the VSC and the losses within the VSC is assumed negligible. Therefore, transfer function of the VSC 

[Y(s)] is given by equation (13). 
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Where Ta = Tswtch/2, Tswtch is the period of switching frequency (fswitch) of the PWM controller. 

 

The converter output can be expressed in equation (14). 
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From equations (7), (8) and (14), equations (15) and (16) can be derived. 
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The system transfer function [H(s)] can be expressed in equation (17) after taking the Laplace 

transformation. 

.1
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sRsV

si
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OUTCON 




……………………17 

Where  = L/R. 

Figure 18 depicts the system block diagram with transfer functions for each sub-system. 
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Figure 18 Reduced system block diagram with filter 

The control block diagram in Figure 19  illustrates the complete control system of the inner current loop 

with PWM converter and the input impedance elements in Park domain. Since the cross coupled 

components ωLid and ωLiq are decoupled within the inner current loop, active and reactive current can be 

controlled independently.    
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Figure 19 Inner current control loop with PWM converter and the input impedance 

The outer loop controller provides active and reactive reference currents in d and q axes to the 

inner current loop. These reference currents will be generated based on the configuration of the 

outer control loop. Configuration can be implemented either to control the active and reactive 

power flow or to control input AC input voltage and the DC output voltage [23]. The DC output 



Senananda Abhayasinghe Power and Design Modelling and Simulation of HVDC 
Distribution System suitable for DP 

Ships 
 

 

MTS DP Conference - Houston October 09 - 10, 2018 Page 18 
 

voltage is controlled using the outer controller and the reference value of the current is given in 

the equation (18) below. 
 

  )(.)()( sI
s

K
KsVsV dref

IV
PVDCDCREF 








 ………….18 

Where VDCREF is the wanted DC voltage, VDC is the actual DC bus voltage. KPV is the regulator proportional 

gain, KIV is the regulator integral gain and Idref is the current reference needed to maintain the DC bus 

voltage based on the load demand.  

 

The converter output current IDC can be expressed in the equation (19) when Vq becomes zero. 
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The equation (20) can be deduced using equations (9) and (19) 
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Under normal operating conditions, the only input of interest in the system equation is id and the 

disturbance denoted by IL is set to zero. By taking equation in Laplace domain, the plant transfer 

function becomes equation (21). 
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The cascaded system controller with the feed-forward terms can be constructed using the above transfer 

functions as depicted in Figure 20. 
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Figure 20 Cascaded system controller including both outer and inner controllers 

The closed loop system transfer function in Figure 20 can be re-arranged as depicted in Figure 21 once the 

inner current controller approximation is included and transformed into per unit system. 
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Figure 21 Cascaded system controller with approximated inner control loop in per unit  

The PSCAD system model in Figure 22 is used to produce reference current signals in d and q axes for 

producing IGBT trigger pulses at the SVM model shown in Figure 16. The VSC will then respond to 

changes in the load so that DC voltage, DC current, active and reactive power and supply AC voltage are 

maintained according to the demand. The cascade control system consisting of four PI controllers 

representing DC voltage (Active power), AC voltage (reactive power), d axis current and d axis current as 

illustrated in Figure 22 should be optimised to achieve the required response time of the VSC.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 PS-CAD cascade control (inner and outer) model with four PI controllers 

 

Tuning Controllers of the VSC 
 

Figure 22 illustrates two control loops operating in cascade which need to be tuned to achieve optimum 

performance and stability of the system. The inner current control loops (Id and Iq) should have fast 

response to achieve optimum performance of the outer control loops which consist of AC and DC voltage 

control loops or active and reactive power control loops depending on the need as illustrated in Figure 15. 

Modulus Optimum [16] is used for inner current controllers because of its simplicity and fast response. 

However, the tuning criteria of outer controllers for optimising the system behaviour in response to 

nonlinear load current is done by Symmetrical Optimum [16]. Further tuning for maximum optimisation is 

achieved by Simplex Optimisation [18]. In Simplex optimisation the initial entry values are calculated by 

Modules Optimum and Symmetrical Optimum. The output of PSCAD system model in Figure 22 is used 

to produce reference current signals in d and q axes for producing IGBT trigger pulses at the SVM model 

shown in Figure 16.        
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The PI values obtained using simplex optimisation is used in bode analysis to understand the stability levels 

of each control loop. Summary of the results of the bode analysis are presented in Table 2. The table 

demonstrate that Band Width (BW) of the inner current control loops are significantly higher than the outer 

control loops. This shows that inner current control loops are faster than the outer voltage (DC and AC) 

control loop. The system is stable.  

 
Table 2 Bandwidth of all the four PI controllers 

 OUTER DC 

CONTROLLER 

INNER CURRENT 

CONTROLLER D AXIS 

INNER CURRENT 

CONTROLLER Q AXIS 

OUTER AC CONTROLLER 

PI TI PI TI PI TI PI TI 

40.732675 0.003375 7.661183 0.193829 4.175208 0.054594 1.641976 0.044421 

BW Hz 205 1512 1470 488 

Simulation Results 

Simulated results of the VSC for half of the rated power of the generator and the maximum power are 

illustrated in Figure 23. The simulated results show that the DC bus voltage (top most overlay) was steady 

at 1.2 kV throughout the load variation from 0 MW to 1.23 MW and then to 2.44 MW. 

VSC O/P Voltage 1.20kV DC

Generator O/P Voltage 0.690 kV

Generator supplied power 2.62 MW

VSC I/P power - 2.447 MW
VSC O/P power - 2.437 MW

Generator supplied power - 1.289 MW

Reactive power supplied by the generator 0 MVAr

Reactive power supplied by the VSC -  0.957 MWAr

VSC I/P power - 1.23 MW

 
 

Figure 23 Simulated results of the VSC for maximum power and half power 
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The generator voltage (2nd overlay from top) dropped to 666 V AC (3.48%) when a step change of 50% to 

100% power and returned to nominal voltage of 690 V within 0.19 seconds. This result demonstrates that 

VSC can maintain its designed output voltage without affecting the generator terminal voltage during all 

the loading conditions. The generator which is rated to 2.465 MVA delivers 1.25 MW of active power 

(reactive power is zero) for one second from 1 to 2 sec, when the load on the VSC indicates 1.23 MW of 

active power (see overlays 3 and 4). This indicates that 20 kW of active power was lost across the resistance 

of the input filter. The calculated value of the power dissipated across the resistance of the filter is 18.05 

kW which is very close to the measured value above.  

 

The measured power at the VSC output increased to 2.447 MW when the load resister at the converter 

output was reduced from 1.1684 Ω to 0.5842 Ω for 2 seconds from 2 to 4 seconds. The generator delivered 

2.62 MW of active power which is 173 kW higher than the VSC output and dissipated across the resistance 

of the system including the filter and IGBTs etc. The calculated value of the power dissipated across the 

filter is 70 kW, therefore the rest of the power loss is across the resistance of the other components in the 

system. Based on the above analysis of the simulated results and calculated values, VSC can be considered 

validated. 

Power System Distortions 

One of the problems in VSC is the high frequency harmonics associated with the switching frequency of 

the PWM. These harmonics may affect the control circuitries of the system and generator lifetime. The 

AFE VSC draws current from the source in a non-sinusoidal manner causing voltage distortion across the 

source impedance. The Total Harmonic Distortion (THD) is a measurement of the line voltage distortion 

caused by harmonics and, is defined as the ratio of the sum of the powers of all harmonic components to 

the power at the fundamental frequency as illustrated in equation (22) as a percentage. For most of the 

classification societies, the THDv levels of offshore power systems should be within 8% and the single 

order harmonics should be within 5%. 
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Single order harmonics and THDV of the input voltage at the VSC was measured using Fast Furrier 

Transform (FFT) block in the PS-CAD library. Figure 24 illustrates the THDV percentage at the input of 

the VSC during the change of load from 0 to 3 MVA in steps. It can be seen that the THDV is around 30% 

for the entire range of load change with a little increase as the load increases. The THDV is measured up to 

132nd harmonic and the VSC is designed without a harmonic filter except the input impedance.    
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Figure 24 THDv% at the source for change of load from 0 to 3 MVA 

Figure 25 depicts the harmonic spectrum up to 66th harmonic and the most dominant harmonics are seen to 

be the 49th and 51st harmonics which are about 16% of the value of the fundamental frequency of 60 Hz. 

This means the most dominant harmonics are around 3kHz which is the switching frequency of the VSC.   

 

 
 

Figure 25 Single order harmonics up to 66th harmonic when VSC is drawings load current  

Figure 26 shows the harmonic spectrum from 67th to 132nd harmonic. The most significant harmonics are 

99th and 101st harmonics which are 6% of the value of the fundamental frequency. The highest single order 

harmonics between 67th and 132nd harmonics are surrounded at 6kHz which is double the switching 

frequency. Further measurement of higher order harmonics demonstrate that most dominant harmonics are 
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around switching frequency and multiples of switching frequency to a lesser degree being seen in the supply 

side. 
 

 
 

Figure 26 Single order harmonics from 67th to 132nd harmonic when VSC is drawings current 

It should be noted that classification rules require measurement or analysis of harmonics only up to the 50th 

harmonic, therefore the harmonics produced by AFE rectifiers with higher switching frequencies (above 

3kHz) are not captured by these measurement or analysis within the 50th harmonic. These higher order 

harmonics may cause unidentified failures of the equipment, failures in the control circuits, degradation of 

system performance, degradation of alternator windings and cable insulation, IGBT misfiring and failures 

due to common mode voltage, etc. 

 

Harmonic Mitigation using LCL filter with Active Damping 
 

Figure 27 shows the LCL filter used to mitigate the harmonics of the VSC and the equation (23) illustrates 

the transfer function of the filter. One of the disadvantages offered by LCL is its resonant in which a higher 

gain is produced by the filter at the resonance frequency. Resonance frequency can be calculated using the 

equation (24). 
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Figure 27 Voltage Source Converter with LCL Filter 
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Harmonic current through LCL-filters includes low frequency harmonic current as well as high frequency 

switching ripple current. The low frequency harmonics can be mitigated by selecting the values of filter 

component such that the resonance frequency is small. Low resonance frequency may affect the inner 

currents dynamic compensation bandwidth of the VSC. On the other hand, the resonant frequency should 

be high enough to avoid source current distortion. Therefore, the resonant frequency should be a selected 

between the highest order of the harmonic component and half of the switching frequency of the VSC to 

ensure the gain of low frequency current and attenuation of high frequency [19], [20]. Resonance frequency 

is selected as per 10fb ≤ fres ≤ ½ fSW.. Active damping methods are implemented in the control system without 

the need to physically modify the supply filter. The idea is to actively damp the resonance. Active filtering 

also limits the bandwidth of the current controller which will affect the stability of the VSC. Therefore, 

consideration should be given so that bandwidth of the inner current control loop is adequately maintained 

[21], [22]. A low pass filter in equation (25) in series with the VSC control loop is used to damp the resonant 

frequency. 
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Simulation Results with LCL Filter and Active Damping 
 

Figure 28 illustrates the harmonic spectrum up to 68th harmonic after the integration of LCL filter with 

active damping using low pass filter in the inner current control loop. The single order harmonics have 

reduced below 1.5% which is less than half of the class recommended threshold.  Figure 29 and Figure 30 

show distorted generator voltage and current waveforms before the introduction of LCL filter and the clean 

voltage and current waveforms of the generator after the integration of the LCL filter respectively. The 

overall results show that VSC can be implemented effectively if designed and operated properly. 

 
 

 
Figure 28 Harmonic spectrum of the PS-CAD model with LCL and low pass filter in the current control loop 
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Figure 29 Distorted voltage and current waveforms of the source during VSC drawing current without filter 

 

 

 
Figure 30 Improved voltage and current waveforms of the source during VSC drawing current 
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Conclusion 

The paper presented theory and modelling of a synchronous generator and a VSC including validation and 

verifications of the models. The complete model contains only one redundant equipment group including 

diesel generator and a DC distribution system. Two of these models can be arranged as two redundant 

groups suitable for a DP-2 ship.  The two sections of the switchboards may be operated in open bus or 

closed bus configuration with the use of a solid-state circuit breaker to connect the two bus sections. The 

solid-state breaker may include current limiting functions fast enough to reduce the width of a voltage dip 

(caused by a short circuit on one section) on the healthy side of the switchboard such that consumers on the 

healthy side may continue their operation without disruption. The solid-state circuit breaker is not modelled, 

and the failure modes are not analysed in this paper. However, the failure modes of the power electronic 

control system of the circuit breaker should be analysed to prove that a single failure does not affect both 

the switchboard sections. The PWM of the VSC can be configured to arrange the output of the VSC to 

become zero on the short-circuited side soon after opening the bus tie breaker. The two bus sections can 

also be connected using a DC to DC converter for galvanic isolation between the two bus sections to 

mitigate fault propagation from one bus section to the other. 

 

The simulated results of the PSCAD system model demonstrated that input voltage of 690V AC at the input 

of VSC was converted to 1.2 V DC at the output using SVM algorithm. This is one method of developing 

High Voltage Direct Current (HVDC) distribution system using a low voltage generator (690V). The model 

was simulated for various loaded conditions and the results demonstrated that the DC voltage and the AC 

input supply voltages were stable throughout the load variation from zero to the rated power of the 

generator. The stability of the power system during the entire range of the power delivered shows that 

cascade control system can be optimised for any step change of load which is normally experienced in DP 

ships. Further optimisation on the cascade control system may be required when two of the models are 

connected as a common power system to see whether the system is stable during load sharing and the effect 

on the stability upon failure of one section of the power system.   

Integration of energy storage devices such as batteries, super capacitors, solar power, fuel cells and fly-

wheels can be achieved easily without requiring inverters. Integration of storage devices with AC 

distribution systems requires inverters for the conversion of DC to AC. If the voltages of storage devices 

are lower than the system voltage, DC to DC converters may be used to step-up the voltage of storage 

devices to the system voltage. DC-DC converters will in turn mitigate the fault propagation from one system 

to another. Fuel saving is achievable in both the cases above by allowing the storage devices to absorb 

instant increase (step changes) in power demand. Kinetic energy of motors when slowing down can be used 

to charge the batteries to optimise the power plants.     

Power system distortion mainly caused by harmonics is an inherent problem in all the distribution systems 

when power electronics is used for thruster drive systems and Uninterruptible Power systems (UPS). The 

effects of harmonics on AC distribution system may be at the Point of Common Coupling (PCC). It was 

demonstrated by the simulated results that AFE rectifiers produce harmonics above 50th harmonics of the 

fundamental frequency of 60Hz. AC distribution systems having VFDs with AFE rectifier units produce 

significant harmonics above 50th harmonic which fall outside classification rule requirement (Classification 

rules require harmonics analysis or measurement only up to the 50th harmonic). There are various 

discussions and analysis in the public domain with regard to the effects of harmonics on power systems and 

that harmonics affect the power quality, create problems in control systems and instability in AC power 

systems. Therefore, it is of utmost important to identify the dominant harmonics and mitigate them without 

limiting to the 50th harmonic. The LCL filter with active damping is one of the methods of controlling the 

harmonics of VSC or AFE. The simulated results demonstrated that the single order harmonic was reduced 

from 16% to below 1.5% by using a L-C-L filter with active damping which is a significant reduction. 
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Although the effects on the DC distribution systems will be limited to the generator supplying the VSC, 

winding insulation, cable insulations and the lifetime of them will be affected if the harmonics are not 

treated properly. It should be noted that cause of common mode noise and their effects are not discussed in 

this paper.  DC distribution system can be seen as the future distribution systems for variety of shipping 

and offshore applications as there are several advantages of DC distributions systems over AC distribution 

systems as discussed in this paper. Currently, AC to DC conversion is done using the six-pulse diode bridge 

and the maximum DC bus voltage of 930V DC is controlled by the excitation of the generator feeding the 

diode bridge.  

The VSC can be used to achieve higher voltage levels of DC as shown in this paper. Further IGBTs have 

proved their suitability for the application HVDC distribution systems in wind farms and other shoreside 

distribution systems. Some of the other advantages of using VSC would be the flexibility in integrating 

power sources such as Shaft Generators (SG), Permanent Magnet Synchronous Generators (PMSG and 

Brushless Doubly Fed Induction Generator (BDFIG) in common DC distribution systems. There are various 

advantages of using these power sources operating which are widely discussed and available in the industry. 

VSC can be used to facilitate the integration of these power sources depending on the need.  One such 

advantage is the ability to configure VSC as an inverter to drive a motor to feed a propeller in mechanical 

electrical hybrid systems where SG is used. This paper discussed some benefits of using DC distribution 

systems with AC power generation. The method of converting AC to DC (Six pulse diode bridge or VSC) 

in DC distribution systems should selected based on the need of the stake holders. 
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