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In the doctoral dissertation, low-voltage direct current (LVDC) distribution system 
stability, supply security and power quality are evaluated by computational modelling 
and measurements on an LVDC research platform. Computational models for the 
LVDC network analysis are developed. Time-domain simulation models are 
implemented in the time-domain simulation environment PSCAD/EMTDC. The 
PSCAD/EMTDC models of the LVDC network are applied to the transient behaviour 
and power quality studies. The LVDC network power loss model is developed in a 
MATLAB environment and is capable of fast estimation of the network and component 
power losses. The model integrates analytical equations that describe the power loss 
mechanism of the network components with power flow calculations. 

For an LVDC network research platform, a monitoring and control software solution is 
developed. The solution is used to deliver measurement data for verification of the 
developed models and analysis of the modelling results. 

In the work, the power loss mechanism of the LVDC network components and its main 
dependencies are described. Energy loss distribution of the LVDC network components 
is presented. Power quality measurements and current spectra are provided and 
harmonic pollution on the DC network is analysed. The transient behaviour of the 
network is verified through time-domain simulations. DC capacitor guidelines for an 
LVDC power distribution network are introduced. 

The power loss analysis results show that one of the main optimisation targets for an 
LVDC power distribution network should be reduction of the no-load losses and 
efficiency improvement of converters at partial loads. 

Low-frequency spectra of the network voltages and currents are shown, and harmonic 
propagation is analysed. Power quality in the LVDC network point of common coupling 
(PCC) is discussed. Power quality standard requirements are shown to be met by the 
LVDC network. 

The network behaviour during transients is analysed by time-domain simulations. The 
network is shown to be transient stable during large-scale disturbances. Measurement 
results on the LVDC research platform proving this are presented in the work. 



Keywords: LVDC network, modelling, power electronics, energy losses, power quality, 
transient behaviour 
UDC 621.316.1:51.001.57:004.94 
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Nomenclature 

Latin alphabet 
a constant – 
A area m2 
b constant – 
B magnetic flux density T 
c constant – 
C capacitance F 
d diameter m 
f frequency Hz 
I current A 
l length m 
L inductance H 
R resistance Ω 
T temperature C 
t time s 
U voltage V 
 

Greek alphabet 
 
α coefficient, Steinmetz parameters  
β coefficient, Steinmetz parameters 
δ skin depth 
μ permeability 
ξ damping 
η efficiency 
ρ resistivity 
ϕ  phase angle 
Ψ magnetic flux 
ω angular frequency 
 

Dimensionless numbers 
i index 
k index 
n index 
N number of samples 
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Superscripts 
k index  

Subscripts 
0 initial 
 
a amplitude 
c core 
CPL constant power load 
D diode 
DC direct current, direct component 
e effective 
g gap 
h harmonic index 
inv inverter 
l line 
LL line-to-line 
rec rectifier 
S source 
SW switching 
T transistor 
  

Abbreviations 
AC alternating current 
ADC analog-to-digital converter 
ADSL Asymmetric Digital Subscriber Line 
AMR automatic meter reading 
ARM advanced reduced instruction set computing (RISC) machines 
BESS battery energy storage system 
CAIDI customer average interruption duration index 
CAIFI customer average interruption frequency index 
CEER  Council of European Energy Regulators  
CEI customer-end inverter 
CFL compact fluorescent lamps 
CPL constant power load 
DC direct current 
DER distributed energy resources 
DPS distributed power system 
DSP digital signal processor 
DSU diode supply unit 
EHV extra high voltage 
EMC electromagnetic compatibility 
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EMTDC electromagnetic transient including DC 
EMTP electromagnetic transient program 
FFT fast Fourier transform 
GSM global system for mobile communications 
HSAR high-speed auto reclosing 
HTML Hypertext Markup Language 
HV high voltage 
HVAC heating, ventilation and air conditioning 
HVDC high-voltage direct current 
IEC International Electrotechnical Commission 
IEEE Institute of Electrical and Electronics Engineers 
IGBT insultated-gate bipolar transistor 
iMSE improved generalised Steinmetz equation 
KCL Kirchhoff's current law 
KVL Kirchhoff's voltage law 
LED light-emitting diode 
LLF line-to-line fault 
LSU line support unit 
LVAC low-voltage alternating current 
LVDC low-voltage direct current 
MAIFI momentary average interruption frequency index 
MOSFET metal-oxide-semiconductor field-effect transistor 
MSE modified Steinmetz equation 
MV medium voltage 
NERC North American Electric Reliability Council 
PCC point of common coupling 
PDS power distribution system 
PHEV plug-in hybrid electric vechile 
PSCAD Power System Computer Aided Design 
PV photovoltaic 
PWM pulse width modulation 
SAIDI system average interruption duration index 
SAIFI system average interruption frequency index 
SiC silicon carbide 
SMB Standardization Management Board 
SQL Structured Query Language 
SVPWM space vector PWM 
TDD total demand distortion 
TEM Ministry of Employment and the Economy (Työ- ja elinkeinoministeriö) 
THD total harmonic distortion 
THIPWM PWM with third harmonic injection 
UPS uninterruptible power supply 
VSC voltage source converter 
VTT VTT Technical Research Centre of Finland 
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1 Introduction 
Traditional AC distribution systems have played a key role in electricity distribution for 
over 100 years. Nowadays, however, the network architecture has reached the point 
where progression from traditional solutions is demanded. The drivers of the change 
are: 

· The move away from reliance on fossil fuels has increased the amount of 
renewable generation connected to grid, in the form of wind farms and PV 
power plants. Thus, smoothing peaks of power generation and matching 
generation with load creates pressure to re-think the network architecture to 
permit effective integration of renewable energy and network storages. 

· The increasing popularity of small-scale generation brings PV inverters and 
wind power (WP) converters to residential LVAC networks. Thus, advanced 
network management and control over small-scale generation are issues of 
growing importance that require network-side solutions. 

· At the customer-end, that is, in residential homes, the number of power 
electronic devices, such as induction cookers, washing machines with inverter 
control and LED lamps, has increased rapidly. Consequently, power quality 
issues and harmonic pollution are becoming areas of growing concern. 

· In addition to technical considerations, a further factor influencing electricity 
distribution arises from the current economic and political context. For instance, 
in the aftermath of the massive earthquake and ensuing tsunami in Japan in 
March 2011, and resultant incident at the Fukushima Daiichi Nuclear Power 
Plant, the German government decided to phase out nuclear power generation in 
the country by 2022. This decision and associated policy measures caused rapid 
growth in distributed generation and growing demand for changes to the 
transmission network architecture in Germany. These changes in the profile of 
electricity generation also have an effect on the electricity distribution network, 
because distributed small-scale generation is situated at the customer LVAC 
network. 

· Environmental changes and concerns about global warming have resulted in 
worldwide targets for the reduction of greenhouse gas emissions, which has led 
to rapid development and increased use of hybrid and plug-in hybrid electric 
vehicles (PHEV) in the motor vehicle industry. This trend, together with the 
increasing amount of renewable generation, has further increased the importance 
of control of customer loads to match load with generation. 

· Environmental factors, including global warming and climate change, appear to 
have led to an increase in extreme weather phenomena. The changing weather 
patterns are making underground cable use in electricity distribution networks 
more attractive and are spurring decision-makers to re-think network 
architecture.  

· The aging of the electricity distribution network and the consequent need for 
renewal offers a window of opportunity for implementation of new solutions in 
which reliability and power quality are taken to a new level. 
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Today, the most promising solution to solve the above issues is the smart grids 
(Eurelectric, 2011). The smart grid is a proposal for a next generation power grid, where 
two-way flows of electricity and information are used to establish a widely distributed 
automated energy delivery network (Fang et al., 2012). One of the subsystems of a 
smart grid is the distribution network. In the search of the smart and flexible solution, 
the DC distribution comes into question. 

1.1 DC distribution 
The world’s first public electricity distribution started in 1881 with Edison’s 110 V DC 
distribution network. The economic advantages of alternating current (AC) distribution, 
introduced in 1881 and implemented in 1891, led to a decline in DC distribution and the 
adoption of AC as standard. In long-distance transmission systems, owing to advantages 
of the HVDC transmission, practical usage was started in 1889 with electromechanical 
(Thury) systems. The development of HVDC continued with a proposal of mercury arc 
valves, with practical usage in 1932. The development of the transistor valve in the late 
1960s enabled the first HVDC transmission setup with thyristor valves in 1972. The 
developments in semiconductors in the 1970s stimulated studies on converters 
(Middlebrook, 1976) and DC power systems (Carroll and Krause, 1970). With the 
advance in semiconductor components, the DC distribution have been proposed for 
industrial power systems (Johnson and Lasseter, 1993) and has been studied for 
example in (Tang, 2000) and (Baran and Mahajan, 2003). The application to the 
residential sector was investigated by (Lee and Lee, 1999) for future homes. The 
proposal for the residential DC nanogrid was made in (Boroyevich and Cvetkovic, 
2010). Incorporation of renewable energy sources in power systems was studied in 
(Karlsson and Svensson, 2003). Application for office and commercial facilities was 
studied by (Sannino et al., 2002) and for future space habitation in (Barave and 
Chowdhury, 2007). In datacenters, 400 VDC distribution is estimated to bring 7 % input 
power savings (Pratt et al., 2007). Nowadays, developments in digital power electronics 
have boosted the use of DC distribution as a widely used energy efficient technology for 
many applications. DC distribution technology is now effectively used in space stations, 
aircrafts, trains, datacenters and in power transmission. DC technology specifications 
and applications are continuously evolving to other areas to meet new demands.  

The local DC distribution was proposed for integration with small-scale generation and 
storage systems in (Brenna, 2004). (Nilsson and Sannino, 2004) and (Nilsson, 2005) 
continued investigation of the use of DC in low-voltage distribution systems. (Engelen 
et al., 2006), on the other hand, did not recommend residential small-scale DC 
distribution because of the negligible AC conduction power losses and the low 
efficiency of converters at partial loads. Again, (Hammerström, 2007) even considered 
the question of whether selecting AC over DC was the correct choice for public 
electricity distribution. The studies on low-voltage DC distribution continued in 
(Kakigano et al., 2007), (Salomonsson and Sannino, 2007) and (Salomonsson, 2008).  
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The previous research has indicated the great potential of LVDC distribution. Therefore, 
the Strategy Group Four of the Standardization Management Board (SMB) is working 
on identifying markets suitable for the use of LVDC, as well as challenges and available 
technology (IEC, 2011).  

New development in semiconductor materials such as silicon carbide (SiC) power 
devices (Kimoto, 2010) and gallium nitride (GaN) (Khan et al., 2005) are making 
impressive promises for power electronics (Ostling et al., 2011). SiC MOSFET modules 
have dramatically lower losses than silicon IGBT modules (Urciuoli et al., 2010). 
Semiconductor technology is further evolving, and next-generation power devices have 
been studied for instance in (Iwasaki et al., 2012). As in the case of HVDC 
transmission, the semiconductor technology is in a key role in the LVDC distribution 
network development. 

Today, worldwide moves toward smart grids, with their increasing number of 
communication and measurement devices in the network and the objective of load 
control, further increase the attractiveness of DC power distribution. In developing 
countries, attractiveness of DC power distribution is enhanced by the demand for 
effective microgrid solutions.  

DC distribution is an approach that brings new features and benefits to the distribution 
network. As in the case of HVDC transmission with VSC (HVDC Light), LVDC 
distribution increases the controllability and flexibility of the distribution network. It 
enables efficient integration of renewables and energy storages, and permits advanced 
control over loads, power generation and energy storages. In light of the prevailing 
technical, societal and political context, a LVDC distribution network might be a 
realistic and effective solution for future electricity distribution. 

1.2 Terminology related to the study 
In this section, the terminology related to the study is given.  

The function of an electricity distribution network is to supply electricity with adequate 
LV network quality to the end-customers. The increasing significance of the quality of 
electricity supply is discussed for instance in an EU-wide report (CEER, 2011). The 
quality of electricity supply, that is, voltage quality and continuity of supply are closely 
related to power system reliability, supply security, stability and power quality.  

Voltage quality covers a wide range of voltage disturbances and deviations in voltage 
magnitude or waveform from the optimum values. The characteristics of the supply 
voltage in the European countries are presented for instance in (European Standard EN 
50160, 2010). The requirements are defined and describe the characteristics of the 
supply voltage concerning frequency, magnitude, waveform and symmetry of the line 
voltages. These requirements set limits for the power frequency, magnitude of supply 
voltage, supply voltage variation, voltage changes, flicker severity, supply voltage dips, 



1 Introduction 
 
20

short and long interruptions of the supply voltage, power frequency overvoltages and 
transient overvoltages, supply voltage unbalance and harmonic voltages. 

Continuity of supply concerns interruptions in electricity supply, focusing on events 
during which the voltage at the end-customer supply terminals drops to zero or close to 
it. The most commonly used indices for the continuity of supply are the number of 
interruptions per year, unavailability (interrupted minutes per year) and energy not 
supplied (ENS) per year (CEER, 2011). 

In power systems, supply security can be determined as the absence of risk, specifically 
a risk of disruption of continued system operation. According to the definition given for 
power system security in (Balu et al., 1992),  

Power System Security – an instantaneous, time-varying condition reflecting the 
robustness of the system relative to imminent disturbances; the complement of 
the risk of disruption of unimpaired system performance.  

Monitoring of the power system security (Balu et al., 1992) is defined as follows:  

Security monitoring – the on-line measurement of system and environmental 
variables that affect system security; provides base case conditions for analysis of 
the effects of contingencies (security assessment). 

 Again, the security assessment (Balu et al., 1992) is determined as  

Security Assessment – the evaluation of data, provided by security monitoring, to 
estimate the relative robustness (security level) of the system in its present state 
(i.e. determination of whether the system is in the Normal or Alert operating 
state). 

The North American Electric Reliability Council (NERC) defines power system 
reliability as 

The degree to which the performance of the elements in a bulk system results in 
electricity being delivered to customers within accepted standards and in the 
amount desired. The degree of reliability can be measured by the frequency, 
duration and magnitude of adverse effects on the electric supply.  

The reliability of a power system refers to the probability of its satisfactory operation 
over the long run (Kundur and Paserba, 2004). The most common indices of power 
system reliability are SAIFI, SAIDI, CAIDI and MAIFI defined in the IEEE standard 
1366. These terms are not further described here, because the reliability evaluation is 
outside the scope of this doctoral dissertation. 

Power reliability and power system security cannot be achieved without ensuring the 
power system stability. To be reliable, the power system must be secure most of the 
time. To be secure, the system must be stable but also secure against other 
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contingencies that would not be classified as stability problems (Kundur and Paserba, 
2004). 

The definition given for power system stability by (Kundur and Paserba, 2004) is  

Power system stability is the ability of an electric power system, for a given 
initial operating condition, to regain a state of operating equilibrium after being 
subjected to a physical disturbance, with most system variables bounded so that 
practically the entire system remains intact.  

The power system stability is defined as rotor angle stability, frequency stability and 
voltage stability in (Kundur and Paserba, 2004). The definition for voltage stability 
given in (Kundur and Paserba, 2004) can be applied to the power system stability in DC 
distribution:  

Voltage stability refers to the ability of a power system to maintain steady 
voltages at all buses in the system after being subjected to a disturbance from a 
given initial operating condition. It depends on the ability to maintain/restore 
equilibrium between load demand and load supply from the power system. 
Instability that may result occurs in the form of a progressive fall or rise of 
voltages of some buses. A possible outcome of voltage instability is loss of load 
in an area, or tripping of transmission lines and other elements by their protective 
systems leading to cascading outages.  

The voltage stability itself is divided into the subcategories of large- and small- 
disturbance stability. These subcategories are defined by (Kundur and Paserba, 2004)  
as follows:  

Large-disturbance voltage stability refers to the system’s ability to maintain 
steady voltages following large disturbances such as system faults, loss of 
generation, or circuit contingencies. 

 and  

Small-disturbance voltage stability refers to the system’s ability to maintain 
steady voltages when subjected to small perturbations such as incremental 
changes in system load.  

The time frame of interest for voltage stability problems may vary from a few seconds 
to tens of minutes. For the DC distribution system, short-term stability is one of the 
main concerns (Carroll and Krause, 1970), (Gholdston et al., 1996) and (Thandi et al., 
1999). The term is defined by (Kundur and Paserba, 2004) as  

Short-term voltage stability involves dynamics of fast acting load components 
such as induction motors, electronically controlled loads, and HVDC converters. 
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Based on the system theory, various types of stability can be described: Lyapunov 
stability, input–output stability, stability of linear systems and partial stability; an 
overview of these is given in (Kundur and Paserba, 2004).  

Considering the approach taken in this doctoral dissertation, the focus is on Lyapunov 
stability and stability of linear systems. Under large disturbances, the Lyapunov stability 
definition is the most applicable one for the nonlinear behaviour of power systems.  

The definition of stability of linear systems involves a small-signal stability analysis of 
the power system, in which the nonlinear system stability is analysed on the linearised 
model in a certain operating point. Small-signal stability analysis focuses on local 
characteristics of the power system, that is, asymptotic stability of an equilibrium point 
before the system is disturbed (Wang et al., 2008). The corresponding definition follows 
(Wang et al., 2008): 

Small-signal stability analysis is about power system stability when subject to 
small disturbances. If power system oscillations caused by small disturbances can 
be suppressed, such that the deviations of system state variables remain small for 
a long time, the power system is stable. On the contrary, if the magnitude of 
oscillations continues to increase or sustain indefinitely, the power system is 
unstable.  

1.3 Motivation 
At the time of writing of this doctoral dissertation, the LVDC distribution is a fairly 
novel solution, and therefore, its design should be carefully evaluated against the 
prevailing regulations and requirements. For an LVDC distribution system to be 
reliable, the power system stability, supply security and power quality have to be 
evaluated. The power quality concerns (Kueck, 2005) have a significant economic 
impact on the power system operation (Bhattacharyya et al., 2007). Further, the power 
system stability and the supply security are essential to the operation of the distribution 
system. The approaches to proceed with the evaluation of the LVDC distribution are 
offline simulations and pilot evaluation.  

Offline simulations 

The evaluation by offline simulations require mathematical modelling where physical 
phenomena are described by equations, and which are then captured by simulations. 
Today, for the modelling and simulation of a complex AC-DC power system, digital 
simulators with electromagnetic transients programs for DC (EMTDC) are used. The 
digital simulator, EMTDC, has been evolving since the mid-1970s (Manitoba HVDC 
Research Centre, 2001) and has been presented as a valid option for real-time hard-
wired simulations in studies of power systems containing DC links (Woodford, 1985).  
This digital simulator, also referred to as a power system computer-aided design 
(PSCAD) tool, allows the user to construct a schematic diagram of the electrical 
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equipment and the electrical network, to run the simulation and produce the time-
domain results in a user-friendly graphical environment. The PSCAD/EMTDC 
represents and solves the differential equations of the entire power system and its 
control in the time domain. Its employs the well-known nodal analysis technique 
together with the trapezoidal integration rule with a fixed integration-time step 
(Manitoba HVDC Research Centre, 2001). The PSCAD can duplicate the response of 
the power system at all frequencies, bounded only by the user-selected time step, which 
can be varied from nanoseconds to seconds (Jurado et al., 2000). Taking into account 
the fact that simulations are the main option available today for a large-signal stability 
analysis of power systems (Kundur and Paserba, 2004), the PSCAD/EMTDC is used in 
this work to examine the power system for supply security, stability and power quality. 

Pilot evaluation 

A condition monitoring solution for the distribution network is required to provide 
power system security, involving security monitoring, security assessment and level of 
security enhancement, comprising security control and emergency control (for more 
information on the terminology, the reader is referred to (Balu et al., 1992). An 
important aspect related to smart grids is how the distribution assets are maintained to 
ensure a high degree of system reliability. Monitoring the operating condition of the 
electric utility assets is an important step to establish a smart grid asset management 
strategy. 

The initial requirements for the condition monitoring and power system control solution 
were based on the long distance of the research site from the university and the novelty 
of the technology applied to the LVDC system. Thus, with these issues in mind, the 
objective was to develop a condition monitoring solution that allows diagnostics, 
control and condition monitoring for the university and the distribution system operator. 

The laboratory prototype system of the LVDC power distribution network, built at 
Lappeenranta University of Technology (LUT), is used as a test platform to develop the 
LVDC concept (Nuutinen et al., 2011); the first field installation of the LVDC 
distribution system was built in cooperation with the Finnish distribution system 
operator Suur-Savon Sähkö Oy in 2012 (Kaipia et al., 2012) and (Nuutinen et al., 2012). 
The LVDC field setup is currently supplying four residential houses in eastern Finland. 
Intelligent, interactive infrastructure with solutions for real-time data acquisition, 
interoperability and communication systems was developed for the pilot evaluation by 
LVDC project group researchers. 

The outputs of the pilot evaluation are the demonstration of technology, the proof of 
concept and the system and power electronic reliability study. Furthermore, power 
system security, power quality assessment and corresponding data collection are 
discussed in this doctoral dissertation. 
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Computational modelling 

In addition to the above-described requirements, a reliable and smart distribution system 
has to be economically and technically feasible. Therefore, a further system challenge is 
to increase the energy efficiency of electricity distribution. To identify the optimisation 
options of the LVDC distribution, a network design tool capable of numerical 
computation of the LVDC network and its power electronic components is required. 
Therefore, corresponding computational models should be developed and integrated 
into the design tool for the computation of the LVDC distribution networks. 

1.4 Objectives of the research 
The work studies certain fundamental issues related to the LVDC electricity distribution 
networks by computational modelling and measurements on an LVDC research 
platform. 

The doctoral dissertation addresses a power distribution solution developed at 
Lappeenranta University of Technology based on DC technology and power electronics: 
a 750 VDC low-voltage direct current (LVDC) public electricity distribution network. 
The basic concept of the LVDC distribution network was introduced by (Kaipia et al., 
2006) as a replacement for medium-voltage branch lines at typical transmission powers 
of a rural network. The proposed concept has been shown to have techno-economic 
potential (Kaipia, Salonen, et al., 2007). The network concept was demonstrated to 
reduce the number of outages affecting the end-customers (Kaipia, Lassila, et al., 2007). 
The network differs from a traditional 20/0.4 kV AC distribution network, and 
therefore, special attention has to be paid to the protection and safety issues in the 
system. The LVDC solution has been constructed, tests have been carried out (Salonen 
et al., 2009a), and a protection scheme has been presented in (Salonen et al., 2009b). 
The impact of the low-voltage DC (LVDC) distribution system on reliability has been 
defined in (Kaipia et al., 2009). Life cycle costs have been calculated, and the LVDC 
system has been shown to be economically advantageous (Lassila et al., 2009). 
Moreover, customer-end inverter control and filtering have been discussed in 
(Peltoniemi et al., 2008) and (Peltoniemi et al., 2009). Inverter operation during short 
circuits is described in (Nuutinen et al., 2009). In his doctoral dissertation, Peltoniemi 
(2010) carried out modelling and analysis of an LVDC distribution system by applying 
an average model. The modelled LVDC network gives insights into the system 
properties for customer-inverter voltage control design. This doctoral dissertation delves 
further into the LVDC network, and discusses computational modelling of the network 
and results from simulations. Comprehensive analyses of the power quality, network 
transient behaviour and power and energy losses in the LVDC network environment are 
presented in the dissertation. 
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The main objective of this work is to evaluate the concept of LVDC public electricity 
distribution.  

a) In the first part of the investigation, models are developed for offline simulations 
of LVDC networks. The development and validation of models for offline 
simulations of the LVDC distribution system have been an important subject of 
this work. The objective was to analyse fundamental issues related to the system 
using the developed models. Results from this part of the study can be applied to 
other possible LVDC network installations.  

b) The second part of the work consists of development, implementation and 
testing of the LVDC pilot site control and data acquisition solution. The main 
results from this part of the study are online measurements that allow validation 
of the developed offline LVDC network models. The control and data 
acquisition solution is a demonstrable result of the implementation of the 
condition monitoring solution for LVDC networks.  

c) In the third part of the study, the short-term voltage stability of the DC power 
system is studied. LVDC system dynamic behaviour is analysed analytically by 
linear transfer function modelling. The effect of capacitance dimensioning on 
the system dynamic behaviour is examined by applying root locus and Bode 
plots. As small-signal analysis cannot be used to determine system stability over 
large disturbances, the system dynamic behaviour is studied by 
PSCAD/EMTDC simulations. 

d) In the fourth part the work, power quality issues related to the system are 
evaluated by applying the developed models in the PSCAD/EMTDC simulation 
environment. The results are verified by measurements in the laboratory and on 
the pilot site.  

e) In the last part the work, an energy efficiency analysis of the distribution chain is 
conducted with the developed numerical computation model of the network, and 
optimisation options of the LVDC network are discussed.  

The developed models should describe the behaviour of the DC distribution system 
components, the corresponding models being  

· Model for residential load behaviour, 
· DC network model, 
· Models for power electronic components and 
· Models for network front-end transformer and customer-end isolation 

transformers. 

To evaluate the DC power distribution system by using the developed models, the cases 
to be studied and the objectives of the study should be clearly defined. The tasks and 
objectives are formulated as follows:  

· Formulation of the issues to be resolved and setting the targets for simulation, 
· Setting up the load configurations, 
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· Establishing the network configuration; determination of the requirements for 
the DC network components and component dimensioning (cable, transformer 
and line filter (DC capacitor or DC reactor) dimensioning),  

· Design of the network component topology (rectifier, inverter and DC network 
topology), 

· Preparation of the simulation run (objectives, parameters, inputs, outputs) and 
· Analyses of the simulation run outputs (power quality, losses, transient 

behaviour). 

The component models are combined with the models of the control systems to 
represent the public DC distribution network. The results from the simulations are 
discussed and further analysed. Important conclusions from the study are presented in 
the dissertation, and the strengths and weaknesses of the approach are discussed. 

1.5 Scientific contributions 
The scientific contributions of this doctoral dissertation are: 

· The work shows the harmonic content distribution and highlights harmonic 
transfer mechanisms in the LVDC network. 

· The work provides guidelines for the dimensioning of the DC capacitor in a 
public LVDC electricity distribution network, discusses DC distribution 
networks and DC voltage instability issues and examines them by applying 
EMTP software. 

· The work shows the transient behaviour of the LVDC network, presents the 
power loss distribution of the components of a LVDC distribution network and 
discusses the optimisation goals. 

· Integration of the methodology for power electronic loss calculation into the 
power flow computation model for the LVDC distribution network is proposed. 

1.6 Outline of the thesis 
This doctoral dissertation studies the design of an LVDC power distribution system by 
taking a computational modelling approach. Issues integral to the system, which could 
be revealed by a modelling approach, are presented and analysed. The analysis is 
verified by measurements on an LVDC network research platform and on laboratory 
prototypes. The system issues addressed in the work are power quality and harmonics 
transfer, power losses, system transient behaviour and DC voltage stability, and an 
analysis of the energy efficiency of the future DC network. The energy efficiency of the 
distribution chain is calculated by simulations, and the system optimisation options are 
discussed. 
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The rest of the doctoral dissertation is divided into the following chapters: 

Chapter 2 introduces the models of the LVDC network components. The customer load 
behaviour is described. The power loss mechanisms and the loss calculation models are 
introduced and discussed. Implementations in the simulation environments are 
presented. 

Chapter 3 provides a data acquisition solution developed for the LVDC distribution 
network research platform. 

Chapter 4 focuses on the analytical stability analysis and the DC capacitor 
dimensioning. 

Chapter 5 concentrates on the computational analysis of the LVDC network. By a 
computational approach, the network transient and dynamic state stability is analysed 
and the results are presented. A power quality analysis is provided with results from the 
simulations and measurements. The results are presented from the network transient 
state behaviour analysis by simulations in the PSCAD. The PSCAD/EMTDC is applied 
to time-domain simulations in sections 5.1, 5.2 and 5.3. 

Distribution of the energy and power losses is presented and the network efficiency 
analysed. MATLAB is used for the power and energy loss computation of the LVDC 
network and its components in section 5.4. 

Chapter 6 summarises the most relevant results, provides conclusions and makes 
suggestions for further studies. 
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1.7 Relevant standards and guidelines 
This section lists the standards and guidelines relevant to the study. 

1.7.1 Harmonics and power quality 

IEEE 519-1993 IEEE Recommended Practices and Requirements for Harmonic Control 
in Electric Power Systems, IEEE, New York, 1993. 

CIGRE Working Group 36-05, "Harmonics, Characteristic Parameters, Methods of 
Study, Estimates of Existing Values in the Network,” Electra, no. 77, July 1981, pp. 
35–54. 

IEEE Task Force on Harmonics Modeling and simulation, “Modeling and simulation of 
the propagation of harmonics in electric power networks– part I: concepts, models, and 
simulation techniques,” IEEE Transactions on Power Delivery, vol. 11, no. 1, pp. 452–
465, Jan. 1996. 

IEEE Task Force on Harmonic Modeling and Simulation, “Impact of aggregate linear 
load modelling on harmonic analysis: A comparison of common practice and analytical 
models,” IEEE Transactions on Power Delivery, vol. 18, no. 2, pp. 625–630, Apr. 2003. 

IEEE Task Force on Harmonics Modeling and Simulation, “Modeling devices with 
nonlinear voltage-current characteristics for harmonic studies,” IEEE Transactions on 
Power Delivery, vol. 19, no. 5, pp. 1802–1811, 2004. 

Probabilistic Aspects Task Force of the Harmonics Working Group Subcommittee, 
“Time-varying harmonics: Part II— Harmonic Summation and Propagation,” IEEE 
Transactions on Power Delivery, vol. 17, no. 1, pp. 279–285, Jan. 2002. 

IEC 61000-2-2 Electromagnetic compatibility (EMC) - Part 2-2: Environment - 
Compatibility levels for low-frequency conducted disturbances and signalling in public 
low-voltage power supply systems, International Electrotechnical Commission, Geneva, 
2002. 

IEC 61000-2-4 Electromagnetic compatibility (EMC) - Part 2-4: Environment - 
Compatibility levels in industrial plants for low-frequency conducted disturbances, 
International Electrotechnical Commission, Geneva, 2002. 

EN 50160 Voltage characteristics of electricity supplied by public electricity networks, 
CENELEC, Brussels, 2007. 

IEC 61727 Photovoltaic (PV) systems - Characteristics of the utility interface, 
International Electrotechnical Commission, Geneva, 2004. 
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IEC 61000-3-2 Electromagnetic Compatibility (EMC) - Part 3: Limits—Section 2: 
Limits for harmonic current emissions (Equipment Input Current <16 A per Phase), 
International Electrotechnical Commission, Geneva, 1995. 

IEC 61000-3-4 Electromagnetic compatibility (EMC), Limits-Limitation of emission of 
harmonic currents in low-voltage power supply systems for equipment with rated 
current greater than 16 A, International Electrotechnical Commission, Geneva, 1998. 

IEC/TR 61000-3-6 Electromagnetic compatibility (EMC) - Part 3-6: Limits - 
Assessment of emission limits for the connection of distorting installations to MV, HV 
and EHV power systems, International Electrotechnical Commission, Geneva, 2008. 

IEC 61000-3-12 Electromagnetic compatibility part 3:2: Limits – Limits of harmonic 
current produced by equipment to public low voltage systems with input current >16A 
and ≤ 75A per-phase, International Electrotechnical Commission, Geneva, 2005. 

1.7.2 Power losses 

IEC 60076-8 Power transformers – Application guide, International Electrotechnical 
Commission, Geneva, 1997.  

IEC 61803 Ed1.1 Determination of power losses in high-voltage direct current (HVDC) 
converter stations, International Electrotechnical Commission, Geneva, 2011.  

IEC 62751-1 Ed.1 Determination of power losses in voltage sourced converter (VSC) 
for HVDC systems - Part 1: General requirements, International Electrotechnical 
Commission, Geneva 2012. 
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2 Modelling of the LVDC distribution network and its 
components 

This chapter introduces and describes the methodology applied for the modelling of the 
LVDC distribution network and its components.  

To respond to the research objective set in section 1.4 and to provide the contributions 
described in section 1.5, a combination of modelling approaches is made: the proposed 
methodology incorporates the analytical modelling of the residential loads and the loss 
mechanisms, the analytical frequency-domain modelling of the system dynamic 
behaviour and the time-domain modelling of the system.  

Analytical models typically make some simplifications regarding the physical behaviour 
of the system, especially in the case of high-frequency switching power electronic 
components. However, despite their limitations, analytical models allow an analysis of 
the relevant physical phenomena and yield essential information on the mechanisms 
related to these phenomena. Further, analytical models provide an opportunity to 
examine the important interdependencies between the phenomena under study. 
Frequency-domain analyses are a part of the analytical modelling, where the system is 
described and analysed by applying a system transfer function. Thus, by a frequency-
domain analysis, it is possible to investigate the dynamic behaviour of the system.  

Time-domain models do not allow an analysis of the physical phenomena in such a way 
as the analytical models do; nevertheless, individual cases of the system behaviour can 
be examined in full detail limited only by the discrete simulation step. Individual cases 
with complicated and large networks can be simulated using a time-domain simulation 
tool. Moreover, the system transient behaviour can be analysed by time-domain 
simulations. The time-domain analysis results consist of the voltage and current 
waveforms during the examined event and the power quality indices for the examined 
case. 

2.1 LVDC distribution network 
The LVDC distribution network under study is part of the furthermost section (final 
kilometres) of the electricity distribution network. The LVDC distribution network 
replaces the medium-voltage network branches, provides a higher transmission capacity 
compared with a low-voltage AC distribution line and applies the same components 
such as cables and protection devices as the previous network construction (Kaipia et 
al., 2006). Further, the LVDC distribution network is based on power electronics 
devices.  

The first boundaries on the voltage level of a DC network are defined to be below 1500 
VDC by the low-voltage directive (LVD 73/23/ECC) and the international standard IEC 
60038. The low-voltage underground cables can be used in an unearthed DC system if 
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the voltage against the conductors is not higher than 1500 V, and the voltage between 
the conductors and earth is not higher than 900 V (Kaipia et al., 2007). Therefore, the 
bipolar network configuration allows the use of traditional low-voltage underground 
cables. The power transfer capability of such a bipolar LVDC network (+750 VDC, 0, -
750 VDC) is around four times that of a traditional 400 VAC system, limited by the 
thermal capacity of the cables (Kaipia et al., 2006) and (Kaipia et al., 2007). Moreover, 
the power transfer distance is around seven times that of a traditional 400 VAC system 
(Kaipia et al., 2008). With 1500 VDC between the DC network conductors, the network 
is rated as a low-voltage one (LVD 2006/95/EC). According to the standard IEC 60364, 
for circuits supplied at nominal voltages up to and including 1500 VDC, the allowed 
voltage ripple for DC voltage is 10 %. For the DC distribution systems on ships, the 
IEEE guide 1662-2008 defines the voltage cyclic variation deviation of less than 5 % 
and a 10 % voltage ripple. Therefore, in an LVDC distribution network, based on the 
above recommendations, the accepted fluctuation range is set to 10 %. In addition, the 
measurements on the pilot site have showed that precautions against the stabilisation of 
the end-customer AC voltage are not needed in order to keep the customer power 
quality within the ranges required by the IEC 50160 standard. 
 
The LVDC distribution network is illustrated in Figure 2.1.  

 

Figure 2.1. LVDC distribution network. 
 
In our reference case network front end, a three-winding transformer converts the 
voltage level from the 20 kV medium-voltage distribution network level to 530 V AC. 
Next, there are two rectifier bridges in a six-pulse bridge configuration, which convert 
the secondary-side AC voltage into bipolar DC voltage of ±750 V of the DC distribution 
network. In 2012, the research site network was first implemented with unidirectional 
power transfer by applying half-controlled thyristor rectifiers. The network was 
upgraded to unidirectional power transfer in 2013 with commercial IGBT-based ABB 
ACS 800 regenerative converters. The milestones of the LVDC technology 
development at Lappeenranta University of Technology are illustrated in Figure 2.2. 
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Figure 2.2. Milestones of the LVDC technology development at Lappeenranta University of 
Technology. 
 
The distribution network customers have an inverter unit connected to the DC network. 
The inverter unit converts the DC distribution voltage level into the traditional AC low-
voltage level applicable to the customer loads. In our reference system, the customer 
inverter unit consists of an IGBT bridge, AC line filters and a delta-wye isolation 
transformer (Figure 2.3). The output of the customer inverter unit is three-phase 
400 V/230 V AC voltage. For the first prototype iteration, the isolation by the bulky 
50 Hz isolation transformer was chosen for the reference prototype system because of 
the simplicity of such a solution. The aim of the first iteration was to prove the concept 
of the power-electronics-based distribution. Therefore, commissioning of the more 
complex solution comprising a DC/DC isolating converter with a three-phase four-wire 
inverter was postponed to the next iteration of the development.  

 
Figure 2.3. Customer-end inverter unit of the reference system. 
 
However, the load distribution in a three-phase customer household network can be 
highly unsymmetrical. A household load is typically complex, consisting of various 
home appliances. These appliances are mostly single-phase, non-linear loads. In a 
household, most of the energy is consumed by heating, and thus, the peak load and its 
shape depend on the heating type used in the household. Possible heating solutions 
include district heating, electric, geothermal or wood-fuelled heating and air source heat 
pump systems. In the case of electric heating, the heating systems are pure resistive 
ones. Other types of heating systems use pumps, which operate based on DC or AC 
motors. These are connected to the supply either directly or with power electronics. In 
the latter ones, the rectifier is either a passive diode bridge or a controlled thyristor 
bridge. Non-linear loads draw harmonic currents and have an impact on the power 
losses of the distribution network. In the case of an LVDC network, harmonic currents 
have an effect on the customer-end inverter unit losses. The harmonics propagate to the 
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DC distribution network, and therefore, their effect on the network has to be estimated. 
Thus, special attention has to be paid to the modelling of the harmonic propagation and 
the power losses in the network. In order to estimate the harmonic propagation and the 
power losses in the network, all parts of the distribution chain should be modelled: the 
front-end transformer rectifier, the DC network, the customer inverter units and the 
customer loads. 

The combined modelling approaches are included in the research framework as 
presented in Figure 2.4. The corresponding LVDC network and its components are 
modelled analytically and by applying the industry standard PSCAD/EMTDC digital 
simulation tool.  

  

Figure 2.4. Research framework.  
 
The power loss mechanisms of the DC network components and the harmonic 
propagation in the DC network and its components are modelled by applying analytical 
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equations. The analytical representation allows the implementation and direct use of the 
component models in the digital simulation tools. The analytical models are presented 
in section 2.2. The presented analytical models of the loss calculation are implemented 
in a MATLAB environment. The framework of the energy and power loss calculation is 
presented in Figure 2.5. 

 

Figure 2.5. Modelling framework for an energy loss analysis in the network. 
 
The implementation of the LVDC distribution network in a PSCAD/EMTDC 
environment is used for the power quality and transient behaviour analyses. The 
framework of the analyses is presented in Figure 2.6.  

 

 
Figure 2.6. Modelling framework for a detailed time-domain analysis. 
 
The implementation of the network in the PSCAD/EMTDC environment is described in 
subsection 2.3.1. 

2.2 Components of the LVDC network 
In this section, the analytical models and the corresponding equations are presented for 
the components of the LVDC network. To model the losses of the LVDC network 
components, the loss mechanisms are studied, and their interdependencies are described 
in an analytical form. For the power quality analysis, a study of the harmonic transfer 
mechanism is made. In addition, for the time-domain analyses, a correct 
parameterisation of the components has to be provided.  
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2.2.1 Residential customer loads  

In the following, the modelling methodology to describe the behaviour of a residential 
load is presented. The objective of the customer load modelling is to produce an 
estimate of the load. Based on annual energy consumption data and statistical data on 
load distribution, the household load shape is described by applying analytical 
equations. The load of each phase is estimated separately to model the time-dependent 
three-phase load unbalance at the household. The non-linear load-injected harmonics 
are included in the model in order to study the effect of the injected harmonics on the 
customer isolation transformer, inverter and filter losses. 

The mathematical model for household electricity consumption could be based on a 
bottom-up approach (Capasso et al., 1994) and (Paatero and Lund, 2006). In this 
approach, the activities of the people in the building are related to the energy 
consumption. The bottom-up approach model follows the use of the home appliances 
over the times of a day. 

A statistical method (Seppälä, 1996) could be used to estimate a household electricity 
consumption. In the statistical approach, a customer load is a randomly distributed 
variable, described by the mean, standard deviation and variance. In such an approach 
with electric loads, the most usual assumption is normal distribution (Fikri, 1975).  

The bottom-up approach allows the estimation of the unbalances in a residential three-
phase AC network, and because an unbalance in the three-phase customer network has 
an effect on the DC network harmonics, the approach to include the effect of the 
unbalance in the model should be established. 

Based on a European-wide study (de Almeida and Fonseca, 2006) and a survey on the 
Finnish domestic electricity consumption made by Adato Energia and financed by the 
Ministry of Employment and the Economy TEM, Sähköturvallisuuden Edistämiskeskus 
STEK and Finnish Energy Industries (Adato Energia, 2013), an initial assumption is 
made for the distribution of the energy consumption of home appliances. The loads are 
divided into three categories (Table 2.1): resistive loads drawing sinusoidal current of 
fundamental frequency, reactive loads consuming reactive power and non-linear loads 
drawing non-sinusoidal currents.  
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Table 2.1. Residential load; energy consumption of home appliances (TEM & Adato Energia, 
2013). 

 Category District heating Electric Heating 
Persons  2 4 4 2 4 

Total energy, 
kWh 

 5500 7300 11000 17400 19600 

Refrigerator Non-linear 750 600 1200 700 600 
Oven and 

dishwasher 
Non-linear 450 680 700 460 680 

Washer Non-linear 120 600 700 140 600 
Electronics Non-linear 580 770 1650 500 700 

HVAC Reactive 1000 1500 1600  600 
Sauna Sinusoidal 800 1000 1000 800 1000 

Automobile  
motor heating 

Sinusoidal 250 300 1000 250 400 

Lighting Non-linear 700 1150 1500 800 1120 
Other Non-linear 870 700 1000 750 700 

Electric 
Heating 

Sinusoidal    11000 9600 

Water electric 
heating 

Sinusoidal    2000 3600 
 

 
Most of the home appliances generate harmonic currents. Appliances of this kind 
employ a capacitor-filtered diode bridge rectifier with or without a step-down 
transformer. The AC power is rectified to DC power for internal use at different voltage 
levels. A single-phase, two-pulse bridge is used in many of the home appliances 
including for instance audio-video equipment, personal computers and peripherals, 
microwave ovens, adjustable-speed drives (such as refrigerators, washers, induction 
ovens), uninterruptible power supplies and heat pumps. The input line current is rich in 
harmonics and consists of all odd multiples of the fundamental component. Further, its 
current total harmonic distortion is typically in the range of 100 %. The input current 
harmonic produced by a single-phase diode bridge rectifier can be expressed as a 
Fourier series, where the amplitude of different harmonics is (Mohan et al., 2002) 

 
	 = 0.9 ; =

2√2
π

, (2.1) 

where  is the rms current,	  is the fundamental rms current and  is  the  nth 
harmonic rms current.  

For equipment that draws less than 16 A per phase, the IEC 61000-3-2 international 
standard establishes the harmonic limits presented in Table 2.2. Class D devices are 
low-power single-phase equipment having non-sinusoidal input current and an active 
input power of 75 W ≤ P ≤ 600 W, while the single-phase equipment above 600 W is 
classified as class A. 
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Table 2.2. Harmonic limits (IEC 61000-3-2). 

Harmonics Class A 
[A] 

Class B 
[A] 

Class C 
[% of fund] 

Class D 
[mA/W] 

Odd harmonics 
3 2.3 3.45 30 × circuit power factor 3.4 
5 1.14 1.71 10 1.9 
7 0.77 1.155 7 1.0 
9 0.4 0.60 5 0.5 
11 0.33 0.495 3 0.35 
13 0.21 0.315 3 3.85/13 

15≤n≤39 0.15 × 15/n 0.225 × 15/n 3 3.85/n 
Even harmonics 

2 1.08 1.62 2 - 
4 0.43 0.645 - - 
6 0.3 0.45 - - 

8≤n≤40 0.23 × 8/n 0.345 × 8/n - - 
 
The current spectrum of the energy-saving light bulbs such as compact fluorescent 
lamps (CFL) and light emitting diodes (LED) consists of all odd multiples of the 
fundamental component. The harmonic emission of individual lamps is restricted by the 
standard IEC 61000-3-2 (class C devices, Table 2.2).  

Because of the difference in the injected current harmonic phases, a diversity factor 
should be applied to estimate the harmonic injection of the household lighting load (Cuk 
et al., 2010). An arithmetic sum of the injected harmonics produced by electronic 
equipment gives an overestimate of the harmonic current injection, and therefore, 
diversity factors for the calculation are proposed for instance in (Mansour et al., 1994).  

Balanced three-phase household appliances are considered in the IEC 61000-3-2 as 
class A equipment (Table 2.2). The appliances of this kind could employ a three-phase 
diode bridge, and therefore, a classic harmonic 1/H current model is used to determine 
the order and magnitude of the harmonic current. This model is represented by the 
equations (Mohan et al., 2002)  

 ℎ = 6 ± 1, = 1,2,3, … 
= 1/π × √6	 ×  

= /ℎ. 
(2.2) 

This model provides a good description of the current harmonics, and the 1/h values are 
often described as a theoretical maximum. However, in practice, all harmonics are 
somewhat lower (Rice, 1994). More detailed models are also introduced for example in 
(Graham and Schonholzer, 1983), (Arrillaga, 1985) and (Dobinson, 1975). The above-
described classic model is applied to residential three-phase loads, such as pumps and 
air compressors.  
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To model a residential load profile, the techniques presented in (Salles et al., 2012) and 
(Capasso et al., 1994) can be used. Based on a similar bottom-up approach, the 
following calculations are made to determine the load shape of individual loads. The 
calculations are based on the energy consumption data of appliances provided by TEM 
(Table 2.1) with some general assumptions on the usage probability and cycling of 
appliances. For the appliance group ,	the assumptions on the probability of usage for a 
given hour, month, weekday and daytime are set. The usage probability of the appliance 
group for a given hour is determined as: 

 (ℎ ) = ( ℎ) × 	 ( )
× 	 ( ) . 

(2.3) 

The assumptions on the monthly, weekly and daytime distributions of appliance usage 
are presented in Appendix A. 

The behaviour of the residential loads depends on human life patterns and technology in 
use. The residential heating/cooling solution usually accounts for the most of the load 
and is heavily dependent on the season and outdoor temperature. The usage of other 
loads depends on human behaviour, and is characterised by the technologies available in 
the market. For a detailed and correct model, the customer appliances have to be 
identified. The identification of the residential load appliances can be non-intrusive and 
based on measurements (Hart, 1992). In the LVDC networks, the customer power flow 
and power quality are measured at the CEI, which is described in detail in Chapter 3. 
Thus, there are online measurement data available for the identification of appliances. 
Furthermore, the developed models of the LVDC network and customer load in the 
PSCAD/EMTPDC environment, as described in subsection 2.3.1, could allow testing of 
the identification algorithms in close to a real application environment as reported in 
(Chang et al., 2008). 

Table 2.3. Usage duration and cycles. 
Group 

K Name Nature Duration, min 
 

Cycle, min 
 

1 Refrigerator Automatic 30 30 
2 Oven and dishwasher Human 60 120 
3 Washer Human 140 360 
4 Electronics Human 60 10 
5  HVAC Automatic 60 30 
6 Sauna Human 180 1440 

7 Automobile  motor 
heating Human 120 720 

8 Lighting Human 60 20 
9 Other Human 60 10 

10 Electric Heating Automatic 60 10 
11 Electric Water heating Automatic 30 60 
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The assumptions on the duration and power cycling of the appliance usage are presented 
in Table 2.3. 

In the residential load model (Capasso et al., 1994), a human control factor is included. 
In this work, the calculation model is simplified; the human behaviour is not directly 
modelled, but it is indirectly included in the assumption on the appliance usage 
probability. A condition for the k-appliance being in use at a given time is 

 
( ) =

0 ( ) > RAND(1)
1 ( ) < RAND(1)

. (2.4) 

The minute resolution load profile is described with a set of equations for the usage time 
of each appliance i  

 

⎩
⎪
⎨

⎪
⎧ ( ) =

( ) = ( ) +
( ) = ( ) +
( ) > ( − 1)

( ) > 0

 (2.5) 

The energy consumed by an appliance during a single turn-on to turn-off sequence is 
calculated from the statistical annual energy consumption for the appliance group 

 
=
∑

. (2.6) 

The appliance power rating is determined from the consumed energy and the duration of 
usage 

 ( , + ) = × . (2.7) 

From the appliance power rating and the appliance type, the fundamental and harmonic 
components of the appliance current are calculated 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧ = ; = 0 sinusoidal

= ; = 0.9 ; =
2√2
π ℎ 	AND	IEC61000− 3 − 2	limits, CLASS	A/D 1	phase	non − linear

= ; 	 =
√6
π ; =

1
ℎ 	AND	IEC61000 − 3 − 2	limits, CLASS	A 3	phase	non − linear

= ×
1

PF reactive

 
(2.8) 
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Where  is the fundamental component of the k-appliance load current,  are  the  h-
harmonic components of the k-appliance load current, , and  are the k-appliance 
DC link current and voltage. 

The harmonic currents of a household load are calculated with a diversity factor 

 ( ) = DF × ( ) (2.9) 

 ( ) = ∑ ( )sin	(ℎ ). (2.10) 

The household load profile is calculated as a sum of the power ratings of the currently 
active appliances 

 ( ) = ( ) (2.11) 

In Figure 2.7, the seven-day load profile is presented for a ten-customer group. The 
figure shows that the proposed model does not directly deliver correct results. The 
traditional load profiles instead provide a good match with the group average. The 
bottom-up modelling method requires that the load must be parameterised correctly for 
accurate results. Parameterisation could be made based on customer load profiles 
provided by the Finnish Electricity Association Sener, historical AMR measurement 
data or detailed load measurements. 
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a) 

 
b) 

 
c) 

Figure 2.7. Load profiles for a customer group. a) bottom-up model, b) AMR measurements c) 
based on customer load profile, (The different colours represent different customers while the 
group average is indicated by a bold blue line). 
 
The comparison with the one-hour resolution AMR data of the delivered load profile is 
presented in Figure 2.7. The bottom-up modelling approach could deliver a greater 
resolution; Figure 2.8 presents an example of a comparison based on a one-minute 
resolution load profile between the model delivered data and the field measurements. 
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a) 

 
b) 

 
c) 

Figure 2.8. Example of a one-day load profile. a) bottom-up model, b) Household 1 
measurements c) Household 2 measurements. (The different colours represent three different 
days.) 
 
The more details of the load are known, the more accurate the variation in power and 
load cycling becomes. In the LVDC network, the measurement resolution allows the 
adoption of the bottom-up modelling approach to estimate the customer load behaviour 
and the advanced power flow control in LVDC networks containing distributed energy 
resources. The other benefit of the proposed bottom-up model is that the load current 
content is modelled and could be used for power quality and power loss studies. 

The implementation of the above-described residential load model in the MATLAB 
environment can be used in the energy loss analysis for the network. The energy loss 
analysis is presented in detail in subsection 5.4.4. 
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2.2.2 Customer-end power electronics – inverter 

In this section, the focus is on the modelling methodology for the customer-end inverter. 
To estimate harmonic pollution in the DC network, a current source model of the three-
phase inverter is proposed. The loss mechanisms of the customer-end inverter 
components are described and the corresponding analytical equations are presented. 

Current source model of the customer-end inverter unit 

A current source model is used for the customer-end inverter unit representation in the 
DC distribution network (Figure 2.9). For this representation, the DC current spectrum 
is estimated. The DC link current spectrum of the three-phase inverter is discussed in 
(Evans and Hill-Cottingham, 1986), and the method for calculating the DC link currents 
of a three-phase inverter with unbalanced and non-linear loads is presented in (Cross et 
al., 1999). 

 
Figure 2.9. Current source model of a three-phase inverter and load. 
 
Equations for the estimation of the DC-side current for a three-phase inverter with an 
unbalanced load are derived from the energy balance equation. The energy balance 
equation for a three-phase inverter (Mohan et al., 2002) provides the relationship 
between an instantaneous power input and an instantaneous power output: 
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i ( ) = ( ) ( ) + ( ) ( ) + ( ) ( )
= √2V sin( ) ∙ √2I sin( − )
+ √2V sin( + 120°) ∙ √2I sin( + 120° − )
+ √2V sin( − 120°) ∙ √2I sin( − 120° − ), 

(2.12) 

where  is the DC-side current,  is the DC-side voltage,  is the instantaneous phase 
voltage,  is the instantaneous phase current, V  is the phase rms voltage, I  is the phase 
rms current,  is the fundamental angular frequency of the output, and  is the phase 
angle by which the phase current lags the phase voltage. 

The DC current is 

( ) = − cos(2 − ) − cos(2 − 120 − )

− cos(2 + 120 − ), 
(2.13) 

where the DC component of current is 

 = cos( ) + cos( ) + cos( ). (2.14) 

For balanced load conditions, the DC-side current is a DC quantity (Mohan et al., 
2002): 

 ( ) =
3

cos( ). (2.15) 

Under an unbalanced load, the inverter DC-side current includes an unbalanced current 
component. For a single-phase case we may write (Cross et al., 1999) 

 = 	 ( ) ∙ sin( + )

=
2

(cos( ) − cos(2 + )). 
(2.16) 

The three-phase case contains three terms added together. In this case, the magnitude of 
the DC current second harmonic component ( ) is calculated from the geometric 
addition of vectors 

≅
( cos(0) + cos(−2 /3) + cos(2 /3)) +

( sin(0) + sin(−2 /3) + sin(2 /3)) 	. (2.17) 

The phase of the component is  
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= arccos

cos(0) + cos −2
3 + cos 2

3 . (2.18) 

Under an unbalanced load, the inverter DC-side current is 

 ( ) = − cos(2 − + ). (2.19) 

In the reference case, the customer-end inverter involves an isolation transformer, and 
therefore, general conversions of the current magnitudes from wye to delta windings are 
required. From the primary winding current, the inverter output line current magnitudes 
are calculated as 

= ( cos(0) − cos(2 /3)) + ( sin(0) − sin(2 /3))  

= ( cos(0) − cos(2 /3)) + ( sin(0) − sin(2 /3))  

= ( cos(0) − I cos(2π/3)) + ( sin(0) − sin(2 /3)) , 

(2.20) 

where , ,  are the isolation transformer primary winding currents. 

Because of the load unbalance between the phases, the DC current spectrum contains 
the harmonics produced from the odd harmonics of the inverter AC output side. The DC 
link current harmonics appear as a sideband of the inverter output current kth harmonic 
(Evans and Hill-Cottingham, 1986) and (Cross et al., 1999), which can be expressed as 

( ) = cos(( − 1) + ) + cos(( − 1) + )

+ cos(( − 1) + ) − cos(( + 1) − )

− cos ( + 1) − 120 −

− cos ( + 1) + 120 − . 

(2.21) 

The most significant low-frequency current harmonics on the DC link apart from the 
DC component, excited by the inverter, are calculated by 
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, ( ) = cos(2 + ) + cos(2 + )

+ cos(2 + ) − cos(4 − )

− cos(4 − 120 − )

− cos(4 + 120 − ) 

(2.22) 

, ( ) = cos(4 + ) + cos(4 + )

+ cos(4 + ) − cos(6 − )

− cos(6 − 120 − )

− cos(6 + 120 − ). 

(2.23) 

The DC current, considering only the significant low-order harmonics, is thus written as 

 ( ) = , ( ) + , ( ) + , ( ). (2.24) 

Based on the above equations, the current source model of the customer-end inverter 
(CEI) is implemented. 

In the case of the three-phase, four-wire system, the neutral conductor current of the 
four-leg pair IGBT bridge should be estimated. It depends on the unbalance between the 
phases and on the level of the third-order zero-sequence harmonic current. The neutral 
conductor current in terms of Fourier series is 

( ) = + +

+ [ cos( − )

+ cos( ( − 120) − )
+ cos( ( + 120) − )]. 

(2.25) 

For computation cases where measurements on the current harmonic content and phases 
are not available, a simplification could be made: the rms value of the neutral current 
resulting from the phase unbalance for sinusoidal loads is   

 
, = + + − − − . (2.26) 
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Because of the non-linear loads, the rms value of the neutral current contains triplen 
harmonics, which add up cumulatively. With the assumption of the same phase shifts in 
the phase currents, the rms values of the harmonic current could be calculated as 
follows 

 

⎩
⎨

⎧ = + + = 3

= + + − − − ≠ 3
	 (2.27) 

 

, = . (2.28) 

Estimation of the power losses of the customer-end inverter unit 

A customer-end inverter (CEI) unit is a power electronic converter that provides AC 
voltage suitable for customer home appliances from the DC voltage level of the 
distribution network. A CEI consists of a power electronic bridge, a line filter and, 
optionally, an isolation transformer. The converter bridge is implemented using IGBT 
(insulated gate bipolar transistor) switches. 

IGBT bridge. The losses can be divided into conduction losses and switching losses, 
the latter of which comprising off-state blocking losses, turn-on switching losses and 
turn-off switching losses. Generally, the conduction losses can be expressed as 

 
=

1
( ) ∙ ( ) , (2.29) 

where ( ) is the on-state voltage drop, ( ) is the load current, and  is  the  
fundamental period. 

Accurate calculation of the conduction losses is complicated because of the switching of 
the current path and the non-linear nature of the power electronic switching devices. 
Therefore, general assumptions and approximations are used to estimate the losses on 
the IGBT bridge. Semiconductor losses in insulated gate bipolar transistor (IGBT) 
converters are derived analytically in (Bierhoff and Fuchs, 2004) and (Kolar et al., 
1991) and can be calculated using the datasheet parameters (Graovac and Pürschel, 
2009).  

Average losses are expressed from the average IGBT current  and the rms value of 
the IGBT current  as the approximation (Kolar et al., 1991) 
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 = ∙ + ∙

= ∙ √2 ∙ ∙
1
2π

+
8

+ ∙ 2

∙ ∙
1
8

+
3

, 

(2.30) 

where 	is the on-state zero-current collector-emitter voltage,  is the collector-
emitter on-state resistance,  is the amplitude modulation index, and  is the 
power factor. 

Similarly for a diode: 

 = ∙ + ∙

= ∙ √2 ∙ ∙
1
2π

−
8

+ ∙ 2

∙ ∙
1
8
−

3π
	. 

(2.31) 

The conduction losses on the IGBT are 

 = + 	. (2.32) 

The switching losses in the IGBT and the diode are the product of the switching 
energies and the switching frequency. Detailed calculation of these losses is described 
in (Kolar et al., 1991) and (Schnell and Schlapbach, 2004). The energy losses given in 
the datasheet can be used with a dependence assumption of the switching energy loss 
(Kolar et al., 1991) and the dependence on the DC voltage (Schnell and Schlapbach, 
2004) 

 
, / = ( ) ∙ ( + ) ∙ ∙

,
∙

1
π
	, (2.33) 

where  and  are the switch turn-on and turn-off energy losses of the power 
electronic component, and the power loss dependence on the switched current is 
described as a polynomial (Drofenik and Kolar, 2005) 

 ( ) = + ∙ + ∙ . (2.34) 

The switching loss on the IGBT is the sum of the switching losses on the transistor and 
the diode 

 = , + , 	. (2.35) 

The total losses of the six-pack IGBT module are written as 



2 Modelling of the LVDC distribution network and its components 
 
50

 = , + ,
= 2 , + 2 , + 2 , + , + ,
+ , 	. 

(2.36) 

LC filter 

Most of the losses on the inverter output LC filter are inductor losses while the losses on 
the capacitor are negligible. Inductor losses are commonly divided into winding copper 
losses and inductor core losses  

 = + . (2.37) 

Core losses, without the need for previous loss measurements of the material used, are 
usually predicted by approaches based on the Steinmetz equations. An empirical power 
equation characterising the core losses (Steinmetz, 1984) is written as  

 = ∙ ∙ , (2.38) 

where , , 	are the material parameters referred to as the Steinmetz parameters, 
which are valid for a limited frequency and flux density range,  is the peak induction 
of a sinusoidal excitation with a frequency  and 	 is the time average power loss 
per unit volume. The Steinmetz coefficients are usually supplied by manufactures. 
However, the Steinmetz equation is only valid for sinusoidal excitation. Therefore, to 
deal with non-sinusoidal excitation, there are solutions such as the modified Steinmetz 
equation (MSE) (Reinert et al., 2001) and the improved generalised Steinmetz equation 
(iGSE), which is capable of accurate calculation of the losses of any flux waveform and 
does not require extra characterisation of the material parameter (Li et al., 2001). The 
theoretical calculation of the core losses for pulse-width modulation (PWM) inverter 
filters is presented in (Shimizu and Ishii, 2006), (Lee et al., 2013) and (Venkatachalam, 
2002). 

Core losses produced by material magnetisation are divided into major loop losses from 
the fundamental 50 Hz magnetisation and minor loop losses from the magnetisation at 
the switching frequency (Venkatachalam, 2002). For the reference case with PWM 
excitation, the main component of the core losses is assumed to be produced by the 
minor loop magnetisation. The maximum peak-to-peak flux density of the minor loop 
losses depends on the ripple current by 

 ∆ =
∆Ψ

=
∆ℱ
ℛ

=
∆
ℛ

=
∆

ℛ + ℛ

=
∆

+
=

∆

+ ,
 

(2.39) 
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where Ψ  is the magnetic flux, 	is the effective cross-sectional area, ℱ is the 
electromotive force,  is the number of turns, ℛ is the magnetic reluctance, ℛ  is the air 
gap reluctance, ℛ  is the core reluctance,   is the air gap length,  is the core magnetic 
path length, and  is the relative permeability of the core material. 

The average current ripple on the PWM inverter output inductor from the basic relation  
	 =   is obtained from (Ertl et al., 2002) 

 
∆ =

1
( − )∆t =

1
( − ) =

1
( − )

= (1 − ), 
(2.40) 

where  is the amplitude modulation index. 

Taking the approach from the waveform-coefficient Steinmetz equation (Shen, 2006), 
we may write 

 =
4
∙ ∙ ∙ , (2.41) 

A materials manufacturer Hitachi Metals gives the following values for an iron-based 
amorphous alloy (2605SA1), = 6.5, = 1.5 and = 1.74 (Hitachi Metals, 2011). 
The weight of the core (AMCC-500) used in the study is 2890 g.  

The winding copper losses in non-sinusoidal current conditions are according to 
(Kazimierczuk et al., 1999) and (Kondrath and Kazimierczuk, 2010) expressed as 

 
= + = +

1
2

 (2.42) 

 = × , (2.43) 

where  is the ratio of the AC resistance to the DC resistance given by Dowell’s 
equation for the th-harmonic frequency (Dowell, 1966) and (Kondrath and 
Kazimierczuk, 2010) 

 
= √ ∙ ∙ + 2

− 1
3

, (2.44) 

where 	 is the number of winding layers. The skin effect factor ( ) and the 
proximity effect factor ( ) are 
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=

sinh 2 √ + sin	(2 √ )
cosh 2 √ − cos	(2 √ )

, (2.45) 

 
=

sinh √ − sin	( √ )
cosh √ + cos	( √ )

	. (2.46) 

The normalised conductor dimension can be written as 

 
=

4

⁄
× , (2.47) 

where  is the diameter of the conductor and  is the distance between the conductors. 
The skin depth on the switching frequency  is determined as 

 
= 	, (2.48) 

where  and 	 are the resistivity and permeability of the winding material. 

Isolation transformer 

Transformer losses are generally divided into iron losses and copper losses. The copper 
losses are due to the load current. These are calculated by measuring the DC resistance 
of the winding and multiplying it by the square of the load current. The iron losses are 
due to the changing magnetic flux, and they not depend on the load current. 
Transformer losses are typically given by the manufacturer as no-load losses  and 
load losses	  and are written at the rated load as 

 = + 	. (2.49) 

In the reference case, the isolation transformer current is sinusoidal with harmonics that 
are injected by the customer non-linear loads. The voltage is inverter unit controlled 
with the voltage THD below 3 %, and thus, the magnitudes of the voltage harmonic 
components are small. Therefore, the effect of harmonic voltage on the no-load losses 
could be neglected with an insignificant error (Driesen et al., 1998). Nevertheless, 
considering a residential load, the amount of current harmonics is significant when 
compared with the fundamental component. The eddy current losses generated by the 
electromagnetic flux are assumed to increase by the square of the frequency and the 
square of load current (Kennedy and Ivey, 1990). The total copper losses in a 
transformer are commonly expressed as 

 = + ( / ) = + 	, (2.50) 
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where  is the copper resistance of the windings,  is the equivalent resistance for 
the eddy current losses,  is the harmonic component frequency, and  is the 
fundamental component frequency.  

For the transformer supplying harmonic currents, the harmonic loss factor is used to 
calculate the additional losses (Yildirim and Fuchs, 2000) and (Shun and Xiangning, 
2008) 

 

=
∑ ℎ

∑
	, (2.51) 

where 	is the rms of the harmonic current of the order ℎ, n is the highest significant 
harmonic number, and  is the rms fundamental current under rated frequency and load 
conditions. 

The transformer total losses are determined by 

 
= + + 	, (2.52) 

where  are the basic copper losses for the fundamental frequency and  are the 
eddy current losses under rated conditions. 

The above calculation procedure is simple, and it is based on datasheet parameters only. 
Based on the knowledge of the physical dimensions and structure of the transformer and 
the measurements of the winding resistances, it is possible to use a detailed model of the 
transformer, where the winding losses are calculated by taking the same approach as for 
the losses of the inductor winding during non-sinusoidal excitation, as described in the 
previous section. 

2.2.3 DC networks 

Next, the modelling methodology for DC networks is presented. Here, a DC network 
with underground cables or overhead lines is considered. The effective length of the 
LVDC network is about 10 km (Kaipia et al., 2006). Taking into account that the 
modelling aims at the assessment of low-frequency harmonics, the standard short-line pi 
equivalent model of the network suffices for the purpose (Xu, 2001). In the modelling, 
the datasheet parameters of cable resistance, inductance and capacitance are used. 

The resistance of the current-conducting cables increases with the current frequency, 
which is due to the skin and proximity effects. The skin effect is caused by a current 
displacement produced by the alternating magnetic field in the conductor itself. The 
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proximity effect is caused by the changing magnetic field of a nearby conductor. In the 
case of a single conductor, only the skin effect can take place, while in the case of 
multicore cables or nearby cables, both the skin effect and the proximity effect act 
simultaneously (Desmet and Vanalme, 2008).  

 = 1 + + , (2.53) 

where  is the skin effect factor,  is the proximity effect factor, and  is the cable 
resistance with a temperature dependence (Ferkal, 1996) 

 = ℃[1 + ( − 20)]	, (2.54) 

where ℃ is the DC resistance of the conductor at 20°C,  is the constant mass 
temperature coefficient for the material at 20°C, and  is the operating temperature in 
°C 

The calculation of the skin effect factor and the proximity effect factor based on 
empirical equations is given in the IEC 60287 standard; the equation represents an 
approximation of the Bessel functions. Thus, by solving Maxwell’s equation in a solid 
round conductor (IEC 60287), the skin effect factor becomes 

 
=

192 + 0.8 ∙
, (2.55) 

here 

 
=

8π
∙ 10 ∙ 	, (2.56) 

and further,  is the frequency and  is the coefficient according to IEC 60287, which 
depends on the conductor type. For a sector-shaped solid copper conductor, = 1. 

The conductor DC resistance and frequency have an influence on the skin effect factor. 
The proximity effect varies with the conductor geometry. The cable DC resistance, 
frequency, cable spacing and cable diameter define the proximity effect. According to 
IEC 60287, for a three-core cable  
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where 
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=
8π

∙ 10 ∙  

and  is the diameter of the conductor,  is the distance between the conductor axes 
and  is the coefficient according to IEC 60287. 

Thus, in this work, the DC cable losses are calculated by an equation where the 
increased resistance is a parameter 

 
= ( + )	, (2.58) 

where  are the cable losses,  is the number of cores in the cable,  is the cable 
resistance at the hth current harmonic calculated by the equation provided above,  is 
the DC current in the conducting core and  is the rms value of the hth current 
harmonic in the conducting core. 

2.2.4 Network front-end power electronics – transformer rectifier 

The LVDC network is interfaced to the MV network through a step-down transformer 
and a rectifier, situated at the rectifier station (Figure 2.1.) 

Estimation of the power losses of the network front-end thyristor rectifier  

Conduction losses in a diode occur when the diode is in the forward conduction mode as 
a result of an on-state voltage drop. Most of the time, the conduction losses are the main 
contributor to the total diode power losses. Conduction losses are the average dissipated 
power in the diode during the forward conduction phase given as  

 
=

1
, ∙ ( ) ∙ , (2.59) 

where  is the voltage at the terminals induced by a forward current  and  is the 
junction temperature. General formulation for the mean on-state power dissipation is 
given as 

 = ∙ + ∙ , , (2.60) 

where  is the on-state voltage,  is the on-state slope resistance,  is the thyristor 
average current and  is the thyristor rms current.  

During network normal operation, the thyristor conduction angle is = 0°, and the 
thyristor bridge behaviour is similar to that of a diode bridge. Therefore, the losses 
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could be estimated using a general equation for the diode bridge. For the three-phase 
diode bridge, the diode current is generally expressed as  

 
=

1
3

	, (2.61) 

 
, =

π
6

	. (2.62) 

Thus, the average losses of the reference case six-pulse thyristor bridge, where each 
component is conducting during a full cycle, supplying continuous DC current, could be 
estimated as 

 = 6 ∙ ∙ + ∙ , 	. (2.63) 

Transformer rectifier operation 

Three-phase rectifier system topologies have a different harmonic stress effect on the 
mains (Kolar and Ertl, 1999). In the case under study, the front-end line-frequency 
rectifier of the LVDC distribution is configured as a 12-pulse one powered by the 
phase-shifting transformer with two secondary windings. Each half-controlled six-pulse 
thyristor rectifier is powered through Y-Y and Y-Δ transformer winding pairs. By using 
a shifting transformer, the low-order harmonic currents generated by the six-pulse 
rectifiers are partly cancelled. The rectifier ±750 V DC output voltage forms a bipolar 
DC network voltage level. The smoothing of the DC voltage waveform is carried out by 
capacitors connected to the output terminals of the thyristor bridges. The thyristor firing 
angle is controlled to reduce the inrush current of the DC capacitors during start-ups and 
interruptions. 

Theoretical input current harmonics for rectifier circuits are a function of pulse number 
and are expressed as 

 ℎ = × ± 1, (2.64) 

where = 1,2,3 … and  is the pulse number. For the three-phase six-pulse bridge 
(Mohan et al., 2002) 

 
=
√6

,	 (2.65) 

 =
ℎ

, (2.66) 

In the case under study, the LVDC network front-end step-down transformer is a phase-
shifting transformer with two secondary windings. The exact configuration is Ddy0y5. 
This configuration allows the cancellation of the fifth and seventh harmonics and an 
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improvement in the input current THD (Lana et al., 2011b). The input current harmonic 
content of the rectifier depends on the symmetry of the load. Under unsymmetrical load 
conditions, the rectifier operates as a six-pulse rectifier, whereas in a symmetrical load 
situation the rectifier operates as a 12-pulse rectifier. Moreover, the input current 
harmonic distortion may not meet the IEEE 519 standard requirements (Lana et al., 
2011b). Under light load conditions, the rectifier operates in a discontinuous current 
mode since the DC current falls to zero six times per cycle of the supply frequency. 
Compared with discontinuous current operation, the rectifier operating in a continuous 
current mode draws a line current with less harmonic distortion. 

The harmonic content of the DC network line currents is transferred to the input line 
currents of the three-phase rectifier, and vice versa: the voltage harmonics on the bridge 
input AC side are presented on the output DC network side (Sakui et al., 1989), (Larsen 
et al., 1989), (Hu and Yacamini, 1992), (Sakui and Fujita, 1994), (Jiang and Ekström, 
1997) and (Burton, 1995). The function of the harmonic current of the DC ripple is 
described in (IEEE 519, 1993). The power loss calculation on the network front-end 
transformer is made according to (IEEE C57.110, 2008) using estimated transformer 
winding currents on the primary and secondary sides. 

2.3 Implementation of the network model in simulation 
environments 

In this section, the focus is on the implementation of the LVDC distribution network in 
simulation environments. The electromagnetic transient simulation program 
PSCAD/EMTDC is used to analyse the system transient behaviour and power quality 
issues in the network. The numerical computing environment MATLAB is used for the 
long-term power loss calculation and power loss distribution analyses. 

2.3.1 Implementation in the PSCAD/EMTDC environment 

In the following, the PSCAD/EMTDC implementation of the LVDC distribution 
network is presented. To analyse the transient behaviour, the power quality and 
protection of the system are simulated by using the electromagnetic transient simulation 
program PSCAD/EMTDC. The objective of the models is to study the transient 
behaviour, harmonic propagation and protection issues of the network. 

The initial model of the LVDC distribution network prototype was implemented and 
verified by measurements (Vornanen et al., 2009). The model consists of a front-end 
transformer rectifier, a 200 m long bipolar DC network and one phase customer inverter 
with load. The transformer rating and winding voltages correspond to the laboratory 
transformer. The rectifier is a half-controlled thyristor bridge. The sizes of the DC 
capacitors correspond to the laboratory setup. The single-phase PWM inverter model is 
based on ideal switches, and thus, switching is included in the model. 
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The field installation of a public LVDC distribution network is based on three-phase 
inverters; the description of research platform is given in Chapter 3. To proceed with 
offline simulations, the model of the actual network research platform with full transient 
details is developed. In the model, the inverter modulation scheme is sine-triangle PWM 
with third-harmonic injection (THIPWM). Being different from the space vector PWM 
used in prototype inverters, this modulation method provides uniform results and is 
easier to implement. 

Rectifier model and implemented functions 

The rectifier model is based on commonly known principles. The power electronic 
components of the rectifiers, that is, the thyristors and the diodes are two-state resistive 
switches from the PSCAD main library. The model applies a start-up/restart logic: 
above 60 % of the grid voltage the rectifier is on, while below 50 % of the grid voltage 
the rectifier is off and resets the delay angle for soft restart. Further, there are two work 
modes in the model, normal and charging, and the mode is changed by the hysteresis 
logic. If the DC voltage is above 89 % of the nominal, the work mode is normal. In the 
normal mode, two 30-degree firing impulses spaced by 30 degrees are supplied to the 
thyristor gates. If the DC voltage is below 87 %, the work mode is charging. In the 
charging mode, one 30-degree firing impulse is supplied to the thyristor gates. There are 
similar functions in industrial rectifiers, for example in the ABB ACS 600 DSU. 

Customer-end inverter model and implemented functions 

The CEI model in the PSCAD environment consists of a three-leg-pair IGBT bridge, an 
LC filter and an isolation transformer. The model allows full-detail simulation of high-
frequency switching events. The solution time step is set to 5 us. The IGBT bridge 
components are two-state resistive switches from the PSCAD main library. The LC 
filter model is simple, made from basic linear electrical components; inductance and 
capacitance. The three-phase, two-winding transformer is a PSCAD main library 
component, and it is based on the classical modelling approach. The IGBT bridge 
modulation technique implemented in the model is THIPWM. In order to test the 
behaviour of the network during significant events and faults, additional functionalities 
(under/overvoltage protection and AC voltage droop) are implemented in the inverter 
model (Table 2.4). These correspond to actual customer-end inverter functionalities. 

Table 2.4. CEI functionality implemented in the model. 
Fault/Event Action Definition Prototype Model 

DC undervoltage AC voltage 
droop Udc < 610 V Uac – 15 % Uac – 15 % 

DC overvoltage Protection Udc > 780 V Shutdown, 
Restart Modulation Off 

DC undervoltage Protection Udc < 520 V Shutdown, 
Restart Modulation Off 
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Customer load model 

To study the power quality and the harmonic flow in the customer load network, a 
complex load is modelled as individual components: 

· Resistive load, 
· Non-linear 

- Single-phase diode bridge with a capacitive filter 
- Three-phase diode bridge with a capacitive filter and 

· Induction motor. 

The power ratings and configuration of the load are determined by the case under study.  

Large-scale average model of the LVDC network installation 

The MV distribution network branches, which can be replaced by an LVDC distribution 
network, have much more customers than the pilot case network. For example in this 
work, networks with 50–110 end-customers on MV/LV branches were calculated. 
Again, further constraints for the simulation case can be imposed by the fact that 
simulations with microsecond-scale steps can be time consuming and require much 
more memory than the simulation environment or computer can provide. Therefore, to 
be able to simulate longer periods and larger networks than in the pilot case, the time 
step of the solution has to be increased. This will disable the option of high-switching-
event simulations, but low-frequency harmonic analyses will remain accurate. In this 
case, a three-phase inverter average model, where the inverter is modelled as a 
controlled current source, is used to model the LVDC network load.  

MV network model 

The medium-voltage (MV) network is modelled by the following components: a 110 kV 
voltage source model, a 110/21 kV 16 MVA transformer and a 20 km Al/Fe 85/14 
pigeon line model. The source fault level is 1000 MVA and the R/X ratio is 0.1. The 
supply frequency is 50 Hz. The MV network model is similar to the Finnish overhead 
power network models for rural and urban areas developed by the University of Vaasa 
and VTT Technical Research Centre of Finland. The models are described in detail in 
(Kauhaniemi and Ristolainen, 2005). These models can be used with the developed 
LVDC network models as sources for further studies. 

In the network PSCAD model, which is used in the simulations, the transmission line is 
modelled using a PSCAD-coupled pi section transmission line component. The 
component parameters were set according to Table 2.5. 
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Table 2.5. Transmission line parameters (Kauhaniemi and Ristolainen, 2005). 
 Resistance, Ω/km Inductive reactance, 

Ω/km 
Capacitive reactance, 

MΩ*km 
Positive-sequence 0.337 0.354 0.3183 

Zero-sequence 0.487  1.885 0.5218 
 

2.3.2 Implementation in MATLAB  

To proceed with the computation-intensive calculation of the energy losses, a 
MATLAB-script-based model was developed. The inputs for the calculation are the 
network configuration and the CEI output rms phase current or the CEI output phase 
current spectrum. The input data for the calculation are gathered from the actual LVDC 
network software solution. In addition, bottom-up-generated data or AMR 
measurements could be used to generate an estimation of losses. 

Based on the theoretical background presented in section 2.2 and the corresponding 
equations, the following computation functions were developed and integrated in the 
computational model of the network. The functions are represented in Figure 2.10. 
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structure, where each node element has properties of the connection to the parent node, 
consisting of the length, cable type, resistance, current, voltage, power and energy flow 
and the bipolar connection status. The network customers are leaf nodes, with the 
corresponding annual energy consumption, AMR measurements and curve properties 
provided by Sener. During the tree traversal, the properties of the nodes are updated. 
The network power flow calculations are made by using an iterative Gauss–Seidel 
method. For the first iteration, the leaf node currents are assigned with an assumption of 
the nominal voltage on the load terminals, the node currents are updated, and the 
traversal direction is from the leaves to the root. In the second iteration, the node 
voltage is updated, and the tree traversal direction is from the root to the nodes. The 
iterations are repeated until a convergence of the voltages on the tree nodes is reached.  

To model a theoretical LVDC network, its configuration has to be established. For a 
quick solution, which suffices to describe an LVDC network, a heuristic algorithm is 
applied to determine the end-customer division across a bipolar link. The heuristic 
algorithm maintains the energy balance on the parent node. The tree is traversed from 
the leaves to the root, and for each child node, the connection type is set to be either 
direct or crossed. The findings of the optimal division will be described in a 
forthcoming doctoral dissertation by Tero Kaipia, M.Sc. (Tech).  

The cable selection is made based on the techno-economic requirement to minimise the 
network lifetime costs. The network cable dimensioning is made according to the 
methodology described in (Kaipia et al., 2008). 

The calculation approach is illustrated by an example computation of the case network 
presented in (Appendix C. Figure C.2). The computation is illustrated in Appendix B. 

The proposed approach allows a computational analysis of the replacement of any 
MVAC network branch by the LVDC network. The annual losses, efficiency and costs 
of the LVDC network are computed and compared with the corresponding information 
on the MVAC branch. The model can be used as a base for the development of a 
decision-making solution. 

Moreover, the proposed approach allows fast load flow calculation with the requirement 
of minimum operating memory consumption. The developed computational model is 
easy to transfer to other programming languages, for example C, for a better 
performance and compatibility. For example, the model could be applied to the real-
time calculations of the network properties and power flow on LVDC network units.  
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3 Data acquisition, condition monitoring and control 
solution 

In this section, the proposed software solution for an LVDC network research platform 
and its operation and functionalities are described. The developed software solution was 
needed for the upper-level research platform monitoring and control functionalities. 
Further, digital metering for real-time data acquisition, interoperability and 
communication systems are components of the required smart distribution system 
supporting electricity and energy savings (Eurelectric, 2011).  

In this dissertation, the developed solution is a practical result aimed at pilot evaluation. 
Because of the complexity of the system under study and a diversity of the distribution 
network events, the pilot evaluation is required to verify the assumptions made in this 
work and developed in the models. Moreover, the pilot evaluation reveals the actual 
nature of the system under study and allows the evaluation of the concerns relevant to 
the system. Therefore, to capture and assess the pilot system performance, a system-
wide condition monitoring solution is developed. This solution is used to verify the 
scientific results presented in this dissertation. The solution delivers system 
performance data, which consists of measurements on the customer LVAC networks 
and the source MVAC network. Electrical measurements of the network current and 
voltages and their harmonic content with the power quality indices are stored with one-
minute resolution. Moreover, the examination of the network transient behaviour is 
enabled by the fault log, a 5 s measurement window and 2 kHz sampling, which are 
dumped to the local storages on detection of a fault. 

The pilot, the LVDC research platform is developed and built by the LVDC research 
team of Lappeenranta University of Technology (LUT) and a Finnish distribution 
system operator Suur-Savon Sähkö Oy (SSS). The research platform is presented in 
Figure 3.1.  
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Figure 3.1. LVDC research platform. 
 
Description of the research site, including a detailed system specification is given in 
(Nuutinen et al., 2012) and (Nuutinen et al., 2014). 
 
The author, as the developer of the data acquisition and control solution for the LVDC 
network research platform, is mainly responsible for the custom protocol design and 
implementation of the communications between the network intelligent electronic 
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devices (IED) on the network and parts of the software, which are running on Linux-
based embedded PCs, and the architecture and design of these (Figure 3.4). 

The initial requirements for the condition monitoring and the power system control 
solution were the following: 

· Remote control of the LVDC network research platform 
- Rectifier control, i.e., DC network start-up and shutdown 
- Remote emergency shutdown of the system 
- Customer-end inverter (CEI) control (start-up, shutdown, reset), 

· Real-time monitoring of the network rectifier 
- DC network voltages and currents 
- Rectifier power electronics temperature 
- DC network isolation resistance, 

· Real-time monitoring of the network customer-end inverters 
- DC voltage and current 
- Customer-end phase voltages and currents 
- Control electronics supply voltage and system temperatures (cabinet and 

power electronics) 
- Customer-end frequency and 

· Reporting and logging of the fault situations 
- Fault code display and reset 
- Recording of high-resolution waveforms before and after a fault (“black box” 

operation). 
 
The rectifier and CEI measurement cards are based on a TMS320F28335 floating point 
digital signal processor (DSP) and provide measurements that are processed by the 
developed solution. The DSP has a 16-channel 12-bit analog-to-digital converter 
(ADC). The design of the measurement analogue circuitry is out of the scope of this 
work. Nevertheless, the details of the measurement range and resolution are given by 
(Nuutinen et al., 2014) and summarised in Table 3.1. 

Table 3.1. Measurement range and resolution. 
Measurement Range Resolution 

Rectifier measurement card 
AC Side Voltage 900 V 0.5 V 
DC Side Voltage 900 V 0.5 V 

Low Range Current ±75 A 40 mA 
High Range Current ±580 A 280 mA 

CEI measurement card 
DC Voltage 900 V 0.25 V 
DC Current 75 A 20 mA 
AC Voltage ±375 V 0.18 V 

Low Range Current ±75 A 40 mA 
High Range Current ±430 A 200 mA 
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The measurement points of currents and voltages are illustrated in Figure 3.2 for the 
rectifier station and in Figure 3.3 for the CEIs. 

 
Figure 3.2. The measurement points of currents and voltages on rectifier station (one pole 
converter is presented). 
 

 
Figure 3.3. The measurement points of currents and voltages on the CEI. 
 
The resolution of the measurement results and the measurement points presented in this 
dissertation correspond to the information presented above. 

3.1 Network control structure 
The control over the network units is performed by applications running on embedded 
PCs located at the rectifier substation and the customer-end inverters (CEI). The 
embedded PCs are interconnected by Ethernet and fibre optic cables running along the 
underground power lines. The fast communication medium enables the development of 
the advanced communication-based network protection and control algorithms. The 
control and monitoring solution, therefore, includes a control and monitoring function 
for each interconnected unit and network device. A block diagram of the developed 
control and condition monitoring solution is presented in Figure 3.4. 
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Figure 3.4: Schematic diagram of the developed ICT solution. 
 
The software was developed using the C programming language. The software is 
running on ARM-processor-based industrial Linux embedded PCs. The developed 
applications are multithreaded. The libmodbus library was used to send and receive data 
according to the Modbus protocol for the communication with the RETA-01 module of 
the active rectifier. The communications between the CEI measurement and control 
DSP cards and the CEI client application as well as the communication between the 
server application and the client application are based on a custom protocol developed 
for these tasks according to the application requirements and the constraints of the 
communication media. The custom protocol is based on fixed-size TCP/IP packets, 
comprising: 

• 2 kHz voltage and current data flow, statuses, 
• 2 Hz RMS measurement data flow, statuses, 
• 0.5 Hz FFT harmonic spectra data flow 

The protocol is designed to meet the physical link bandwidth. The DSP serial 
communication interface (SCI) bandwidth sets limits on the payload size (Table 3.2). 
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Table 3.2. Application protocol datagrams. 

Name Payload 
size, bit 

DSP SCI 
stream, 

bps 

Maximum 
throughput, 

bps 

Ethernet  
TCP/IP 

frames, bit 

TCP/IP 
Ethernet 
stream, 

bps 

Transmission 
rate 

Inverter 
control card 

datagram 

384 
584 

16 480 
777 408 921 600 

592 
792 

16 896 
 

1 194 032 
2kHz 
2hz 

0.5Hz 

Rectifier 
measurement 

card datagram 

448 
608 

16 448 
905 440 921 600 

656 
816 

16 864 
1 322 064 

2kHz 
2Hz 

0.5Hz 
Client control 

datagram 80  921 600 576 1 152 000 2kHz 

Client 
application 
datagram 

872 
16 472  100M 1080 

16888 2 168 444 2kHz 
0.5Hz 

Server control 
datagram 88  100M 576 1 152 000 2kHz 

 

The developed solution, illustrated schematically in Figure 3.4, consists of the following 
parts: 

· Network server application, around 9000 lines of C code, 
· CEI client applications, around 2000 lines of C code, 
· CEI measurement DSP firmware,  
· Web-based portal (HTML, Java Script, Perl) and 
· Scheduled jobs (Bash scripts). 

The solution allows: 

· Indication of the network device statuses and faults, 
· Reporting of the measurement results on the network devices, 
· Fault logging, which includes fault current and voltage logging on customer 

inverters and on the rectifier station 
- 5 s time window, measurement sampling at 2 kHz, 

· Reporting and logging of the customer-end inverter output power quality, 
measurements, based on the IEEE standard 1459-2010 and 

· Reporting and logging of the one-minute resolution measurements of the 
network power flow, voltages and currents. 

Rectifier station control structure 

The control over the network is centralised at the rectifier station, and the network 
server application is running on an embedded box computer located at the rectifier 
substation. The server application has the following functionalities: data acquisition 
from clients, a web portal, data logging, AMR measurements and control over the 
LVDC network connected units. The ABB ACS 800 converters are used to provide 
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bipolar power flow between the LVDC network and the AC distribution network. The 
converters are controlled over Modbus/TCP using RETA-01 Ethernet modules. The 
MVAC network status and the LVDC network status are determined from the 
corresponding measurements of voltages and currents on the LVDC network side and 
the front-end transformer secondary side (Figure 3.2) made by the TI TMS320F28335 
DSP-based measurement card. The centralisation of the control at the rectifier 
substation also enhances the reliability of the protection functions, such as ground fault 
monitoring and control over network main circuit breakers. 

Customer-end inverter unit control structure 

The control of the customer-end inverter unit consists of the power electronic control 
algorithms, the protection functions and the measurement processing functions. The 
control board is based on two Texas Instruments TMS320F28335 DSP processors, 
where one contains the low-level IGBT bridge control algorithms and the other 
measurement processing functions. The measurement data are transferred to the client 
application running on the CEI embedded PC for pre-processing and storage. The data 
consist of instantaneous and RMS values of the measured current and voltages (Figure 
3.3), the corresponding FFT spectra and the low-level control statuses. The data are 
processed in the CEI client application and transmitted to the server application running 
at the rectifier substation. The client application operates as a bridge between the server 
application and the DSP-embedded software. The function of the client application is to 
reduce the load on the server application and provide a base for the distributed network 
control development. The base also allows running of the advanced algorithms on the 
CEI, for example implementation of an customer interactive customer interface 
(Järventausta et al., 2008). 

Remote control 

The web-based portal was developed to provide the LVDC network remote access, 
diagnostics, control and analysis functions. The portal provides remote control functions 
over the network devices such as 

- Rectifier control, i.e., the DC network start-up and shutdown, 
- Remote emergency shutdown of the system and 
- Customer-end inverter (CEI) control (start-up, shutdown, reset). 

 
Monitoring and diagnostics 

The portal provides monitoring and diagnostics functions over the network devices, 
such as: 

· Rectifier 
- AC and DC network voltages and currents and the corresponding harmonic 

content 
- Converter operation information and statuses (faults, alarms)   
- LVDC network isolation resistance, 
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· Customer-end inverter 
- DC voltage and current 
- Customer-end phase voltages and currents 
- Control electronics supply voltage and system temperatures (cabinet and 

power electronics) 
- Customer-end frequency 
- Harmonic content and power quality measures according to the IEEE standard 

1459-2010 and 
· Fault situations 

- Fault code display and reset 
- Recording of high-resolution waveforms before and after a fault (“black box” 

operation). 

3.2 Conclusions 
The data acquisition, condition monitoring and control solution for an LVDC network 
research platform was developed. The solution was shown to meet all the initial 
requirements. By now, the solution has already provided the research group with 
valuable network information, remote control and remote diagnostics functions in the 
course of over 14 000 hours of operation of the LVDC distribution network. The 
network data, that is, the real-time measurements are logged to the local storages and 
provided on the web portal. 

The measurement accuracy was verified with the laboratory prototype, and the results 
were compared with the results from a commercial power analyser. The low-order 
harmonic measurement performance was found to be satisfactory for the research 
purposes. The measurements on the network research platform were used in this work 
as initial inputs to the model and as the model verification data. Moreover, the fault 
measurement data presented in this work were acquired by applying the developed 
solution. As a research tool, the software solution enables the measurements and event 
logging for network fault analysis and network research. Moreover, the developed 
solution provides a development and test environment for the nonintrusive load 
identification algorithms. 
 



71 

4 Analytical analysis of LVDC networks 
In this section, the stability of the LVDC network is investigated. The negative 
impedance instability issue of DC systems is addressed, and the dimensioning 
guidelines for stable operation of the DC network are presented. In section 4.1, the 
LVDC network stability is examined analytically in the frequency domain. In section 
4.2, the dimensioning guidelines on DC capacitors are presented. 

4.1 Stability analysis 
Stability issues caused by the subsystem interaction problem are the main concern in 
DC power systems (Carroll and Krause, 1970), (Gholdston et al., 1996) and (Thandi et 
al., 1999). Subsystem interaction can result in increased system power consumption and 
oscillations in the network voltages and currents, large signal ringing, increased voltage 
ripple and transients on the bus, network equipment damage, triggering of protection 
devices and undesirable disconnection of the entire network. The LVDC network 
interfaces, where subsystem interaction can occur, are shown in Figure 4.1. 

 

Figure 4.1. Interfaces in the LVDC network and subsystem interaction.  
 
As a result of the subsystem interactions, an instability can occur in the network. 

· Subsystem interaction on the input side of the LVDC network can occur on 
interface A, between the line filter and the rectifier.  

· Interactions in the DC network can occur between the rectifier and the 
smoothing DC filter on interface B.  

· The interaction can occur on the DC network interconnections indicated in the 
figure as interface C.  

· The interaction between the customer-end converters and the input filters, 
interfaces D and E. 
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Although each subsystem is independent, designed to be stand-alone stable, a DC 
system consisting of many power-electronic-based subsystems may have degraded 
stability because of the subsystem interaction (Riccobono and Santi, 2012).  

One of the very conservative stability criteria to prevent the interaction between the 
converter and its input filter is the Middlebrook criterion: the output impedance of the 
filter must be considerably lower than the input impedance of the converter in the whole 
frequency range (Middlebrook, 1976). To develop the stability criterion into a less 
conservative and more practical form, stability analysis methods have been further 
developed.  

A variety of techniques are based on the Nyquist stability criterion: the 
impedance/admittance methods (Middlebrook, 1976), the impedance ratio/specification 
(Wildrick et al., 1995), (Lee and Borojevic, 1999) and (Feng et al., 1999), loop gain 
(Wildrick et al., 1995), the root locus/eigenvalue analyses (Bitenc and Seitz, 2003) and 
(Flower and Hodge, 2004) and Bode diagram analyses (Flower and Hodge, 2007).  

Forbidden regions for the polar plot of the minor loop gain are further studied and 
defined by different criteria, such as the Energy Source Analysis Consortium (ESAC) 
Criterion (Sudhoff et al., 2000) and the Root Exponential Stability Criterion (RESC) 
(Sudhoff and Crider, 2011). 

A different method, including a condition on the overall bus impedance, called 
Passivity-Based Stability Criterion (PBSC), is proposed in (Cho and Santi, 2008). The 
PBSC leads to the design of active damping impedances and, for example, Positive-
Feed Forward control of switching converters (Riccobono and Santi, 2013). A 
comprehensive review of the current state of the major stability criteria and the details 
of the above methods is presented in (Riccobono and Santi, 2012).  

Simplifications in the considerations of the stability aspects of the system behaviour, 
such as linearisation and usage of the average-value models, mean that the stability of a 
complex DC network cannot be guaranteed using analytical methods alone. In this 
doctoral dissertation, a simulation-based approach to analyse the effects of a DC 
network configuration on the voltage stability of a LVDC power distribution networks 
is made. This is done by applying time-domain simulations with analytical constraints 
from the frequency-domain analysis (Lana et al., 2012). 

In general, stability problems of DC power systems are caused by power electronic 
devices with power regulation capabilities. As a result, customer-side inverters appear 
as constant power loads (CPL) in the LVDC network. The CPL load impedance will 
appear as negative in transient states and change according to the equation 

 
= = = − 	. (4.1) 
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The CPL impedance changes nonlinearly when both the input voltage and current 
change simultaneously. The negative impedance and nonlinear nature of the CPL 
impedance affects the dynamic behaviour of the system. The CPL impedance in 
transient states is generally called incremental negative impedance, and is a well-known 
destabilising factor (Emadi, 2004). 

For the DC distribution system, one simple solution to the stability problem is shown to 
be satisfaction of the stability conditions on the DC bus capacitors (Karlsson, 2002). 
The stability condition defined by Karlsson (2002) states that all source and load 
converters connected to a DC distribution system should be equipped with DC bus 
capacitors selected according to 

 
, =

,
∙

2
∙

1
(1 − ) 	, (4.2) 

where  is the rated power, ,  is the rated voltage, = 1 √2⁄  damping,  is the 
relative converter output voltage drop and  is the converter control loop bandwidth.  

This condition gives rather high capacitance requirements, for example for a 750 V DC 
distribution system; for instance, Karlsson (2002) presented a requirement of the 199 
µF/kW converter input capacitance. 

In the method introduced in (Belkhayat et al., 1995), design-oriented criteria for the DC 
distribution system stability in large disturbances was developed 

 
< <

4
	, (4.3) 

where  and   are the line resistance and inductance,  is the converter DC 
capacitance,  is the source voltage and  is the CPL power. For -parallel loads, the 
lower bound of the source impedance is (Belkhayat et al., 1995): 

 
> 2 ( + 1) − 3 	. (4.4) 

In (Pietiläinen et al., 2006), a stability condition is presented for traction drives 

 
> 	, (4.5) 

where  is the drive nominal power,  and  are the filter inductance and resistance 
and  is the DC grid voltage. 
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Further, for the rectifier-inverter drives with a negligible line resistance and DC link 
resistance and inductance, the stability condition is (Pietiläinen et al., 2006) 

 
>

2π
3

	, (4.6) 

where  is the drive nominal power, 	is the angular frequency, and  is the DC 
grid voltage. 

In this work, the analysis is divided into the following steps. Analytical guidelines for 
the system configuration are developed from the frequency domain model of the 
system. The guidelines are then used in the EMTP model of the system, and the voltage 
stability of the system is verified through a time-domain simulation. The network model 
is subjected to possible events, such as voltage dip and load variations, and the resulting 
responses are assessed with regard to transient stability using the PSCAD/EMTDC 
simulation package. The time-domain simulation results are presented in section 5.1. 

Large-signal stability of the LVDC power system 

The stability condition for a DC system containing CPL (Belkhayat et al., 1995) is 
rewritten to represent the constraints on the source voltage and the maximum power of 
the network converter 

 >  (4.7) 

 
<

4
	, (4.8) 

where  and  represent the DC network resistance and inductance, respectively, 
 is the network front-end rectifier output DC voltage and  is the CPL power.  

The maximum power transfer is restricted by the above stability condition, but 
practically, natural limitations come before the stability requirements in the case of the 
distribution network. Limitations of this kind are the distribution cable thermal capacity, 
the economically feasible voltage drop and the power losses in the distribution network. 

In addition, for the case of a distribution network, the events in the utility network must 
be taken into account. For example, during a voltage dip in the utility voltage, the 
maximum steady-state stable constant power load will be reduced. Thus, in certain 
conditions in an LVDC distribution system, when the voltage level at the rectifier is 
below the nominal, the system normal operational point moves toward the system 
maximum power point (MPP). However, taking into account that the DC capacitors of 
the rectifier will maintain the DC network source voltage during short interruptions, the 
steady-state stability of the system is maintained for a short period. During longer 
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interruptions, the network automation powers the system down without losing control of 
the system. 

Small-signal stability of the LVDC power system 

The small-signal stability and dynamical behaviour of the LVDC system circuit during 
small changes around the operating point are analysed applying a common analysis 
technique, the system transfer function. The system equivalent circuit is presented in 
Figure 4.2. It comprises the MV grid, modelled as a three-phase voltage source, a three-
winding transformer, two six-pulse rectifiers, connected in parallel, the DC network and 
inverters with resistive loads at each pole of the system. 

 

Figure 4.2. System equivalent circuit. 
 
The bipolar LVDC network is reduced to a unipolar case, and the grid inductance and 
resistance are referred to the voltage level of the transformer secondary windings 

 , = , +  (4.9) 

 , = , + .	 (4.10) 

A generalised state-space averaging method is used (Emadi, 2004). The MV network, 
the transformer and the rectifier are modelled as a DC voltage source (Pietiläinen et al., 
2006) 

 
= 2 ∙ , +

3
,  (4.11) 

 = 2 ∙ , 	 (4.12) 

 
=

3√2
π

∙ 	.	 (4.13) 
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The DC link resistance and inductance are composed of the values of the incoming and 
return wires. Because the system under consideration is bipolar with a four-wire cable, 
the current return path consists of two wires 

 = +
2

= 1.5 ∙ ± (4.14) 

 = +
2

= 1.5 ∙ ±	.	 (4.15) 

The above steps reduce the system to a simplified system model, which is shown in 
Figure 4.3. 

Rdc Ldc

Crec Cinv

Ll

Udc+du

Rl iinv+diirec idc

Ucpl+duUrec+durec

Rcpl=- du/di

iinv=Pcpl/Udc

Constant power load

Ro=Ucpl/iinv

 

Figure 4.3. System model. 
 
In this model, the negative resistance of the constant power load is determined as a 
function of voltage transient: 

 = 	, (4.16) 

where k is the depth of the voltage transient. 

 

Figure 4.4. System transient state period. 
 
The constant power load current is = 	, and it changes in a transient state 
according to 
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=

−
− =

−
−

=
1

1 −
− 1 	. 

(4.17) 

Therefore, the resistance of the constant power load in a transient (Figure 4.4) is 

 
= − = −

1
1 − − 1

= −

1 −

= −
(1 − )

	. 

(4.18) 

Based on the system model (Figure 4.3), the system transfer function ( ) = ⁄  
is derived 

 
( ) =

+ +
1

+

+
1

+ +

+ +
1

+

+ + +
1

+
1

+
1

+

+ + 1 + 	 	. 

(4.19) 

To obtain analytical equations for the system stability criteria, the Routh-Hurwitz 
criterion is applied. For the fourth-order system polynomial 

 ( ) = (a ∙ + a ∙ + a ∙ + a ∙ + a ) 	. (4.20) 

In a steady state	| ( )| =  and, naturally, the negative impedance issue does not 
take place. 
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The condition a1>0 in terms of the inverter capacitance requirements is 

 
> −

( + ) + +
( + )

	. (4.21) 

Next, the dynamic stability criterion for the capacitor size is derived from the condition 
a3>0. This criterion is valid only if ≠ 0 

 
> −

1

+
	. (4.22) 

The additional conditions for the system capacitors are the Routh-Hurwitz determinant 
criteria for the fourth-order system 

 > +  

> 		. 
(4.23) 

The analytical derivation of these conditions in terms of system capacitors is 
complicated. Therefore, the conditions given in Equation 4.23 are solved numerically, 
and the dependence that meets the above conditions is introduced by Equation 4.24. 
Based on the condition a2>0, the dependence between the system capacitor size on the 
rectifier and the inverter capacitance is 

 
> ( + + )	. (4.24) 

To simplify the analysis of the condition a1>0, let us assume = 0 
 

> −
( + )

( + )
	. (4.25) 

In the maximum power transfer point, where	 ≈ ( + ), the condition (Equation 
4.25) becomes 

 
>

( + )
( + ) 	. (4.26) 

The resulting equation is equal to the design-oriented result derived from the Lyapunov 
stability theory and the mixed potential functions in (Belkhayat et al., 1995). The 
condition is very conservative, because the network is not intended to operate close to 
its maximum power transfer point. 

The constant power load resistance can also be determined for the operating point where 
the maximum power is transferred to the load DC system with an allowed N % voltage 
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drop in the network. From the maximum power equation 4.8, this operating point is 
described by the equation 

 
= = ∙ 4 ∙ ( + )

=
− 100 ∙ 4 ∙ ( + )

= 4 ∙ ( + ) ∙ 1 −
100

.	

(4.27) 

The small-signal stability condition for the inverter size capacitance for the DC network 
during the k voltage transient is 

 

⎩
⎪⎪
⎨

⎪⎪
⎧ = −

(1 − )

> −
( + ) + +

( + )

> ( + + )

	, (4.28) 

where the voltage on constant load terminals is defined from stable equilibrium 
(Belkhayat et al., 1995) 

=
2

+
2

− 	. 

The stable equilibrium gives a stable operational point, where the load could be 
described as  

=  

The condition (4.28) is the sharp small-signal stability condition for the dynamic 
behaviour of a stable but oscillatory system. 

Overshoot requirement 

If the system is to be robustly stable, the influence of the system resonances should be 
minimised to avoid ringing on the DC network. Further, to ensure moderately damped 
dynamic behaviour, a simplified approach using the well-known equation for an RLC 
circuit could be applied to each DC-network-connected CEI DC capacitor 

 
=

4
=

4 ( + )
( + ) 	. (4.29) 
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For example, at an international space station, which is a large DC power system, the 
power quality specification recommends an input filter quality factor ( = 1 2⁄ ) below 
3.0 (Gholdston et al., 1996). According to the standard EN50160, the AC supply 
voltage characteristic allows a normal rapid voltage change of 5 %. Moreover, 
according to the standard IEC60364, the allowed voltage ripple for DC voltage is 10 %. 
Therefore, the capacitor criterion can be selected with a common damping = 1/√2 
(4.3% overshoot), and thus  

 /√ =
2( + )
( + ) 	, (4.30) 

and for the rectifier DC capacitor 

 /√ =
2

	. (4.31) 

The overshoot requirement can lead to oversized and impractical capacitance 
requirements, but guarantee, at least in theory, moderately damped dynamic behaviour 
in transients. 

Theoretical analysis 

A part of the research site DC network, the DC cable between and CEI 1 is considered 
in the following theoretical analysis. The system under a high load during a severe 
voltage transient is examined; the description of the system operation point and 
transient changes is summarised in Table 4.1. In our reference case, the source DC 
voltage is 750 V, and the operating range of the customer-end inverters is limited to 520 
V–780 V by an over/undervoltage protection configuration.  

Table 4.1. Transient state description. 
 System name S1 S2 S3 
 Transient Undervoltage Overvoltage Undervoltage 

Stable equilibrium 
state before 

transient 

Pcpl, kW 50 50 135 
Us, V 750 750 750 

Ucpl, V 686 686 640 
Rop, Ω 9.4 10.2 3 

Stable equilibrium 
state after transient 

Pcpl, kW - - - 
Us, V 575 850 660 

Ucpl, V 525 818 526 
Rop, Ω 5.52 13.4 2 

Transient 
state 

du, V -188 104 -113.8 
di, A 25 -9 45.6 

Rcpl, Ω -7.5 -11.7 -2.4943 
 
Figure 4.5 illustrates the function of DC voltage at a constant power rating. The DC 
network power transfer capability is assumed to be restricted by the natural thermal 
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capacity of the underground cable. As the system load increases, the operation point 
changes as a result of the voltage drop in the DC network. During transient, the 
operation point resistance and the negative resistance in transient changed accordingly. 

 
Figure 4.5. Cases of the system transient states and corresponding DC network PU curves. 
 
Applying the root-locus technique described in (Flower and Hodge, 2004), the effect of 
parameter change on the system stability is studied. The open system transfer function 
is modified so that one of its parameters becomes a gain of the closed loop system. In 
the first case, the inverter capacitance is changed, and the gain of the corresponding 
closed-loop system is = 1⁄ . The rectifier capacitance is set to 5 mF. The inverter 
capacitance vector for the root locus analysis is presented in Table 4.2. The root locus 
for transient state systems is illustrated in Figure 4.6. 

Table 4.2. Inverter capacitance sizes for root locus analysis. 
Gain point 1 2 3 4 5 6 7 8 9 10 

, mF 5 4 3 2 1 0.5 0.4 0.3 0.2 0.1 
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Figure 4.6. System root locus, showing the damping of the system at natural frequencies 
in kHz for different gains, that is, the inverter-side DC capacitance. 
 
The DC capacitance on the inverter side is shown to stabilise the system. Again, an 
insufficient amount of capacitance reduces damping and increases overshoots in 
transients. As the system absolute value of the negative impedance is approaching the 
impedance of the DC network, the system destabilises. 
 
In the second case, the rectifier capacitance is changed, and the gain of the 
corresponding closed-loop system is = 1⁄ . The inverter-side DC capacitance is 
set to 5 mF. The rectifier-side DC capacitance vector for the root locus analysis is 
presented in Table 4.3. The root locus for transient state systems is illustrated in Figure 
4.7. 

Table 4.3. Rectifier capacitance sizes for root locus analysis. 
Gain point 1 2 3 4 5 

, mF 20 15 10 5 1 
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Figure 4.7. System root locus, showing the damping of the system at natural frequencies in kHz 
for different gains, that is, the rectifier-side DC capacitance. 
 
Figure 4.7 demonstrates that the rectifier-side DC capacitance (source side) affects the 
system dynamics. The system behaviour in different transient states is not affected by 
the change of capacitance, and therefore, it is shown that it cannot be used as a factor 
for stabilising the system.  

Therefore, it is demonstrated that the stability requirements set for the inverter-side DC 
capacitance (load side) are appropriate. The above-presented analysis is theoretical, and 
because of the linearisation, it does not exactly describe the system behaviour. In order 
to examine the transient behaviour of a real system, a time-domain-simulation-based 
analysis and transient measurements from a real research platform are presented in 
section 5.3. 

As has also been shown in (Pietiläinen et al., 2006) and (Rahimi and Emadi, 2009), the 
negative impedance of the constant power load could be compensated by the active 
control system, thereby improving the network stability. On the LVDC network 
research site, the control system of the prototype CEI has a voltage droop feature, which 
reduces the inverter output voltage during a DC voltage drop, illustrated in Table 2.4. 
This simple solution compensates the negative impedance of the load and improves the 
network stability. 

While being an important issue, the negative impedance instability is simplified to the 
problem of the selection of the DC capacitors in the LVDC network. The stability 
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requirements derived from the negative resistance instability would lead to smaller DC 
capacitors compared with the capacitor sizing based on other requirements for the DC 
capacitors in the LVDC distribution network. 

4.2 DC capacitor dimensioning 
In this section, practical DC capacitor dimensioning guidelines are given. The selection 
of the rectifier and inverter capacitances defines the power quality and the transient 
stability of the DC network. The usage of the DC capacitors as an energy storage for 
supplying energy during momentary interruptions will further increase the DC capacitor 
sizes. Furthermore, in the DC network design, it is necessary to consider the impact of 
the rectifier and inverter capacitor sizes on the fault currents in the DC network and 
thereby on the operation of the protection system. The trip limits of the overcurrent 
protection devices limit the maximum installable capacitance; the special case is re-
energising the network after a blackout. 

Voltage ripple 

The standard IEC60364 on the low-voltage electrical installations requires that the DC 
voltage ripple (in the systems up to 1500 VDC) is in the 10 % range of the rated DC 
voltage. IEC 60364-1 is not intended to apply to systems for distribution of energy to 
the public, or power generation and transmission for such systems. The voltage 
characteristic set by EN 50160 for the public distribution systems is the requirement of 
maximum ±10 % voltage variations for 100 % of the time. For DC distribution systems 
in ships, the IEEE standard 1662-2008 defines the voltage cyclic variation deviation of 
less than 5 % and a 10 % voltage ripple. It is also shown in (Peltoniemi, 2010b) that the 
instantaneous DC voltage ripple on the inverter terminal in the LVDC distribution 
network should be limited. Consequently, based on this and the above standards it was 
decided to limit the allowable ripple in the DC voltage to 10 % in  the case of the LVDC 
distribution network.  

DC capacitors on the front-end rectifier 

The front-end three-phase six-pulse thyristor rectifier produces sixth harmonic of the 
source fundamental-frequency voltage ripple in the DC network with an amplitude of 
(Mohan et al., 2002) 

 
= √2 −

3
2 		, (4.32) 

where  is the rectifier input voltage. For the LVDC network = 562	V and 
= 106	V. For the DC network with a 750 VDC nominal voltage level, the 
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voltage ripple is out of the 10% range, and therefore, a smoothing filter has to be 
applied to the DC network. 

In the case of a rectifier with a capacitor filter and a constant power load, applying the 
energy balance principle that the discharged energy is equal to the acquired energy, we 
may write common approximation 

 
	 =

2
=

2
	. (4.33) 

For the bipolar LVDC network, the required rectifier DC capacitor sizes for the network 
rated power and voltage level are 

 
± =

2 	
= ±

2 	
	. (4.34) 

For the LVDC network with a DC network nominal voltage	 = 750	VDC, the 
requirement for the rectifier capacitor size from voltage ripple suspension is  

 ± = 30	μ /kW		. (4.35) 

DC capacitor on the customer end 

The size of the DC capacitance on the CEI to satisfy the DC ripple requirements is 
calculated using the energy balance equation (Mohan et al., 2002): 

The inverter output on fundamental frequency  

 = = √2V sin	( ) (4.36) 

 = √2I sin( − ). (4.37) 

The energy balance equation is 

 ( ) = ( ) ( ) = √2V sin( ) ∙ √2I sin( − ). (4.38) 

Therefore, 

 ( ) = cos( ) − cos(2 − ) (4.39) 

 ( ) = − cos(2 − )	 (4.40) 

The differential equation for the capacitor voltage is 
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= − ( ) (4.41) 

 
=

1
cos(2 − )	 (4.42) 

 
= +

1 1
2

sin(2 − ) = + 	.	 (4.43) 

The minimum capacitance for the maximum allowed ripple is 

 =
1 1

2
=

1
	

1
	. (4.44) 

The minimum customer-side DC capacitance on the single-phase inverter terminals 
(with the DC network nominal voltage = 750	VDC and the maximum acceptable 
voltage drop in the DC network 20 %) is then  

 
	 = 71	μ

F
kW

	. (4.45) 

The three-phase inverter DC-side current is a DC quantity in balanced load conditions 
(Mohan et al., 2002). Under the worst unbalanced conditions (nominal current only in 
one phase), the maximum power is one-third of the three-phase inverter rated power 

 = 3	.⁄  (4.46) 

The minimum customer-side DC capacitance on the three-phase inverter terminals 
becomes 

 
	 = 24	μ

F
kW

. (4.47) 

Momentary interruptions 

In the rural distribution network, in which overhead lines are of the typical medium-
voltage feeder structure, the customers experience a considerable number of momentary 
interruptions annually as a result of auto reclosing functions of the feeder protection. It 
is typical that 50–70 % of the total number of momentary interruptions is due to the 
high-speed auto reclosing (HSAR) function of the feeder protection, the de-energised 
time of which is often about 0.4–0.5 seconds. Dimensioning the DC network 
capacitances to provide energy to the customers’ loads during the HSARs can 
significantly improve the supply quality. 

The voltage hold-up time during an MV supply interruption gives one more guideline 
for selecting the capacitor size (Lana et al., 2011a). The difference in the energy stored 
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in the system capacitors at the beginning and end of the supply interruption is equal to 
the energy needed to supply the loads. 

 
=

1
2
∙ ∙ , − ,  (4.48) 

 = ∙ 	 (4.49) 

 ∙ , − ,

2
= ∙ 	 (4.50) 

 
=

2 ∙ ∙

, − ,
	 .	 (4.51) 

Reducing the number of HSARs seen by a customer provides a remarkable 
improvement in the supply quality. In Finland, elimination of each HSAR brings 0.55 
€/kW savings for the distribution company through the distribution business regulation 
model (The Finnish Electricity Market Authority, 2007).  

For the LVDC research platform inverter, where the lowest operating limit is 520 VDC 
because of the voltage droop feature and the SVPWM modulation technique, the 
requirement is = 7	mF (kW ∙ s)⁄ . The required total capacitance of the DC 
network has to be divided between the front-end rectifier capacitance and the DC 
capacitances of the customer-end inverters. 

Maximum DC network capacitance 

The current flow in the DC network supplied by a thyristor rectifier is uncontrolled. 
Therefore, for instance after a voltage sag, a large amount of recharge current may flow 
to the DC network (Nuutinen et al., 2011). The maximum amount of recharge current 
should be restricted below the trip current of the protection and the current handling 
capacity of the rectifier. The maximum DC network capacitance as a function of 
maximum recharge current (neglecting the resistances of the supplying side) can be 
written using the equation given in (Pietiläinen et al., 2006) 

 
=

∆
∆

∙ 	, (4.52) 

where ∆  is the sag voltage, and  is the AC-side inductance.  

In the worst case, the sag voltage is the full DC voltage. For the 100 kVA network with 
the nominal current I = 145	A, the AC-side inductance L=15 mH and the short-circuit 
current tripping set to 4 × I , we have in this case  

∆ = 580	A																C = 9	mF 
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In the more practical case, during a short voltage sag, the DC network voltage remains 
at the lower operating limit for a few seconds, because the customer-end loads are 
disconnected from the DC network. Further, for the reference case where 

∆ = − = 230	V, 

and with the same short-circuit current tripping settings ∆ = 580	A, the capacitance 
is 

 C =95 mF 

The recharge current restricts the maximum value of DC capacitance when the rectifier 
is uncontrolled. When the DC network is supplied using a thyristor rectifier or an IGBT 
rectifier, the DC network recharge current must be limited by a power electronics 
control after voltage dips and interruptions. 

Dependence of harmonic power losses on the capacitor size 

The capacitor placed on the DC terminals of a converter has a direct effect on the 
harmonic currents it excites. Consequently, the decrease in power losses resulting from 
the current distortion is quadratically proportional to the decrease in the harmonic 
currents. Putting more capacitance at the front end of the DC network will reduce the 
magnitude of the rectifier-excited sixth harmonic for the case of the thyristor rectifier. 
Equally, increasing the capacitance value at the inverters at the customer end of the 
network will reduce the magnitude of the unbalance second-harmonic currents in the 
network. The dependence of the harmonic power losses on the harmonic content is 
presented in (Lana et al., 2011a). 

Overshoot requirement 

Considering the overshoot requirement, the L/R value of the used distribution cable is a 
constant value in the practical distribution network. The DC capacitance to satisfy the 
overshoot requirement is inversely proportional to the length of the network: 

=
2 ∙
∙

	, 

where  is the length of the network in kilometres,  is the cable inductance per km 
and  is the cable resistance per km. 

To show the dependence on the network power rating, let us simplify the cable selection 
criteria. To limit the losses in the distribution network to 5 % of the distributed power, 
the cable resistance is assumed to vary according to ≅ V (20 ∙ P)⁄ . The DC 
network voltage level is 750 V and the distribution cable type is AXMK with the 
inductance ≈ 0.28	mH.  
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For this case we may state 

≅
2 ∙ ∙ ∙ 20

∙
≈ 0.71

μF ∙ km
kW

	, 

where  is the power rating of the DC network and   is the distance to the customer-end 
inverter from the source rectifier. 
Assuming a customer-end inverter nominal power of 16 kW and the capacitor selected 
by Equations 4.35 and 4.47, the above requirement is illustrated in Figure 4.8.  

 

Figure 4.8. Dependence of the overshoot requirement on the network power rating. 
 
For example, considering a 100 kVA DC network, where the total capacitance of the 
customer-end inverter DC capacitors is at least 7.1 mF×km, the overshoot requirement 
is met. Again, for a single 16 kVA inverter load fed by a long DC cable, the overshoot 
requirement is 0.18 mF×km. 

4.2.1 Bode plot analysis on the DC capacitance distribution 

Next, the dimensioning principles and distribution of the DC capacitors are analysed. 
The network transfer function described in section 4.1 is used in the analysis. In this 
simplified model, one customer-end inverter is located at the end of the DC network. 
The following configurations are examined: 

· Equal DC capacitors on the DC network front-end rectifier and the customer-end 
inverter, 

· Capacitive energy storage on the DC network front-end rectifier, 
· No DC capacitor on the rectifier and 
· Smallest DC capacitors possible on the inverter and the rectifier. 

Below, the DC capacitance dimensioning principles are listed: 

· 300 Hz voltage ripple on the rectifier, 34 µF/kW, 
· 100 Hz voltage ripple on the inverter with an unbalanced load, 24 µF/kW, 
· Energy storage requirements, 7 mF/(kWs), 
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· General stability requirements and 
· Transient overshoot, constant from cable parameters. 

Equal DC Capacitors 

In this case, equal capacitors were selected on the inverter and the rectifier based on the 
requirements for the 300 Hz voltage ripple suppression on the rectifier and the 
overshoot requirement for the inverter capacitor  

= =
2

+ ±

2 	 0.8
= 740	μF + 34	μ

F
kW

	. 

The resulting frequency response gain plots are presented in Figure 4.9. The figure 
illustrates the effects of changes in the operating point, the resulting voltage drop and 
the load increase on the system dynamic behaviour. 

 

Figure 4.9. Equal capacitor on the inverter and the rectifier dimensioned to the required power 
rating. 
 
Capacitive energy storage on the rectifier 

Here, the capacitor on the rectifier was selected based on the requirements for the  
HSAR tolerance, and on the inverter based on the requirement to suppress a 100 Hz 
voltage ripple on the inverter with an unbalanced load 

=
2

, − ,
= 14	mF 

=
2

+
1
3

1 1
2

= 740	μF + 24	μ
F

kW
	. 
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The resulting frequency response gain plots are presented in Figure 4.10. The figure 
depicts the effect of changes in the operating point, the resulting voltage drop and the 
load increase on the system dynamic behaviour. 

 

Figure 4.10. Capacitive energy storage on the rectifier and the inverter DC capacitor 
dimensioned to the required power rating. 
 
No DC capacitor on the rectifier 

Next, the system without a rectifier capacitor is analysed. The inverter capacitor was 
chosen based on the overshoot requirement and the requirement to suppress a 100 Hz 
voltage ripple on the inverter with an unbalanced load 

=
2

+
1
3

1 1
2

= 740	μ + 24	μ
F

kW	
. 

The resulting frequency response gain plots are presented in Figure 4.11. The figure 
shows the effect of changes in the operating point, the resulting voltage drop and the 
load increase on the system dynamic behaviour. 



4 Analytical analysis of LVDC networks 
 
92

 

Figure 4.11. No DC capacitor on the rectifier; the inverter DC capacitor is dimensioned 
to the required power rating. 

Smallest DC capacitors possible on the inverter and the rectifier 

Here, the rectifier capacitor was selected based on the requirements for the 300 Hz 
voltage ripple suppression on the rectifier. The inverter capacitor was selected to 
suppress 100 Hz voltage ripple and satisfy the minimum 5 % transient overshoot 
requirement  

= ±

2 	 0.8
= 34	μF/kW 

=
2

+
1
3

1 1
2

= 740	μF + 24	μ
F

kW
	. 

The resulting frequency response gain plots are presented in Figure 4.12. The figure 
demonstrates the effect of changes in the operating point, the resulting voltage drop and 
the load increase on the system dynamic behaviour. 



4.2. DC capacitor dimensioning  93

 

Figure 4.12: Smallest DC capacitors possible on the inverter and the rectifier DC capacitor are 
dimensioned according to the system power rating. 

4.2.2 Conclusions 

In practice, the rectifier configuration and the protection setting affect the transient state 
stability of the network. For the case of the controlled thyristor rectifier, the control of 
the rectifier thyristor firing angle will have an impact on the system dynamics. 
Therefore, during large disturbances, such as reconnections, changes in the source 
voltage, such as full voltage recoveries, are smoothed. And in voltage transients the 
described dynamic behaviour of the network is expected to be close to the practical 
experience. 

For the case of an IGBT converter, the protection settings of the converter change the 
operating range of the network voltage. Therefore, a system reconnection and start-ups 
are expected to proceed in a controllable manner. Moreover, the DC voltage variation is 
highly affected by the control system of the rectifier. In this case, the stability 
conditions presented in this section are only valid for the inverter-side DC capacitor 
dimensioning. 

To sum up the DC capacitor dimensioning principles in LVDC networks, the 
requirements for the inverter DC capacitors in the LVDC network are compared in 
Figure 4.13. 
 

 

Figure 4.13. Guidelines for the dimensioning of the inverter DC capacitance. 
 
The minimum size of the DC capacitances for the front-end rectifier and the customer-
end inverter are determined based on the power quality requirements and the transient 
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Technical Minimum Economically Sustainable Storage
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behaviour conditions. The investigation is concluded with the following guidelines to 
ensure stable and non-oscillatory network behaviour in all conditions: 

· It is advised to select the size of the inverter DC capacitors based on the DC 
network overshoot condition and the voltage ripple suppression requirements for 
the inverter DC terminal. 

· The rectifier output capacitor should be selected based on 
- voltage ripple suppression, 
- HSAR ride-through requirements or 
- energy storage requirements. 

· The network protection devices must withstand inrush currents caused by an 
extensive capacitance on the DC network, or the control functions to reduce 
inrush currents during start-ups and reconnections must be implemented on the 
network rectifier. 
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5 Computational analysis on LVDC networks 
The computational modelling approach allows a variety of analyses of the system. This 
work concentrates on the following key issues: power quality, power and energy losses, 
transient behaviour, system management and control. These aspects are analysed 
applying customised model implementations of the LVDC network and its components. 
The analyses are verified by measurements on the actual LVDC network research 
platform. The issues addressed in the simulations comprise the DC power quality and 
harmonic transfer, power losses, the system transient behaviour and the DC voltage 
stability, and finally, the future energy efficiency of the DC network. The output of the 
models is compared with measurements on the actual LVDC network research platform 
and the laboratory prototype. 

In section 5.1, the LVDC network transient and dynamic state stability is studied in the 
time domain by applying the models of the LVDC network in the PSCAD/EMTDC 
environment. 

In section 5.2, the power quality of the LVDC network is analysed by applying the 
models of the LVDC network in the PSCAD/EMTDC environment. 

In section 5.3, an analysis of the system transient behaviour is provided. The LVDC 
network model in the PSCAD/EMTDC environment is used in the study. 

In section 5.4, the energy losses in the LVDC network are assessed. The results from 
the analysis on the power/energy losses on the DC networks are presented. The need for 
efficient power conversion solutions, which are optimised for household loads, is 
discussed. 

5.1 Network transient and dynamic state stability  
In this section, a dynamic and transient state stability analysis is carried out. With an 
analytical approach, it is not possible to describe the system when the operating point of 
the system is varying. Therefore, a time-domain simulation in an electromagnetic 
transient program environment PSCAD/EMTDC is performed to support the analysis. 

5.1.1 Test bench analysis 

To proceed with the analyses, a test bench of the LVDC network with six customers 
was modelled in a PSCAD/EMTDC environment. The nominal load of each customer 
was set to 16 kVA. The customer inverter was modelled as two controlled current 
sources: DC and harmonic. The unbalance current of the three-phase inverter was 
modelled as a second-harmonic current injection with a pseudo randomly selected 
amplitude and phase. 
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To simulate the network behaviour in the simulation environment, the load of the 
customer inverters was varied with a pseudo-random pattern in the range of 0.1–16 
kVA every two seconds from the five-second mark. The phase and amplitude of the 
injected unbalance current is also changed every two seconds from the six-second mark, 
which models the three-phase unbalance in the customer household loads. The inverter 
DC capacitor sizes were set to satisfy the voltage ripple requirements. 

To study the effect of a change in the operating point, the MV network load, parallel to 
the LVDC network, is rapidly increased every five seconds of the simulation time. As a 
result, the DC voltage decreases at the rectifier terminals and in the DC network.  

Inside the operating area (max. 20 % voltage drop), no divergent oscillatory behaviour 
and no overshoot were detected in the step changes. The load changes and the voltage 
dip events did not cause ringing or instability. The corresponding system voltages and 
currents are shown in Figure 5.1. 

 

Figure 5.1. LVDC network voltages and currents during load step changes (Lana et al., 
2012). 

With a sufficient amount of DC capacitance, instabilities will not arise. Therefore, the 
transient behaviour of the system is stable, and the system is thus transient and dynamic 
state stable. During the simulations it was noticed that if the inverter DC capacitor sizes 
were selected below the stability conditions for the maximum power point, in high load 
times the instabilities could arise when the network is operating at a reduced DC voltage 
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level. This applies to operation during MV network faults, which reduce the DC bus 
voltage. With an insufficient DC capacitance size, overshoots were also detected in the 
step changes, but they were well damped. Depending on the protection device settings, 
such an overshoot could result in tripping of the protection devices and therefore, 
possible loss of the network dynamic state stability resulting from the tripping and 
powering off of the network supply.  

5.1.2 Conclusions on instability issues in LVDC networks 

The dimensioning of the system DC capacitors can solve the negative impedance 
instability issue associated with the DC power system with constant power loads. An 
EMTP model of the system was used to verify the stability conditions obtained by the 
analytical analysis. The simulation results show good agreement with the analytical 
assumptions.  

Conclusions made from the simulations are:  

· the instability of one pole transfers to the other pole in the bipolar LVDC system 
and 

· the LVDC distribution system transient behaviour can be considered robust, 
when the capacitors are dimensioned to the DC voltage ripple requirements and 
the stability requirements are satisfied, and the voltage stability of the system 
can be ensured by the system design, dimensioning and configuration. 

The use of DC reactors in the DC network increases the DC network inductance, and as 
a result, affects the stability condition and increases the minimum DC capacitance size 
requirements. The installation of DC reactors could cause ringing and instability of the 
DC network, and can therefore be considered not a recommendable solution for an 
LVDC network.  

The DC network capacitances of the system, dimensioned to ripple suppression, are 
oversized compared with the stability requirements. Such a capacitance will decouple a 
constant power load from the DC network and resolve possible negative impedance 
instability issues. If technical solutions to reduce the inverter-side DC capacitance are 
applied, an analysis of the system dynamic stability has to be considered. 

The PSCAD/EMTDC simulations provide a good view of the transient state stability of 
the system. In section 5.3, the transient behaviour of the LVDC network is investigated 
by EMTDC simulations, applying a detailed power electronic device model within the 
control loop and protection device models in the EMTDC model of the system.  

5.2 Power quality analysis 
In this section, an analysis of the harmonic content in the DC distribution systems is 
provided. The analysis is based on simulations applying a PSCAD/EMTDC model of 
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the actual network research platform. The model used in the simulations was described 
in subsection 2.3.1. As presented in subsection 2.2.2, the harmonics injected from 
household non-linear loads are transferred through the network. An analytical analysis 
was presented in subsection 2.2.2. The relevant standards on harmonics on power 
quality were listed in subsection 1.7.1. 

Electricity network disturbances such as transients, sags, swells, harmonics and 
momentary interruptions are power quality issues. Today’s electronic loads are 
susceptible to power quality issues, which have a huge economic impact (Bhattacharyya 
et al., 2007). For sensitive loads, the quality of electricity service has become as 
important as its reliability. The power quality concerns events of voltage sags, impulses, 
harmonics and phase imbalance (Kueck, 2005). In the case of an LVDC power 
distribution network, the customer-end loads are powered by the CEI, which differs 
from the traditional network solution. As a result, the analysis on the power quality of 
the LVDC power distribution network is an essential part of a power system reliability 
study, which is a key aspect of the power system design and planning. In addition, the 
LVDC network represents a different harmonic load compared with a traditional MV 
network branch. Therefore, the harmonic content and the harmonic transfer through the 
LVDC network should be investigated.  

The power quality in the DC networks is examined and the level of harmonic pollution 
is shown in subsection 5.2.1. The MV network power quality issues have an effect on 
the LVDC network power quality; this is studied in subsection 5.2.2.  

5.2.1 Effect of the LVAC power quality issues 

The LVDC network interconnects the electricity network customers and the electricity 
distribution MV network. Currently, the power quality concerns are rising because of 
the increasing amount of power electronic equipment at the customer ends. The power 
electronic equipment represents a non-linear load. Non-linear loads change the 
sinusoidal nature of the AC power current resulting in a flow of harmonic currents in 
the AC system. The power quality in a customer-end LVAC network depends on the 
inverter control algorithms. The supply voltage quality in the LVDC-inverter-fed LVAC 
network was found to outperform the voltage quality standards (EN 50160/EN 61000-2-
2). (Nuutinen et al., 2014). 

A large amount of non-linear load can be a source of problems at AC network 
substations; one of the key problems being harmonic pollution. The IEEE standard 519-
1993 introduces limits for harmonic pollution at the point of common coupling (PCC). 
For the LVDC network, the PCC is located on the 20kV medium-voltage line, which is 
powering the primary windings of the LVDC network front-end transformer rectifier. 
Taking this into consideration, the harmonic transfer through the LVDC network is 
examined in this work. Further, the system’s compliance with the power quality 
standards on the PCC is verified. It is pointed out that harmonics can be dangerous to 
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the network equipment, and therefore, the harmonic content of the currents and voltages 
in the network has to be examined. 

The approach for the power quality analysis of the DC voltage is taken from the IEEE 
standard 1709-2010 IEEE Recommended Practice for 1 kV to 35 kV Medium-Voltage 
DC Power Systems on Ships. According to the standard, the DC voltage tolerance and 
the DC voltage ripple should be specified. In the case of DC, the fundamental frequency 
is zero, and the concept of harmonic distortion does not apply. The frequency 
components on a DC network are a function of the switching frequency of the converter 
and the topology. Any non-DC component of the load current flowing in the DC 
network results in a ripple voltage appearing at all points along the DC network. The 
ripple currents flow between the connected loads and the DC power source. The 
standard IEEE 1709-2010 states that power disturbances, such as spikes, voltage, sags, 
common-mode noise, high-frequency noise, power failures and surges should be 
measured, recorded and reported. Of these, only the common-mode noise and the high-
frequency noise are not recorded during network operation in the LVDC distribution 
network, as described in the software solution in Chapter 3. 

In the LVDC network research platform, the DC voltage is produced by a passive 
rectifier, which generates a ripple voltage of about the DC level. If the PWM rectifier is 
used to produce DC voltage, a high-frequency waveform produced by the PWM 
switching is superimposed on the DC side. The standard IEEE 1709-2010 limits the rms 
value of the ripple and the high-frequency noise to 5 % per unit. 

The model of the LVDC network in the PSCAD/EMTDC environment is used to 
demonstrate the effect of the customer-end LVAC harmonic sources and the LVAC 
load imbalance on the power quality indices in the DC network and at the network PCC. 
In addition, the harmonic current flow through the network is presented. 

In the simulated case, the residential load is complex. The complex load model consists 
of the basic models of the components for resistive sinusoidal and non-linear loads: a 
single-phase rectifier, a three-phase rectifier and a reactive load; an induction motor. 
The spectra of the load current and line currents fed by the inverter to the transformer 
are presented in Figure 5.2. The harmonic current content at the transformer output 
consists of odd harmonics, injected by non-linear loads. The harmonic content of the 
load is transferred through an isolation transformer, with partial harmonic cancellation 
in wye-delta windings; an analytical explanation for this is given in subsection 2.2.2. 
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Figure 5.2. Harmonic content of the three-phase CEI currents (isolation transformer secondary) 
and the input DC current (simulation in the PSCAD/EMTDC environment). 
 
The inverter output harmonic content is transferred to the DC network. There, the 
dominating harmonics are caused by a CEI three-phase unbalance, and the harmonic 
current frequencies are expressed as 

 2 , (5.1) 

where n=0,1,2,… and the output frequency of the CEI voltage = 50	Hz. The 
resulting DC network line current is illustrated in Figure 5.4 and the corresponding 
voltage ripple at the DC network terminal is shown in Figure 5.3. 

 

Figure 5.3. DC network voltage spectra for the inverter (left) and the rectifier (right). 
 
The harmonic currents injected by different CEIs connected to the same pole of the 
bipolar LVDC network are summed up in the point of connection. Because of the 
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unsynchronised start-ups of the CEIs, the phase of the injected harmonic current is 
different. Furthermore, because of the different cable lengths to the CEIs, also the phase 
shift caused by the distribution cable is different. It is possible to control the phase of 
the injected harmonic current, and as proposed in (Lana, Lindh, et al., 2011c), this could 
lead to a reduction in the harmonic losses in the desired network section. Without such a 
control, the phase difference is random, and depending on the phase difference, 
constructive or destructive interference takes place. 

The rectifier current consists mainly of multiplies of the sixth harmonic, which 
corresponds to a theoretical six-pulse bridge operation: 

 , (5.2) 

where  is the fundamental frequency of the MV network. 

Depending on the output capacitor size of the front-end rectifier, an addition of the DC 
link harmonics is presented in the rectifier current: 

 2 . (5.3) 

The operation of the network front-end three-winding transformer depends on the load 
distribution across the bipolar network. In a balanced case, as a result of the harmonic 
cancellation, the network line current has a harmonic spectrum corresponding to a 12-
bridge operation. In the worst case, where one pole is under light load, the line current 
harmonic content corresponds to a six-pulse bridge operation and has a high-current 
total harmonic distortion (Lana et al., 2011b). In the presented case, a partial 
cancellation of the harmonic components takes place, and the line current has 6n±1 
components reduced, and 12n±1 components corresponding to the 12-pulse operation.  

In general, the supply current harmonics, caused by the rectifier operation, are written as 

 ( ± 1) , (5.4) 

where k=0,1,2,… ,  is the pulse number of the rectifier and  is the fundamental of 
supply frequency. 

Taking into account the harmonic content of the DC network, the supply current 
harmonics are 

 ( ± 1) ± 2 . (5.5) 

For the reference case, the simulation results are presented in Figure 5.4. 
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Figure 5.4. Front-end transformer primary and secondary line current spectra. 
 

In the reference case, the total harmonic distortion of the line current in the point of 
common coupling (PCC) is affected by the system load condition and the DC network 
load asymmetry. The THD changes from 8 % to 76 % according to the load situation. 
Under 100 % asymmetrical load conditions, the rectifier operates as a six-pulse rectifier, 
and the line current THD is up to 76 % because of the light load conditions. Because of 
the rectifier continuous current operation, the THD decreases as a function of network 
load to 35 %. Under a symmetrical load, the rectifier operates as a 12-pulse rectifier, 
and the dominant harmonics are eliminated. In light load conditions, the DC current is 
discontinuous, the secondary winding THD is high (90 %), and the line current THD is 
low (15 %). In the 50 % load condition, the line current THD is 12 %. The line current 
THD will decrease below 8 % as the network load increases. When the DC network 
asymmetry increases, the current THD changes from the one produced by the 12-pulse 
rectifier to the current THD produced by the six-pulse rectifier, from about 8 % to 35 %.  
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The are no strict limits for the harmonic currents in the PCC for distribution network 
installations, but the IEEE standard 519-1993 provides limits for individual harmonic 
components and the total demand distortion (TDD) at the point of common coupling 
(PCC). The THD and TDD limits are the same at the rated load, and as the load 
decreases, the TDD will drop proportionally (Equations 5.6 and 5.7). 

THD =
sum	of	squares	of	amplitudes	of	all	harmonics

square	of	amplitude	of	fundamental
× 100%.	 (5.6) 

TDD =
sum	of	squares	of	amplitudes	of	all	harmonics

square	of	maximum	demand	load	current
× 100%. (5.7) 

It is unlikely that the load is distributed unsymmetrically at the design stage, and 
therefore, the TDD will be below the standard limits during high-load hours. Otherwise, 
during light-load hours, the asymmetry condition of the bipolar network load could 
arise, meaning a high THD value, but still a low TDD. Therefore, there is a theoretical 
possibility that the TDD limits may be momentarily exceeded, but in practice, the 
average values of the TDD will probably be within the standard limits (Table 5.1). 

Table 5.1. IEEE 519 TDD limits (IEEE 519, 1993). 
Isc/IL <20 20<50 50<100 100<1000 >1000 
TDD 5.0 8.0 12.0 15.0 20.0 

 
For example, having the PCC at the primary MV network line, the short-circuit current 
Isc=850 A, and for the LVDC network powered by a 100 kVA distribution transformer 
with IL=4.8 A, the ratio is Isc/IL ≈ 180. Thus, the TDD limit for this case is 15 %. 

Table 5.2. LVDC network line current THD in the PCC. 
Network Load, % 0 50 100 
Symmetric load THD=15 % THD=12 %, 

TDD=6 % 
8 % 

Asymmetric load THD=76 % THD=35 %, 
TDD=17.5 % 

- 

5.2.2 Effect of the power quality issues of the MV network voltage  

The European Standard EN 50160 on power quality regulates the voltage characteristics 
of the electricity supplied in public distribution networks. For the LVDC network we 
may state that 

· Variations in the MV network power frequency produce a corresponding 
variation in the sixth-harmonic component frequency in the DC network; in 
particular, for the LVDC network with a passive thyristor/diode rectifier at the 
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network front end. Variations in the MV network power frequency have no 
effect on the customer-end LVAC power frequency. 

· Variation in the voltage magnitude has an impact on the network DC voltage 
level at the rectifier, in the case of the passive thyristor/diode rectifier at the 
network front end. With the active rectifier DC voltage is regulated to the 
reference value.  The customer-end LVAC voltage quality in both cases is not 
affected. Voltage magnitude variations have no effect on the magnitude of the 
customer-end LVAC voltage. 

· Supply voltage dips may reduce the DC voltage level at the rectifier. Capacitive 
energy storages located at the network front-end rectifier allow ride-through 
during severe voltage dips. Supply voltage dips have no effect on the customer-
end LVAC voltage quality. If the DC voltage level is reduced below the CEI 
limit, the voltage magnitude of the LVAC will be reduced by 10 %, being still 
within the standard limits.  

· Short interruptions of supply voltage affect the DC voltage level at the rectifier. 
Depending on the network load, capacitive energy storages located at the 
network front-end rectifier can enable ride-through during short interruptions. 
Short interruptions (less than one second), have no effect on the customer-end 
LVAC voltage quality. During longer interruptions, the network is powered 
down and the customer electricity supply is interrupted. 

· Power frequency overvoltages will temporarily increase the voltage level of the 
DC network. The customer electricity supply is interrupted for safety reasons if 
the overvoltage exceeds the threshold settings of the CEI. 

· Transient overvoltages appear as a transient voltage on the DC network. 
Depending on the voltage level, they could cause an interruption in the customer 
electricity supply. 

· A supply voltage unbalance (up to 3 %) causes variation in the DC network 
voltage. A supply voltage unbalance has no effect on the customer-end LVAC 
voltage quality.  

· A harmonic voltage causes harmonics to the DC network voltage. A harmonic 
voltage has no effect on the customer-end LVAC voltage quality. 

· An interharmonic voltage causes harmonics to the DC network voltage. It has no 
effect on the customer-end LVAC voltage quality. 

Common to all of the above-listed events in the MV network is the fact that most of 
them affect the DC network voltage. This sets a design requirement for the CEI to 
withstand harmonic variations in the DC network voltage without causing LVAC power 
quality issues. 

Supply voltage unbalance 

Because of a supply voltage unbalance, multiples of the second-harmonic components 
of the main frequency are injected by the rectifier bridge to the DC network. The DC 
voltage has a corresponding ripple. Figure 5.5 demonstrates a case of a 3 % unbalance 
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on the MV network. In this case, the harmonic content of the DC network becomes 
richer than in the case of a balanced MV network (Figure 5.3 and Figure 5.4).  

 

 

Figure 5.5. DC network voltages and currents on the terminals of the rectifier and the inverter. 

5.2.3 Harmonic measurement on the research platform 

In this section, the measurement results of the harmonic content in the DC distribution 
system on an actual network distribution system are be presented. Variation and 
propagation of the harmonic content are shown and discussed.  

A residential load is not balanced neither constant in nature. The current harmonic 
content varies as a result of the connection and disconnection of appliances, as 
described in subsection 2.2.1. These changes in the load produce changes to the 
harmonic currents in the DC network. From the weekly measurement data, the case of 
the lowest sixth-harmonic current was chosen to represent the network in light load 
conditions. Figure 5.6 and Figure 5.7 present the corresponding measurements of the 
harmonic currents at the CEIs. 

In Figure 5.6, the CEI 1 load is mostly a single-phase non-linear load, and the phase C 
current spectrum clearly represents the harmonic content of the single-phase diode 
bridge input current. Because of the three-phase unbalance of the CEI load, the DC 
current content contains 2nd– and 4th-order harmonics because of the 3rd and  5th 
harmonic currents. The 6th harmonic is a sum of the rectifier injected harmonic and the 
CEI-injected harmonic produced by the 5th and 7th load current harmonics. The CEI 3 
load harmonic content is naturally different; it is also sinusoidal and single-phase non-
linear, and further, the three-phase diode bridge input current harmonic content is 
noticeable. Because of the richer harmonic content of the load, the CEI input DC current 
harmonic content is also richer.  
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From the weekly measurement data, the case of the highest sixth-harmonic current was 
chosen to represent the network during a high load. Figure 5.8 and Figure 5.9 present 
the corresponding snapshot of the harmonic currents at the CEIs. The DC network DC 
current amplitude is much higher than in the previous measurements in light load 
conditions. The 2nd,  4th and  6th harmonics are still the most significant harmonic 
components in the DC network current. Moreover, as presented, the measurements of 
the 6th harmonic component of the DC current on the CEI allowed identification of the 
light-load and high-load conditions on the LVDC network. 
 
From the weekly measurement data, the case of the highest second-harmonic current 
was chosen to represent the CEI during an unbalanced load. Figure 5.10 and Figure 5.11 
present the corresponding snapshot of the harmonic currents at the CEIs. The 
measurements showed that the 2nd harmonic current, which is injected by the CEI as a 
result of the three-phase unbalance, can be significant in amplitude. 
 

Figure 5.6. Values of current harmonics 
for the CEI 1, light-load condition 
snapshot.  

Figure 5.7. Values of current harmonics 
for the CEI 3, light-load condition 
snapshot. 
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Figure 5.8. Values of current harmonics for 
the CEI 1, high-load condition snapshot. 

Figure 5.9. Values of current harmonics for 
the CEI 3, high-load condition snapshot. 

 

Figure 5.10. Values of current harmonics for 
the CEI 1, unbalanced load conditions. 

Figure 5.11. Values of current harmonics for 
the CEI 3, unbalanced load conditions. 
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5.2.4 Conclusions on the power quality analysis 

The power quality was analysed in the LVDC power distribution network, and the 
harmonic content of the network voltages and currents was shown. The 
PSCAD/EMTDC model and the analytical model were verified by the measurements. 
Thus, the analytical model presented in this work could be used for harmonic loss 
calculations. 

In the LVDC network, the output current low-harmonic content of the CEIs is rich in 
harmonics and corresponds to the theoretical assumptions on the customer-load-injected 
harmonics. The unbalance of the three-phase fundamental-frequency components is 
found to be typical of residential customer loads. The harmonic content in the DC 
network is time varying and depends on the load. The main harmonic components of the 
DC network currents are the second and sixth harmonics. 

The online measurements showed that the LVDC network involves no significant power 
quality issues. The power quality at the PCCs of the LVDC network and at the CEI 
feeding the LVAC customer networks is within the standard range.  

The harmonic content of the LVDC network and the estimate of the harmonic content 
and power quality measures at the LVDC network PCC can be estimated based on the 
LVAC measurements at the CEIs. 

5.3 Analysis of the network transient behaviour  
In this section, an analysis of the system transient behaviour in the DC distribution 
system is provided. Transient responses on various DC network faults are presented and 
analysed. A time-domain transient analysis of the LVDC power distribution network is 
carried out by simulations in the PSCAD/EMTDC. The transient response resulting 
from large-scale changes in the network state is shown. Possible faults in the medium-
voltage network and the LVDC network are simulated and analysed. The dimensions of 
the network components and the settings of the network protection devices are verified, 
and the network behaviour during transients is analysed. The network is examined for 
overvoltages, inrush currents and transient stability.  

5.3.1 Start-up of the LVDC network 

The start-up of the LVDC network was analysed in (Nuutinen et al., 2011). It was found 
that a thyristor bridge rectifier is a better choice for the LVDC network application to 
control the network inrush current. In this section, the network transient behaviour 
during the network start-up and reconnection is analysed by an PSCAD model of the 
LVDC research platform, presented in subsection 2.3.1. Figure 5.12a and Figure 5.13a 
illustrate the simulated start-up of the LVDC pilot network. The simulation shows 
ramping of the half-controlled thyristor rectifier firing angle and ramping of the CEI 
output phase voltages. 
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a) b) 
Figure 5.12. Rectifier voltages and currents a) on network start-up and b) on network 
reconnection at the rectifier. 
 
As illustrated, the DC network voltages and current at the rectifier and the CEI do not 
include overshoots and ringing phenomena, and the network start-up is performed in a 
fully controlled way. The modulation is started when the DC voltage is within the 
operating range. 

Further, in the same simulation run, the network behaviour is analysed during 
reconnection and illustrated in Figure 5.12b and in Figure 5.13b. The event simulated 
here is opening of the main circuit breaker at 0.4 s and reclosing at 0.5 s of the 
simulation time. In the simulation, such an event did not result in an interruption of the 
CEI power supply. A capacitor-based energy storage supplies power to the loads during 
the interruption. 
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a) b) 
Figure 5.13. CEI voltages and currents, a) on network start-up and b) on network reconnection. 
 
The DC network voltage decreases linearly as the capacitors are discharged. After 
reconnection, inrush currents occur on the DC network, and the DC capacitors are 
recharged. The output voltage at the CEI is temporarily reduced during the interruption. 
This behaviour is also detected on the research site, where fast auto-reclosings in the 
MV network often remain unnoticed by LVDC network customers. Figure 5.13 
illustrates the transient behaviour of the network during reconnections, the start-ups 
being stable. Additionally, it can be stated that during LVDC network reconnection and 
start-up, the inrush DC current and the DC network voltage have to be kept in the 
operating range to avoid tripping of circuit breakers and protection devices. The trip 
settings of the main circuit breakers and the ramping time of the thyristor rectifier firing 
angle must be preset to satisfy the safety requirements and to take into account the 
extended capacitance on the DC network. In terms of the delay angle control, the 
rectifier is able to power up and run the network with an extended capacitance. If 
bidirectional power transfer is not required in the LVDC network, the half-controlled 
thyristor rectifier provides an efficient solution to power the bipolar network. 
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5.3.2 MV network faults 

MV network faults such as MV three-phase short circuit, MV two-phase short circuit 
and MV ground/earth fault have an impact on the LVDC network in the form of voltage 
unbalance, sags, swells and interruptions. Short circuits and high load start-ups are the 
main reasons for voltage dips in the MV network. A short circuit can occur as a 
symmetrical or unsymmetrical one depending on the fault type. The transient response 
to such faults is examined by applying a model of the network in the PSCAD simulation 
environment. The model configuration corresponds to the actual distribution network 
research site. A description of the model is given in subsection 2.3.1. MV network 
faults are modelled by using an advanced fault component from the PSCAD component 
library (version 0.11.1) made by VTT. For comparison, the measurements during faults 
on the research site are presented.  

Balanced voltage sag 

In this simulation case, a three-phase short circuit occurs on the MV network at a 10 km 
distance from the LVDC research platform and 10 km from the 110/20kV transformer. 
The fault resistance is 100 Ω. The network currents and voltages during the fault are 
presented in Figure 5.14. A voltage dip occurs at 0.8 s of the simulation time. The DC 
voltage level decreases and the network continues operation at the reduced DC voltage. 
The CEI output voltage level is reduced by the control system to prolong the operating 
time during supply interruptions (Figure 5.15). The fault is cleared at 1 s of the 
simulation time. The DC voltage is restored to the normal level. Inrush currents are 
present on the network rectifier and in the DC network line currents at the CEIs.  

In the simulated case, the DC voltage overshoot on the DC network terminals is small 
and not hazardous to the connected equipment. Inrush currents during fault clearance 
must be taken into account in the dimensioning of the network DC capacitances and the 
protection device settings, such as the trip settings of the circuit breakers at the rectifier 
station and the DC fuse selection at the CEI. 
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Figure 5.14. Network behaviour during a three-phase short circuit on the MV network (from top 
to bottom: the MV network voltages and currents, the DC network voltages and currents for the 
rectifier and CEI sides).  
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Figure 5.15. Customer-end LVAC voltages during a three-phase short circuit on the MV 
network. 
 
Unbalanced sag resulting from a line-to-line fault 

LVDC network voltages and currents during a line-to-line fault (LLF) in the MV 
network are presented in Figure 5.16. The LLF fault on the MV network causes higher 
currents on the LVDC network front-end transformer and rectifier. The DC voltage 
ripple increases during the fault. However, the customer voltage is not affected. 
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Figure 5.16. Network behaviour during an LLF on the MV network (from top to bottom: MV 
network voltage and current, rectifier current, DC network voltage and currents for the rectifier 
and CEI sides.)  

Main : Graphs
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5.3.3 LVDC network faults 

Possible faults on the LVDC network are: 

· Earth or short-circuit fault resulting from a failure in the rectifier electronics, 
such as a failure of the rectifier power electronics, thyristor or IGBT bridge; a 
failure of the DC capacitors on the rectifier; a failure of the rectifier 
measurement card.      

· Earth or short-circuit fault resulting from a power distribution cable damage. 
· Earth or short-circuit fault resulting from a failure in the CEI electronics, such as 

a failure of the DC capacitor, the IGBT bridge or the measuring card. 
· Faults on the customer-end-side low-voltage AC network, such as short-circuit 

or earth faults. 

Design of the protection scheme is out of scope of this doctoral dissertation; 
nevertheless, to demonstrate the network transient behaviour, two main events taking 
place in the LVDC network are presented.  

· LVDC network faults such as a short circuit or an isolation fault cause the main 
circuit breaker of the LVDC rectifier station to trip.  

· CEI DC capacitor failure resulting in DC short-circuit fault, the DC fuse blows 
up.  

Isolation fault and tripping the main circuit breaker 

Figure 5.17 shows the transient behaviour of the network when the main circuit breaker 
of the rectifier station trips as a result of an earth fault. Customer network supply 
voltages are presented in Figure 5.18.  
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Figure 5.17. Network behaviour during tripping of the main circuit breaker.  
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Figure 5.18. Customer supply voltages after the tripping of the main circuit breaker at 0.8 s. 
 
Short-circuit in the DC network 

Figure 5.19 depicts the transient behaviour of the network when the main circuit breaker 
trips on a short circuit caused by a DC cable damage. Because of the short-circuit fault 
on the DC network positive pole, the main circuit breaker on that pole was tripped at 
0.8134 s of the simulation time, and the closest CEI 2 DC fuse blew up. All the CEI 
inverters were stopped by the fault; CEI 2 and CEI 3 because of the low DC voltage and 
CEI 1 on the healthy pole because of the DC overvoltage. 
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Figure 5.19. Network transient behaviour during a DC network fault. 
 
  

Main : Graphs
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DC capacitor failure 

Figure 5.20 illustrates the transient behaviour of the network in the case of a short 
circuit caused by a capacitor failure. The DC capacitor failure takes place at 0.8 s of the 
simulation time. The DC fuse of the CEI 3 blew up at a 0.8045 s, and the CEI with the 
faulted DC capacitor was disconnected from the DC network. Because of the DC 
voltage dip and the following high inrush current, the main circuit breaker was tripped 
at 0.8157 s, and the supply was disconnected from the pole on which the fault occurred. 
CEI 1 was stopped because of the DC overvoltage, and CEI 2 was stopped as a result of 
the circuit breaker tripping and the following DC undervoltage. 

 

Figure 5.20. Network transient behaviour during a DC capacitor fault. 
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5.3.4 Measurements on the LVDC pilot site 

In this section, the transient measurements on the LVDC pilot site are presented. A 
comparison of the transient response measured during CEI start-up on the LVDC 
research platform and the transient response delivered by simulations with the PSCAD 
model of the LVDC network is presented in Figure 5.21. 

 
Figure 5.21. Transient behaviour on CEI start-up (from top to bottom: phase A current, phase B 
current, phase C current, DC current, DC voltage; black denotes measurement, green  
simulation). 
 
The CEI model was initialised with the three-phase load model estimated from the 
measured phase currents and power analyser data on the CEI. Based on the CEI 
measurements, the single-phase diode bridge on the phase C was identified, and the load 
on other phases was identified as pure resistive. The ramping time of the AC voltage 
reference is identical in the model and the actual CEI, and is set to 30 ms. Because the 
actual CEI loads are more complex than the estimated model, there can be differences 
between the simulated and modelled results. For instance, the measured current for the 
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phase A most likely represents an air-conditioner compressor, with a single-phase 
induction motor connected. However, a PSCAD model for such a case was not 
available, nor implemented by the author, but has been reported in the literature. 
Nevertheless, it is possible to identify the loads, as power analyser functions are 
implemented on the CEI (this is described in Chapter 3). The difference in the DC 
voltage waveform is due to the difference in the MV supply frequency; in the 
simulation it is assumed to be 50 Hz, while it is different in reality. Consequently, the 
sixth-harmonic variation induced by the rectifier is drifting against the second harmonic 
induced by the CEI. The DC voltage measurement is affected by high-frequency noise, 
and therefore, it is only comparable with the mean level of the voltage. Overall, the 
simulated results show good agreement with the measurements. 

Load changes at the customer end 

The measurements presented below were made after the network front-end thyristor 
rectifier was replaced by a commercial active IGBT rectifier. The rectifier DC voltage 
reference was set to 750 VDC. Figure 5.22 and Figure 5.23 illustrate the network 
transient behaviour during the disconnection and connection of 7.5 kW three-phase 
heating load at the customer-end. 

 
Figure 5.22. Load change transient on the three-phase load disconnection. 
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As the identified three-phase resistive heating load is disconnected, the CEI DC current 
drops. The CEI output currents demonstrate a three-phase diode connected and one 
phase resistive load in the phase C. As this remains connected, the amplitude of the 
second-harmonic unbalance DC network current is unchanged. Because of the 
disconnection of a relatively large load, the DC network voltage rises temporarily by 10 
V in 0.02 s until the control system of the network front-end active rectifier adjusts the 
voltage to the reference in 0.04 s. No ringing or overshoot on the DC network is 
detected. 

 

 

 
Figure 5.23. Load change transient on the three-phase load connection. 
 
Before disconnection, the CEI output currents show the phase A and the phase C 
loaded. The phase C load is non-linear. Because of the unloaded phase B, the DC 
current contains second-harmonic ripple. When the identified three-phase resistive 
heating load is connected, the CEI DC current rises. As an unbalance between the 
phases remains, the amplitude of the second-harmonic unbalance DC network current is 
unchanged. Higher-order harmonics (4th,  6th) are also present in the DC current as a 
result of the non-linear load. Because of the connection of a relatively large three-phase 
load, the DC network voltage decreases temporarily by 15 V in 0.02 s until the control 
system of the network front-end active rectifier adjusts the voltage to the reference in 
0.04 s. The voltage drop on the DC network caused by the increased load could be 
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noticed from the DC voltage level; in the figure it is around 5 V. No ringing or 
overshoot on the DC network as a result of the connection of a relatively large load is 
detected. The specific features of the customer load, such as the three-phase unbalance 
and the harmonic content, are clearly visible. The transient on the connection of the 
single-phase load is illustrated in Figure 5.24. 

 

 
Figure 5.24. Load transient on a single-phase load connection/disconnection. 
 
The presented measurement shows the network behaviour in the case of a single load 
connection. The single load takes a high start current, which first decreases after 0.2 s, 
and secondly, approximately after 1.25 s; the load is probably a single-phase induction 
motor of an air compressor or pump. The connection of such a single-phase load, 
approximately with a power rating of the 3.5 kVA, increases the second-harmonic ripple 
in the network DC current as a result of the three-phase unbalance. The DC network 
voltage has a short (0.06 s) voltage dip of about 5 V caused by the connection of this 
load.  
The results presented in Figure 5.21–Figure 5.24 show that the connection and 
disconnection of single-phase and three-phase loads in the customer-end network do not 
cause ringing or significant overshoots in the DC network voltages and currents, neither 
for the unidirectional LVDC network nor for the bidirectional LVDC network. 
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DC overvoltage during a MV fault 

The measurements presented in this section were made when the pilot site LVDC 
network was supplied by the thyristor rectifier. The quality of the measurements on the 
rectifier station of the LVDC network was poor, and therefore, the results are not 
presented here. Only the measurements on the network CEIs are illustrated to 
demonstrate the network transient behaviour during a MV fault. CEI 1 is connected to 
the LVDC network positive pole, and the DC voltages and currents during the 
overvoltage are presented in Figure 5.25. CEI 2 and CEI 3 are connected to the negative 
pole of the LVDC network, and the DC voltages and currents during the overvoltage are 
presented in Figure 5.26 and Figure 5.27. On detection of the DC overvoltage, the CEIs 
stop modulation in order to prevent damage of the power electronic components, and 
therefore, the DC current is zero. After the clearance of the fault, the CEIs restart 
modulation. 

 

 
Figure 5.25. CEI 1 measurements during a DC overvoltage. 
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Figure 5.26. CEI 2 measurements during a DC overvoltage. 
 

 

 
Figure 5.27. CEI 3 measurements during a DC overvoltage. 

 
Because on an MV voltage swell, a DC network overvoltage event takes place, the CEI 
modulation is stopped, and the customer supply is interrupted for 2.5 s. First, inrush DC 
currents produced by the voltage swell are detected as the DC capacitors are charged 
with a higher voltage. After the reduction of the voltage to the CEI operating range on 
the DC network, the customer supply is restored. Overall, the transient behaviour is 
stable and the network equipment is not damaged, and the network continues normal 
operation. 
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MV network voltage interruption 

The measurements presented below were made when the pilot site LVDC network was 
supplied by the thyristor rectifier. The capacitive energy storage is dimensioned to 
provide energy during a short interruption. Figure 5.28 and Figure 5.29 illustrate the 
measurements in a case where the fault was noticed only on one pole of the bipolar 
LVDC network. 

 
Figure 5.28. Network and CEI voltage and currents during a short MVAC voltage interruption. 
 
Because of the MV network fault event, first, the voltage swell raises the DC voltage 
level on the DC network by 20 V. This is followed by an interruption of supply, which 
lasts for approximately 0.5 s, after which the fault is cleared and supply restored. During 
the interruption, the voltage level on the DC network decreases gradually. Thanks to a 
sufficient capacitive energy storage on the DC network, the customer supply is not 
interrupted. The CEI output voltage level is temporarily reduced to prolong the 
operation during the MV supply interruption. 
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Figure 5.29. Network and CEI voltage and currents during a short MVAC voltage interruption. 
 
In addition, inrush DC currents are noticed because of the voltage swell and voltage 
supply restoration as a result of the DC capacitor charging. Nevertheless, in this fault 
case also, no ringing or unstable behaviour of DC currents and voltages are detected. 

5.3.5 Conclusions on the network transient behaviour 

It was shown by simulations and measurements that the network transient behaviour is 
stable during large disturbances caused by severe faults in the MV network and the 
LVDC network. The protection functions of the network protection devices and power 
electronics components take care of the equipment safety. A computational analysis was 
made using the PSCAD/EMTDC electromagnetic transient simulation environment. 
The LVDC distribution network model, based on an actual research platform 
configuration, has indicated no unstable neither unpredictable behaviour in the time-
domain simulations. 
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5.4 Distribution of energy and power losses  
In this section, the distribution of losses in the LVDC distribution system is shown. As 
demonstrated in Chapter 2, analytical methods for loss calculations and modelling 
approaches are applied to the computational analysis. Next, the efficiency of the LVDC 
distribution network, power loss distribution and energy loss distributions are estimated. 
The work applies a model of the LVDC power distribution network in the MATLAB 
environment, as presented in subsection 2.3.2.  

5.4.1 Power losses and efficiency 

The distribution power path is divided into the LVDC network transformer rectifier, the 
distribution network wiring and the customer-end inverter (Figure 5.30). The efficiency 
of each component varies with the applied load. 

 

Figure 5.30. Power path efficiencies. 
 
The power path of the developed prototype CEI with the component efficiencies is 
shown in Figure 5.31.  
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Figure 5.31. Power path of the CEI. 
 
In the course of the development process, the efficiency of the CEI was not set as an 
optimisation target, but the focus was on making a prototype as a proof of concept. The 
parameters of the CEI components are given in Table 5.3. 
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Table 5.3. Component parameters of the customer-end inverter. 
Symbol Quantity Value 

 kVA 16 
 kHz 10, 12, 16 

 IGBT module Semikron SKiM 400GD126DM 
 V 1.2 

 mΩ 4.5 
	( ) mJ 29 (46) 

 mΩ 5.3 
 V 1.25 
 mJ 22 

 Amorphous core 
inductor 

AMCC-500 (2605SA1) 

k,	 ,	   6.5, 1.5, 1.74 
m g 2890 

  3000 
 cm 35.6 
 mm 4.4 
 cm2 11.3 

L mH 0.5 
 Ω, at 25C 0.0054 

N  40 
 Ferrite core 

inductor 
Ferroxcube 3C90 

L mH 0.5 
N  80 

 Ω, at 25C 0.0107 
   
 Isolation 

transformer 
Trafomic 16kVA 400V/400V 

Dyn11 
 A 1.56 
 W 125 
 W 23.1 
 A 23 
 W 685 
 Ω, at 25C 0.422 
 Ω, at 25C 0.147 

5.4.2 Power loss measurement setup 

The method and extensive description of the calorimetric measurement setup used in the 
study is given in (Kosonen et al., 2013). The block diagrams of the CEI power loss 
measurement setup with the calorimeter and electrical measurements are shown in 
Figure 5.32. In the first configuration, the LC filter losses are measured (Figure 5.32a), 
while in the second configuration, the IGBT module losses are the target of 
measurements (Figure 5.32b). In the third configuration, the CEI total losses are 
measured by the calorimetric and electric input–output method with a Yokogawa 
WT1600 power analyser and the CEI electronics (Figure 5.32c). The losses on the 
isolation transformer are determined by difference calculation from the previous 
calorimetric measurements in the same power points. The voltage and current 
measurement points are the same for the power analyser and the CEI. For the power 
analyser, the accuracy of the electric instruments is kept below 0.5 % as required in the 
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IEC 61683 standard (IEC 61683, 1999). The calorimetric setup for the measurement of 
the CEI total losses is presented in Figure 5.33. 
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Figure 5.32. Calorimeter setup used in the measurements. 
 

 

Figure 5.33. CEI components inside the calorimeter.  
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5.4.3 Power loss analysis 

The calorimetric measurements for the IGBT module were made at two switching 
frequencies. The results are presented with a comparison of the results from the 
analytical model in Figure 5.34. The switching losses play a major role in our reference 
case, while the conduction losses are extremely low because of the oversized IGBT 
modules with a nominal current of 300 A. The measurement results showed that the 
dependence of losses on the switching frequency is linear. The results from the 
analytical model further emphasise this. With the same polynomial parameters, the 
module loss curve meets the calorimetric results for both switching frequencies. The 
loss curve for the IGBT module operating at a 3 kHz switching frequency is delivered 
only analytically. 

 

Figure 5.34. IGBT module losses (solid line: total IGBT module losses, dashed line: conduction 
losses, dotted line: switching losses, square markers: calorimeter measurement results). 
 
The analytical results show that in our reference case the conduction losses account for 
a small part of the overall losses on the IGBT module, while the main loss component in 
the IGBT module is the switching losses. 

The calorimeter measurement results for the inductor losses together with a comparison 
with the analytically calculated losses are shown in Figure 5.35. The core physical 
dimensions and material parameters were used in the loss calculation. The winding DC 
resistance was measured using a low-resistance meter. The Steinmetz parameters were 
not available for the laminate iron core, and therefore they were set, as commonly, to 
correspond to the calorimeter measurement results. 
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Figure 5.35. Inductor module losses (solid line: total inductor losses, dashed line: core losses, 
dotted line: conduction losses, square markers: calorimeter measurement results). 
 
The AC inductor core losses are directly proportional to the peak-to-peak value of the 
inductor current ripple, and  they are independent of the output current (Kazimierczuk et 
al., 1999), (Kondrath and Kazimierczuk, 2010). The peak-to-peak value of the inductor 
current ripple is proportional to the input DC voltage. In our reference case, the DC 
voltage decreases linearly as a function of load, and therefore, the core losses on the 
inductor behave accordingly. The conduction losses increase in proportion to the square 
of inductor current; these are slightly increased by the winding eddy current losses 
caused by the ripple current. The eddy current losses decrease when the inductor current 
ripple decreases. The dependences described by analytical equations are emphasised by 
the calorimetric measurement results. The loss curve for the LC filter in the CEI 
operating at a 3 kHz switching frequency is delivered analytically, and the losses in this 
case are higher as a result of the increased current ripple.  

The no-load voltage of the DC terminal of the CEI affects the amplitude modulation 
index and the inductor current ripple amplitude. An analytically calculated dependence 
of the IGBT module and the inductor losses on the no-load voltage at the DC network 
inverter terminals is shown in Figure 5.36. The no-load voltage in the reference case is 
uncontrollable and fluctuating depending on the network load. In a bipolar network, the 
unloaded pole voltage can also be increased above nominal as shown in (Peltoniemi, 
2010a). The lowest limit for the operating voltage is set by the modulation scheme; for 
the SVPWM modulation the lowest operating voltage is 565 V to deliver undistorted 
400 V voltage form to the output. Taking into account the voltage drop in the DC 
network and a possible increase in the voltage, the two no-load voltages are selected for 
the analytical loss comparison: 655 VDC and 855 VDC (Figure 5.36). 
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Figure 5.36. Dependence of the losses on the no-load voltage of the CEI DC terminal.  
 
The analytically calculated overall efficiency of the CEI and a comparison with the 
efficiency calculated based on the electrical measurements in the LVDC network are 
presented in Figure 5.37 and Figure 5.38. 

 

Figure 5.37. Efficiency of the CEI and the dependence on the switching frequency. 
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Figure 5.38. Efficiency of the CEI and the dependence on the DC voltage level. 

The distribution of power losses in the CEI is shown in Figure 5.39. In the reference 
case, the isolation transformer current includes harmonics, which are injected by 
customer non-linear loads. Considering a residential load, the amount of current 
harmonics is significant when compared with the fundamental component. The non-
linear loads will increase the power loss on the isolation transformer because of the 
harmonic currents. The voltage is inverter unit controlled with the THD below 3 %, and 
thus, the magnitudes of the voltage harmonic components are small. Therefore, the 
effect of harmonic voltage on no-load losses could be neglected with an insignificant 
error (Driesen et al., 1998). 

The time-varying distribution of the household loads across the isolation transformer 
three-phase output is uncontrolled and unpredictable, which could cause significant 
unbalances between the phases. For the unbalanced condition, the distribution of power 
losses in the CEI is shown in Figure 5.40. 
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Figure 5.39. Distribution of losses in the 
customer-end inverter unit (from bottom to 
top: LC filter losses, isolation transformer 
losses, IGBT module conduction losses and 
IGBT module switching losses). 

 

Figure 5.40. Distribution of losses in the 
customer-end inverter unit for unbalanced load 
conditions (from bottom to top: LC filter 
losses, isolation transformer losses, IGBT 
module losses; dotted line: symmetrical three 
phase load, circles: calorimeter 
measurements). 
 

Efficiency optimisation 

As has been shown, the 50 Hz isolation transformer is not a feasible solution for 
isolation in this case, and therefore, the use of an isolation DC/DC converter instead is 
analysed in brief. The DC/DC converter allows the control of the inverter input DC 
voltage. Taking the theoretical efficiency curve for the isolating DC/DC converter (Yu 
et al., 2012) shown in Figure 5.41, the efficiency curve for a CEI with an isolating 
DC/DC converter is estimated (Figure 5.42). The CEI losses with the DC/DC converter 
are reduced as a result of the constant optimal voltage on the DC terminals, and the no-
load losses are reduced as there is no need for the transformer magnetising current 
supply. 
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Figure 5.41. Efficiency comparison of the 
isolation solutions. 

 
Figure 5.42. Change in the CEI inverter 
efficiency due to the isolation solution. 

 
In the case of the usage of an isolation DC/DC converter, the four-leg three-phase 
inverter is used to provide phase currents and the neutral conductor connection. 
Therefore, in this case, the losses on the IGBT bridge module will increase. As has been 
shown above, the switching losses play a major role in the reference case. Neutral 
conductor current depends on load conditions, in particular, on non-linear and three-
phase unbalanced loads. In the computation model, an assumption is made of a similar 
dependence of the switching loss on the conducting current as for the phase leg-pairs of 
the measured IGBT bridge. For the case with SiC-based switches, most of the losses are 
caused by conduction; a rough assumption of 70 % of the total losses is used 
(Rabkowski et al., 2013) in the computation. The inclusion of a detailed three-phase 
four-leg inverter model, with correct modulation, is left for the future development of 
the model. 

With the above assumptions, comparing with the prototype solution used in the actual 
LVDC network research platform, the CEI efficiency could be improved further with a 
DC/DC isolation converter, and at partial loads, with a modular inverter (Figure 5.43). 
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Figure 5.43. Technology comparison: Customer-End Inverter unit prototype, and theoretical 
efficiency of solutions. 
 
Distribution network cabling 

The distribution network cabling is dimensioned to be economically feasible. The losses 
in the distribution network cables are much lower compared with the losses on the other 
components of the LVDC network. The losses are approximately at the same level with 
the losses expected from the AC distribution network. The losses are mostly ohmic and 
increase as a square of current. The current flow in the LVDC network contains a DC 
component and harmonic components, injected by power electronics. In the case of the 
LVDC network powered with a thyristor rectifier, the current flow contains sixth-
harmonic current from the source fundamental frequency. The CEIs under unbalanced 
load conditions inject a second harmonic into the DC current from the output 
fundamental frequency. The switching frequency components in the DC currents are 
small as a result of the filtering by the CEI input DC capacitor (the DC capacitor 
appears as a short circuit for high-frequency currents), and therefore, their effect on the 
losses in the DC network can be neglected. The DC current harmonic content in the 
network loads will change with changes in the load conditions. For the reference case, 
where the AC loads are supplied through a 50 Hz isolation transformer, the second 
harmonic on the DC network from the AC phase unbalance is reduced because of a 
delta-wye conversion of the AC load currents.  
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LVDC network transformer rectifier 

The efficiency of the LVDC network depends on the efficiency of the front-end 
transformer and the rectifier bridge. The losses on the thyristor rectifier are mostly 
conduction losses resulting from the low-frequency switching. These losses are 
estimated using the common technique described in the modelling section. The losses 
on the transformer consist of no-load and load losses. The transformer conduction losses 
have a harmonic loss component caused by the power electronic load. In the reference 
case, the six-pulse thyristor bridges generate harmonic currents to the secondary 
windings. The harmonic content of the primary windings is lower because of the 
harmonic cancellation. The unbalance between the poles in the bipolar LVDC network 
has an effect on the harmonic content on the primary windings (Lana et al., 2011b).  

5.4.4 Energy loss distribution 

The calculation of the energy loss distribution is computation intensive. In this case, the 
use of the time-domain simulation tools is time consuming and impractical. Therefore, a 
model for the calculation of the annual losses on the LVDC network components was 
constructed. The model is described in subsection 2.3.2, and it is based on the theory 
introduced and described in section 2.2. The energy loss distribution is given with a 
special attention to harmonic energy losses and unbalance losses. 

LVDC research platform network 

The developed data acquisition solution, described in Chapter 3, provides the inputs for 
calculation. These are the load measurements on the households connected to the LVDC 
research platform network, the phase current magnitudes and the current harmonic 
content. 

The following comparison is based on one-minute resolution measurement data from 
the LVDC network research site taken over a period from October 27, 2013 to 
November 2, 2013. The DC voltage measurements are affected by the high-frequency 
noise. However, the measurement data are accurate enough for the energy loss 
estimation. The performance of the computation model illustrated in Figure 5.44 for the 
24-hour measurement data and the comparison results are given in Table 5.4. 
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Figure 5.44. Power losses on the CEI (blue line: measurements, green line: simulation). 
 
Figure 5.44 shows a good correspondence of the model-delivered power losses to the 
electrically measured power loss, obtained by the input-output method. Owing to the 
above-described issues with the CEI DC-side measurements, and thereby a possible 
inaccuracy in the power loss measurement technique, the results are not exact. A clear 
example of this is the difference in the results shown in Figure 5.44b showing the  
power loss results for the CEI 2, which is running mostly at no load. 
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Table 5.4. Verification of the calculation model. 
 Measurements Simulation 

Network energy transfer, 
kWh 846 869 

Customer energy 
consumption, kWh 702 702 

DC network losses, kWh 8 9.7 
Energy losses on conversion, 

kWh 140 163 

DC network efficiency 0.9953 0.989 
Energy conversion efficiency 0.833 0.8162 

 

 
The resulting comparison suffers from DC voltage measurement issues and the applied 
measurement method; the computed losses are higher and the efficiency is lower when 
compared with the measurement data. Nevertheless, taking into account the insufficient 
resources to arrange accurate and simultaneous long-term power flow measurements on 
the research site, the presented comparison result is considered satisfactory. 

Verification of the CEI current source model. 

A comparison of the harmonic component measurements of the DC current on the 
customer-end inverter on the LVDC research platform and the calculation results on the 
DC current harmonic content from the customer-end inverter current source model is 
presented in Figure 5.45. 
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a) 

 
b) 

 
c) 

 
d) 

Figure 5.45. Verification of the customer-end inverter current source model, DC current content. 
a) DC component, b) second-harmonic component, c) fourth-harmonic component and d) sixth-
harmonic component. 
 
The model computation result on the harmonic content of the DC-side CEI current is 
accurate. This result shows that not only the harmonic transfer over the CEI is 
calculated accurately, but the power loss on the CEI is calculated accurately enough. 
This result is of major significance when considering the objectives of this doctoral 
dissertation. 
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Harmonic power losses and power loss distribution in pilot LVDC network 

The results on the energy loss distribution presented in Figure 5.46–Figure 5.49 are 
based on actual electrical power quality measurement data. Figure 5.46 represents the 
efficiency of the LVDC network. Moreover, other presented results show the 
distribution of losses, and therefore, the relation of energy losses between different 
sources. The three-day power quality measurements from the LVDC pilot taken in 
December 2013 were used in the presented computation. 

 
Figure 5.46. LVDC network efficiency.   

Figure 5.47. CEI loss distribution. 

 
Figure 5.48. LVDC CEI additional loss 
distribution. 

 
Figure 5.49. DC Network  loss distribution 
(teoretical maximum). 

According to the results, for the reference LVDC network research platform, the energy 
loss is 20 % of the consumed energy. The CEIs on the research platform, which are not 
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optimised for energy efficiency, have 11 % of energy losses. 87 % of the energy losses 
are no-load losses comprised of switching losses on the IGBT module and core losses of 
the LC filter inductor and the isolation transformer. This result emphasises the 
importance of the energy efficiency optimisation of the customer-end inverter. 
Therefore, the no-load losses and the partial load efficiency have to be set as the target  
of optimisation when developing the power electronic converter for an electricity 
distribution network application. 

The DC network ohmic losses commonly depend on the dimensioning of the network 
distribution cables, and in our reference case, have an energy loss less than 1 %, which 
is similar to common AC network losses. The DC network harmonic losses account for 
9 % of the overall DC network losses. This value is a theoretical maximum for the 
examined case, because cumulative addition of the harmonics on the DC network was 
assumed in the computation. 

Feasible LVDC networks 

Based on the data and methodological tools available, it is possible to estimate the 
energy efficiency of feasible LVDC networks. The network model is built on the 
database data provided by an electricity distribution company Elenia. The MVAC 
network branch including MV/LV transformers and LVAC customers is replaced with a 
bipolar LVDC network. The dimensioning of the LVDC network cabling and the 
customer distribution across the bipolar network is carried out according to the planning 
methodology described in (Kaipia et al., 2008) and based on the AMR data of the 
network customers. The model of the customer-end inverter, described in this doctoral 
dissertation, is used as an example of the integration of the calculations of network 
losses and power electronic losses into one model. The resulting model includes the 
dependence of the CEI efficiency on the input DC voltage, which is due to the power 
flow calculation in the LVDC network. The DC voltage drop and ohmic losses in the 
DC network are determined. The energy efficiency calculation result, presented in this 
section, is not assumed to outperform traditional AC distribution solutions. Rather, 
because of the non-efficient CEI structure, the energy efficiency of the LVDC network 
is expected to be poor. The modelled CEIs were developed as a technological proof of 
concept of the LVDC distribution. The presented results demonstrate the opportunities 
of the numerical calculation and application of the developed models. The other 
constraint is that the LVDC network is not optimised in terms of connections, and its 
structure is inherited from the MVAC and LVAC network structure.  
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Figure 5.50. Subnetwork for calculations (on the left, the MVAC and LVAC networks, on the 
right, the LVDC network). 
 

 
a)  

b) 
Figure 5.51. Distribution efficiency. a) In the MVAC and LVAC networks, b) in the LVDC 
network, based on the prototype CEI. 

The results in Figure 5.51a are for a part of the Finnish distribution network, which is 
very efficient; in (The World Bank, 2014), an average of 4 % of transmission and 
distribution (T&D) losses is reported for the period of 2004–2014, while in some other 
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countries the losses of inefficient T&D networks may be above 15 %. Some of these 
high losses are due to inefficient distribution, and some are caused by electricity theft 
(Smith, 2004). Nevertheless, the LVDC network efficiency analysis should be made 
with a comparison with efficient and true case networks. 

The energy losses in the pilot CEI are distributed as illustrated in Figure 5.52. The 
majority of the energy losses are due to no-load losses. 

 

Figure 5.52. Energy loss distribution in the LVDC pilot CEIs. 
 
The dimensioning of the distribution network components is traditionally carried out by 
a techno-economic analysis. The LVDC network is not an exception. The front-end 
transformer, the rectifier, and the DC network are dimensioned to the network power 
flow, simultaneously aiming at lifetime cost minimisation. In this context, the CEIs play 
a significant role, and thus, a special effort has to put in enhancing the CEI efficiency. 
In the following, possible solutions to improve the LVDC network efficiency are 
introduced and discussed. 
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Future LVDC network 

It is obvious that the high efficiency of the future LVDC network is of key importance. 
Therefore, the high-efficient solutions for isolation and energy conversion, such as an 
isolation high-frequency DC/DC converter and a silicon carbide (SiC) based inverter, 
are used. One of the general structures of such a solution is illustrated in Figure 5.53. 
The performance and efficiency of SiC-based inverters of different nominal powers are 
discussed in (Xu et al., 2013), (Zhang et al., 2010) and (Han et al., 2011). The 
performance and topologies of the IGBT-based isolated DC/DC converters are 
presented in (Inoue and Akagi, 2007), (Tan et al., 2011), (Tan et al., 2013) and (Yu et 
al., 2012). With the SiC technology, the efficiency of the DC/DC converter may reach 
99 % (Inoue and Akagi, 2006). Based on the measurement results presented in these 
publications, the efficiency curves for such an inverter and an isolated DC/DC converter 
were taken as a base for the calculation of the future LVDC network efficiency. 
However, as shown in this doctoral dissertation, also a different approach can be taken 
to the parameterisation of the inverter bridge to model the losses of the high-efficiency 
components. Nevertheless, as there is no means available to verify the numeric model, 
the detailed model of the loss calculation is replaced with a component model that is 
based on a simple efficiency curve for the isolation converter and the inverter bridge. 
The efficiency curves applied here were verified in the above publications. 

 

Figure 5.53. Efficiency of the high-efficient customer-end inverter components. 
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Figure 5.54. Energy loss distribution in the LVDC network, where CEIs comprise DC/DC 
isolation converter and SiC switch based three-phase four-leg inverter. 
 

 
 

 

Figure 5.55. Energy loss distribution in the LVDC network, where CEIs comprise SiC switch 
based three-phase three-leg inverter and 50Hz isolation transformer. 

The energy efficiency of the future LVDC solution is illustrated in Figure 5.54. Such a 
network could be considered a base for techno-economic planning today. Nevertheless, 
because of the high cost of highly efficient power electronic components, such as SiC 
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switches, the implementation of such a solution will be postponed until the component 
prices come down and the solution becomes economically feasible. 

The comparison of the theoretical energy efficiency of the LVDC network for different 
networks is presented in Table 5.5. The case networks are presented in Appendix C. The 
table lists the computational results for the network annual energy efficiency based on 
AMR measurements on an actual customer distribution network. 

Table 5.5. Theoretical energy efficiency comparison of the LVDC network.  
LVDC 

subnetwork 1 2 3 4 5 6 7 8 

Number of 
customers 91 56 50 107 91 97 55 87 

Annual energy 
consumption, 

MWh 
819 530 215 890 640 690 442 513 

Peak power 
hours 3000 2800 2500 3000 3000 2700 3260 2750 

MV/LV 
transformers 7 8 3 9 9 1 1 1 

MVAC length, 
km 5.7 5 3.5 8.3 8 0.2 0.2 0.2 

LVAC length, 
km 13.6 12 10 21 13.5 2.3 1.9 2.2 

Overall MVAC 
branch 

(including 
LVAC) energy 

efficiency 
estimate 

0.944 0.94 0.9494 0.9457 0.9243 0.9827 0.9776 0.9852 

Overall LVDC 
network energy 

efficiency 
0.893 0.883 0.866 0.87 0.88 0.91 0.9044 0.90 

LVDC network energy loss distribution 
Front-end 

transformer 11 % 13 % 23 % 8 % 11 % 12 % 17 % 15 % 

Front-end 
rectifier 2 % 2 % 2 % 2 % 2 % 1 % 2 % 2 % 

DC network 27 % 32 % 20 % 42 % 31 % 2 % 3 % 3 % 
CEIs 60 % 54 % 55 % 48 % 56 % 85 % 78 % 80 % 

 
The efficiency of the inverters is lowest at partial loads, but owing to the nature of the 
household loads, there is a lot of time when the loading is low. There are two solutions 
to this issue; customer grouping and the inverter modular structure. Customer grouping 
will reduce the partial load time, but the LVDC advantages, such as the individual 
power quality control and the individual fault zone will be lost. In this case, the fault 
frequency will increase and the power quality of the end-customer network could be 
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reduced compared with the reference case. In theory, the inverter modular structure 
allows operation at the component peak efficiency. Nevertheless, because of the more 
complex structure and larger number of components, the cost of such a solution is 
expected to be higher and is therefore a subject of techno-economic planning.  

The LVDC network is illustrated to be less energy efficient than the traditional power 
distribution solution in a case where the network end customer has a traditional AC 
residential supply. Using DC at the residential level could change the situation. Recent 
publications have shown that in houses with a DC supply, a 5 % energy saving could be 
achieved without an energy storage, and a 14 % energy saving with an energy storage 
(Vossos et al., 2014). The energy efficiency of a house supplied by the LVDC network 
will increase as a result of the higher efficiency of the DC/DC converters compared with 
the inverter efficiency. The option of using an energy storage in a DC-supplied house 
can also minimise the effects of partial loading of the customer-end converter. 
Therefore, the usage of DC as the residential supply will enhance the overall energy 
efficiency of the LVDC network and distribution chain. The LVDC distribution 
network alone cannot improve the efficiency of the electricity supply, but the electricity 
usage in the houses have to be changed over from the traditional AC to DC in order to 
improve the overall LVDC distribution energy efficiency over the traditional AC 
solution. 
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6 Summary and conclusions 
In this chapter, the main results of doctoral dissertation are summarised. The main 
objective of the research was evaluation of the LVDC distribution system.  

This doctoral dissertation addressed the design of the LVDC power distribution system 
by taking a computational modelling approach. The LVDC distribution system stability, 
supply security and power quality were evaluated by computational modelling and 
measurements on an LVDC research platform. The models of the LVDC distribution 
system and its components were implemented in a PSCAD/EMTDC environment. 
Further, computational models for the LVDC network analysis were developed for the 
MATLAB environment. A monitoring and control software solution for an LVDC 
network research platform was devised to deliver measurement data for verification of 
the developed models. The computational models were verified by measurements on the 
LVDC network research platform and the laboratory prototypes. With the developed 
models, the system issues addressed included the DC power quality and the harmonic 
transfer, the system transient behaviour and the DC voltage stability, the network energy 
and power losses and the efficiency of LVDC distribution.  

6.1 Key results of the doctoral dissertation 
The objective of the study was to analyse certain system-specific issues by taking a 
computational modelling approach. The models for offline simulations of the LVDC 
distribution system were developed and validated by measurements on an actual 
network research platform. Therefore, the key results of the doctoral dissertation are: 

· The PSCAD/EMTDC models of the network for the time-domain transient 
analysis of the LVDC network. 

· The power loss model based on analytical equations describing the power loss 
mechanism of the network components. The model was implemented in the 
MATLAB environment and is capable of fast estimation of the network and 
component losses. 

· For the control and diagnostics purposes, the data acquisition and control 
solution for the LVDC network research platform was developed. This solution 
has been used to deliver data for the model verification and comparison of 
results. 

The scientific contributions of the doctoral dissertation are: 

· The dissertation highlights the harmonic content distribution in the LVDC 
network. 

· The work provides guidelines for the dimensioning of a DC capacitor in the 
public LVDC electricity distribution network. 

· The work demonstrates the transient behaviour of the LVDC network.  
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· The dissertation addresses the possible DC voltage instability issues of the DC 
distribution networks and analyses these issues by applying the electromagnetic 
transient program (EMTP) software. 

· The dissertation shows the power loss distribution of the LVDC distribution 
network components and discusses the optimisation targets. 

· The work discusses the modelling and computation methodology for the case of 
LVDC distribution networks. 

The limitations of the developed models and the computing methodology are: 

· The developed bottom-up model for residential loads requires detailed 
information to correctly describe the load behaviour. Uncertainty of the human 
behaviour is always a source of load estimation error. 

· The PSCAD model results depend on the fixed integration-time step. If 
switching of power electronics has to be included in the model, the simulation 
length will be restricted because of the memory capacity available. In this case, 
the time needed to complete the simulation is long. The use of average models 
could be a solution to the issue, but in that case, the option of high-frequency 
phenomena analysis will be lost. 

· The power loss model is capable of only steady-state loss estimation for the 
LVDC networks; furthermore, at present, only radial distribution network 
calculation is supported. 

· The detailed CEI loss models are made for CEI prototypes, which are used in the 
laboratory and on the research site. The model is mostly general in nature, but 
the switching loss calculation includes curve fitting for the energy loss 
estimation on the switched current. Therefore, the model cannot be generalised 
to cases where other power electronic modules are used. Consequently, loss 
measurements of the switching components are needed for a more 
comprehensive model. Alternatively, these data can be gathered from other 
sources, for example from manufacturer datasheets.  
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6.2 Discussion 
The developed PSCAD/EMTDC model of the LVDC network allows advanced 
development of the system. The advanced algorithms, which can be developed in the 
EMTP simulation environment for the LVDC network include 

· Communication-based network protection solutions, 
· Integration of a battery energy storage system (BESS), including a special case 

of a directly connected BESS, 
· Power flow control in a network containing distributed energy resources (DER) 

and 
· Residential load identification algorithms. 

The developed computation model of the LVDC network allows computation of the 
LVDC network losses and energy efficiency. The model could be used as a decision-
making tool when replacing aged MVAC network branches by LVDC networks. 

The developed data acquisition and control solution for the LVDC network research 
platform provides detailed information about the actual network behaviour. This 
information consists of data on the customer LVAC networks and the source MVAC 
network. For example, electrical measurements of the network current and voltages and 
their harmonic content with the power quality indices are stored with one-minute 
resolution. The other valuable feature is a fault log with the corresponding 5 s 
measurement window and 2 kHz sampling. This feature allows examination of the 
network transient behaviour. Moreover, the developed solution forms a base for the 
implementation of an advanced network control and diagnostics as well as fault 
detection algorithms in the LVDC network. 

The results from the harmonic content analysis are in accordance with the theory. In 
practice, the calculation model could be used to estimate the DC network harmonic 
content based on the LVAC measurements on the CEIs. 

The transient behaviour of the network is shown to be stable also during large-scale 
disturbances. Therefore, the dimensioning guidelines for the DC capacitor are found to 
be sufficient for a stable network. 

The results of the power loss distribution and efficiency emphasise the significance of 
the efficiency of the energy conversion solution at the network customer-end. Adding 
features to the power loss computation model can be an efficient way to speed up the 
LVDC network research. To this end, it would be advisable, for instance, to consider  
application of Monte-Carlo methods. Further, there are other research questions 
concerning LVDC network computation, which have not been covered in this work and 
which are topics of future research. 

Therefore, suggestions for the most important topics of further research are 
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· Improvement of the bottom-up load models by developing and implementing 
nonintrusive load identification algorithms, with the usage of the LVDC network 
PSCAD models and the LVDC network research platform data acquisition and 
control solution; integration of such load models into the computation model. 

· Development and addition of detailed loss models into highly efficient energy 
conversion solutions including modular solutions. 

· Development and integration of the distributed energy resource models into the 
computation. 

· Further development of the computation model to allow demand response and 
energy storage integration studies in LVDC networks and an analysis of the 
cost-efficiency benefits. 

· Addition of economic feasibility and cost-benefit calculation to the power loss 
computation model to enable economic analyses. 

· Consideration of applying Monte-Carlo methods to the network analysis and 
optimisation using the power loss computation model developed in this work. 

 



155 

References 

Adato Energia (2013), Kotitalouksien Sähkönkäyttö 2011 [Domestic electricity 
consumption 2011], [online], (in Finnish). Accessed 12 February, 2014, available 
at http://www.tem.fi/files/35856/Kotitalouksien_sahkonkaytto_2011_raportti.pdf. 

Almeida, A. de and Fonseca, P. (2006), “Residential monitoring to decrease energy use 
and carbon emissions in Europe,” in International Energy Efficiency in Domestic 
Appliances and Lighting Conference, London, United Kingdom, pp. 1–17. 

Arrillaga, J. (1985), “Analysis of the AC voltage distortion produced by converter-fed 
DC drives,” IEEE Transactions on Industry Applications, I(6), pp. 1409–1417. 

Balu, N., Bertram, T. and Bose, A. (1992), “On-line power system security analysis,” 
Proceedings of the IEEE, 80(2), pp. 262–282. 

Baran, M.E. and Mahajan, N.R. (2003), “DC distribution for industrial systems: 
opportunities and challenges,” IEEE Transactions on Industry Applications, 39(6), 
pp. 1596–1601. 

Barave, S.P. and Chowdhury, B.H. (2007), “Hybrid AC/DC Power Distribution 
Solution for Future Space Applications,” in Power Engineering Society General 
Meeting, 2007. IEEE, pp. 1–7. 

Belkhayat, M., Cooley, R. and Witulski, A. (1995), “Large signal stability criteria for 
distributed systems with constant power loads,” in Proceedings of PESC ’95 - 
Power Electronics Specialist Conference, pp. 1333–1338. 

Bhattacharyya, S., Myrzik, J.M. a. and Kling, W.L. (2007) “Consequences of poor 
power quality - an overview,” in the 42nd International Universities Power 
Engineering Conference, Brighton, Great Britain, pp. 651–656. 

Bierhoff, M. and Fuchs, F. (2004), “Semiconductor losses in voltage source and current 
source IGBT converters based on analytical derivation,” in the 35th Annual Power 
Electronics Specialists Conference, PESC 04, Aachen, Germany, pp. 2836–2842. 

Bitenc, B. and Seitz, T. (2003), “Optimizing DC Power Distribution Network Stability 
Using Root Locus Analysis,” in the 25th International Telecommunications 
Energy Conference, 2003 INTELEC’03, Yokohama, Japan, pp. 691–698. 

Boroyevich, D. and Cvetkovic, I. (2010), “Future electronic power distribution systems 
a contemplative view,” in the 12th International Conference on Optimization of 
Electrical and Electronic Equipment (OPTIM), Brasov, Romania, pp. 1369–1380. 



References 156

Brenna, M. (2004), “Proposal of a local dc distribution network with distributed energy 
resources,” in the 11th International Conference on Harmonics and Quality of 
Power, 2004, Lake Placid, NY, USA, pp. 397–402. 

Burton, R.S. (1995), “Modelling AC/DC systems for the analysis of AC/DC 
interactions,” in Conference Proceedings of IEEE WESCANEX 95. 
Communications, Power, and Computing, Winnipeg, Manitoba, Canada, pp. 264–
269. 

Capasso, a., Grattieri, W., Lamedica, R. and Prudenzi, a. (1994), “A bottom-up 
approach to residential load modeling,” IEEE Transactions on Power Systems, 
9(2), pp. 957–964. 

Carroll, D.D.P. and Krause, P.C.P. (1970), “Stability analysis of a DC power system,” 
IEEE Transactions on Power Apparatus and Systems, PAS-89(6), pp. 1112–1119. 

CEER (2011), 5th CEER Benchmarking Report on the Quality of Electricity Supply. 
[online], Accessed 20 February, 2014, available at http://www.energy-
regulators.eu/portal/page/portal/EER_HOME/CEER_5thBenchmarking_Report.pd
f 

Chang, H., Lin, C. and Yang, H. (2008), “Load recognition for different loads with the 
same real power and reactive power in a non-intrusive load-monitoring system,” in 
the 12th International Conference on Computer Supported Cooperative Work in 
Design, Xi'an, China, pp. 1122–1127. 

Cheng, C.S. and Shirmohammadi, D. (1995), “A three-phase power flow method for 
real-time distribution system analysis,” IEEE Transactions on Power Systems, 
10(2), pp. 671–679. 

Cho, H.Y. and Santi, E. (2008), “Modeling and Stability Analysis of Cascaded Multi-
Converter Systems Including Feedforward and Feedback Control,” in 2008 IEEE 
Industry Applications Society Annual Meeting, Edmonton, Alberta, Canada, pp. 1–
8. 

Cross, A.M., Evans, P.D. and Forsyth, A.J. (1999), “DC link current in PWM inverters 
with unbalanced and nonlinear loads,” IEE Proceedings on Electric Power 
Applications, 146(6), pp. 620–626. 

Cuk, V., Cobben, J.F.G., Kling, W.L. and Timens, R.B. (2010), “An analysis of 
diversity factors applied to harmonic emission limits for energy saving lamps,” in 
Proceedings of the 14th International Conference on Harmonics and Quality of 
Power - ICHQP 2010, Milano, Italy, pp. 1–6. 



References 157

Das, D. (1994), “Novel method for solving radial distribution networks,” IEE 
Proceedings on Generation, Transmission and Distribution, 141(4), pp. 291–298. 

Desmet, J. and Vanalme, G. (2008), “Simulation of losses in LV cables due to nonlinear 
loads,” PESC 2008, Rhodes, Greece, pp. 785–790. 

Dobinson, L.G. (1975), “Closer accord on harmonics,” Electronics and Power, 21(9), 
pp. 567–572. 

Dowell, P.. (1966), “Effects of eddy currents in transformer windings,” in Proceedings 
of the Institution of Electrical Engineers, 113(8), pp. 1387–1394. 

Driesen, J., Belmans, R. and Hameyer, K. (1998), “Study of Eddy currents in 
transformer windings caused by a non-linear rectifier load,” in Proceedings on 
Electromagnetic Phenomena in Nonlinear Circuits, Liège, Belgium, pp. 114–117. 

Drofenik, U. and Kolar, J. (2005), “A general scheme for calculating switching-and 
conduction-losses of power semiconductors in numerical circuit simulations of 
power electronic systems,” in International Power Electronics Conference, IPEC-
Niigata 2005, Niigata, Japan, pp. 1– 7. 

Emadi, A. (2004), “Modeling of power electronic loads in ac distribution systems using 
the generalized state-space averaging method,” IEEE Transactions on Industrial 
Electronics, 51(5), pp. 661–668. 

Engelen, K., Shun, E.L., Vermeyen, P., Pardon, I., D’hulst, R., Driesen, J. and Belmans, 
R. (2006), “The Feasibility of Small-Scale Residential DC Distribution Systems,” 
in IECON 2006 - 32nd Annual Conference on IEEE Industrial Electronics, Paris, 
France, pp. 2618–2623. 

Ertl, H., Kolar, J. and Zach, F. (2002) “Analysis of a multilevel multicell switch-mode 
power amplifier employing the ‘Flying-Battery’ Concept,” IEEE Transactions on 
Industrial Electronics, 49(4), pp. 816–823. 

Eurelectric (2011), Power Choices: Pathways to Carbon-Neutral Electricity in Europe 
by 2050.,[online], Brussels, Accessed 27 February, 2014, available at 
http://www.eurelectric.org/PowerChoices2050. 

European Standard EN 50160 (2010), Voltage characteristics of electricity supplied by 
public distribution systems. CENELEC, Brussels. 

European Commision, Low-voltage directive, LVD 73/23/ECC, (1973). European 
Commusion Directive, Brussels, 1973. 



References 158

European Commision, Low-voltage directive, LVD 2006/95/EC, (2006). European 
Union Directive, Brussels, 2006. 

Evans, P. and Hill-Cottingham, R. (1986), “DC link current in PWM inverters,” IEE 
Proceedings B, 133(4), pp. 217–224. 

Fang, X., Misra, S., Xue, G. and Yang, D. (2012), “Smart Grid — The New and 
Improved Power Grid: A Survey,” IEEE Communications Surveys & Tutorials, 
14(4), pp. 944–980. 

Feng, X., Ye, Z., Xing, K., Lee, F.C. and Borojevic, D. (1999), “Individual load 
impedance specification for a stable DC distributed power system,” in the 
Fourteenth Annual Applied Power Electronics Conference and Exposition  APEC 
’99, Dallas, TX, USA, pp. 923–929. 

Ferkal, K. (1996), “Proximity effect and eddy current losses in insulated cables,” IEEE 
Transactions on Power Delivery, 11(3), pp. 1171–1178. 

Fikri, Z. (1975), Statistical Load Analysis for Distribution Network Planning, Royal 
Institute of Technology 

Finnish Electricity Market Authority (2007), Guidelines for Assessing Reasonableness 
in Pricing of Electricity Distribution Network Operations for 2008-2011. 

Flower, J.O. and Hodge, C.G. (2004), “Stability and transient-behavioural assessment of 
power- electronics based dc-distribution systems. Part 1: the root-locus 
technique.,” in Proceedings of IMarEST-Part A-Journal of Marine Engineering 
and Technology, 5, pp. 13–21. 

Flower, J.O. and Hodge, C.G. (2007), “Stability and transient-behavioural assessment of 
power-electronics based dc-distribution systems. Part 2 the frequency response 
approach.,” in Proceedings of IMarEST-Part A-Journal of Marine Engineering 
and Technology, 9, pp. 19–28. 

Gholdston, E.W., Karimi, K., Lee, F.C., Rajagopalan, J., Panov, Y. and Manners, B. 
(1996), “Stability of large DC power systems using switching converters, with 
application to the International Space Station,” in Proceedings of the 31st 
Intersociety Energy Conversion Engineering Conference IECEC 96, Washington, 
DC, USA, pp. 166–171. 

Graham, a. D. and Schonholzer, E.T. (1983), “Line harmonics of converters with DC-
motor loads,” IEEE Transactions on Industry Applications, IA-19(1), pp. 84–93. 



References 159

Graovac, D. and Pürschel, M. (2009), “IGBT Power Losses Calculation Using the Data-
Sheet Parameters,” Application Note, Infenion. 

Hammerstrom, D.J. (2007), “AC Versus DC Distribution Systems - Did We Get it 
Right?,” in 2007 IEEE Power Engineering Society General Meeting, Tampa, FL, 
USA, pp. 1–5. 

Han, T.J., Nagashima, J., Kim, S.J., Kulkarni, S. and Barlow, F. (2011), “High density 
50 kW SiC inverter systems using a JFET based six-pack power module,” in the 
8th International Conference on Power Electronics - ECCE Asia, Jeju, Korea 
(South), pp. 764–769. 

Hart, G. (1992), “Nonintrusive appliance load monitoring,” in Proceedings of the IEEE, 
80(12), pp. 1870–1891. 

Hitachi Metals (2011), POWERLITE ® Inductor Cores, Technical Bulletin, pp. 1–5. 

Hu, L. and Yacamini, R. (1992), “Harmonic transfer through converters and HVDC 
links,” IEEE Transactions on Power Electronics, 7(3), pp. 514–525. 

IEC (2011), LVDC, The End of the Plugs and Sockets Dilemma? [online], available: 
http://www.iec.ch/etech/2011/etech_0711/tech-4.htm. 

IEC 61683 (1999), Photovoltaic Systems—Power Conditioners—Procedure for 
Measuring Efficiency, International Electrotechnical Commission, Geneva. 

IEEE 519 (1993), 519-1992 - IEEE Recommended Practices and Requirements for 
Harmonic Control in Electrical Power Systems, IEEE Industry Applications 
Society, New York, USA. 

IEEE C57.110 (2008), C57.110-2008 - IEEE Recommended Practice for Establishing 
Liquid-Filled and Dry-Type Power and Distribution Transformer Capability When 
Supplying Nonsinusoidal Load Currents, IEEE Standards Association, New York, 
USA. 

Inoue, S. and Akagi, H. (2006), “A Bi-Directional Isolated DC/DC Converter as a Core 
Circuit of the Next-Generation Medium-Voltage Power Conversion System,” in 
the 37th IEEE Power Electronics Specialists Conference, Jeju, Korea(South), pp. 
1–7. 

Inoue, S. and Akagi, H. (2007), “A Bi-Directional DC/DC Converter for an Energy 
Storage System,” in the Twenty-Second Annual IEEE Applied Power Electronics 
Conference and Exposition APEC 07, Anaheim, California, USA, pp. 761–767. 



References 160

Iwasaki, T., Hoshino, Y., Tsuzuki, K., Kato, H., Makino, T., Ogura, M., Takeuchi, D., 
Matsumoto, T., Okushi, H., Yamasaki, S. and Hatano, M. (2012), “Diamond 
semiconductor JFETs by selectively grown n+-diamond side gates for next 
generation power devices,” in the 2012 International Electron Devices Meeting, 
San Francisco, CA, USA, pp. 7.5.1–7.5.4. 

Järventausta, P., Partanen, J. and Kärkkäinen, S. (2008), “Interactive customer interface 
for advanced distribution management and electricity market,” in SmartGrids for 
Distribution, 2008. IET-CIRED Seminar, Frankfurt, Germany, pp. 1–4. 

Jiang, Y. and Ekström, A. (1997), “General analysis of harmonic transfer through 
converters,” IEEE Transactions on Power Electronics, 12(2), pp. 287–293. 

Johnson, B. and Lasseter, R. (1993), “An industrial power distribution system featuring 
ups properties,” in Power Electronics Specialists Conference, 1993. PESC, Seattle, 
WA, USA, pp. 759–765. 

Jurado, F., Acero, N., Carpio, J. and Castro, M. (2000), “Using various computer tools 
in electrical transients studies,” in Conference Proceedings of the 30th Annual 
Frontiers in Education Conference. Building on A Century of Progress in 
Engineering Education,, Stripes Publishing, pp. F4E/17–F4E/22. 

Kaipia, T., Lassila, J., Salonen, P., Partanen, J., Brenna, M. and Ubezio, G. (2007), 
“Distributed Generation in DC Distribution System,” in the 19th International 
Conference on Electricity Distribution, Vienna, Austria, pp. 1–4. 

Kaipia, T., Lassila, J., Salonen, P., Voutilainen, V. and Partanen, J. (2008), “A planning 
methodology for combined ac and dc electricity distribution networks,” in 
NORDAC 2008 Conference, Bergen, Norway, pp. 1 – 13. 

Kaipia, T., Nuutinen, P., Pinomaa, A., Lana, A., Partanen, J., Lohjala, J. and 
Matikainen, M. (2012), “Field test environment for lvdc distribution – 
implementation experiences,” in Proceedings of CIRED Workshop 2012, Lisbon, 
Portugal 

Kaipia, T., Peltoniemi, P., Lassila, J., Salonen, P. and Partanen, J. (2009), “Impact of 
low voltage DC system on reliability of electricity distribution,” in the 20th 
International Conference and Exhibition on Electricity Distribution - Part 1, 2009. 
CIRED 2009, Prague, Czech Republic, pp. 795–795. 

Kaipia, T., Salonen, P., Lassila, J. and Partanen, J. (2006), “Possibilities of the low 
voltage dc distribution systems,” in Nordac, Nordic Distribution and Asset 
Management Conference, Stockholm, Sweden, pp. 1–10. 



References 161

Kaipia, T., Salonen, P., Lassila, J. and Partanen, J. (2007), “Application of Low Voltage 
DC-Distribution System - A Techno-Economical Study,” in Proceedings of 
CIRED Conference, Vienna, Austria, pp. 21–24. 

Kakigano, H., Miura, Y., Ise, T. and Uchida, R. (2007), “DC Voltage Control of the DC 
Micro-grid for Super High Quality Distribution,” in Power Conversion 
Conference-Nagoya PCC’07, Nagoya, Japan, pp. 518–525. 

Karlsson, P. (2002), DC Distributed Power Systems Analysis, Design and Control for a 
Renewable Energy System, Doctoral dissertation, Lund University, Lund, Sweden. 

Karlsson, P. and Svensson, J. (2003), “DC bus voltage control for a distributed power 
system,” IEEE Transactions on Power Electronics, 18(6), pp. 1405–1412. 

Kauhaniemi, K., Ristolainen I., Saari P., Lågland H., Salminen H.J., Hokkanen M., 
Brännbacka B. (2005), “Simulointiympäristö loppuraportti,” Hajautettujen 
energiajärjestelmien teknologiaohjelma DENSY, Vaasan yliopisto, VTT Prosessit, 
University of Vaasa, Vaasa, Finland. 

Kazimierczuk, M.., Sancineto, G., Grandi, G., Reggiani, U. and Massarini, A. (1999), 
“High-frequency small-signal model of ferrite core inductors,” IEEE Transactions 
on Magnetics, pp. 4185–4191. 

Kennedy, S. and Ivey, C. (1990), “Application, design and rating of transformers 
containing harmonic currents,” in Conference Record of 1990 Pulp and Paper 
Industry Technical Conference, Seattle, WA, USA, pp. 19–31. 

Khan, M.A., Simin, G., Pytel, S.G., Monti, A., Santi, E. and Hudgins, J.L. (2005), “New 
Developments in Gallium Nitride and the Impact on Power Electronics,” in IEEE 
36th Conference on Power Electronics Specialists, Recife, Brazil, pp. 15–26. 

Kimoto, T. (2010), “SiC technologies for future energy electronics,” in 2010 
Symposium on VLSI Technology, Honolulu, HI, USA, pp. 9–14. 

Kolar, J. and Ertl, H. (1999), “Status of the techniques of three-phase rectifier systems 
with low effects on the mains,” in the 21st International Telecommunication 
Energy Conference INTELEC’99, Copenhagen, Denmark, pp. 16 

Kolar, J., Ertl, H. and Zach, F. (1991), “Influence of the modulation method on the 
conduction and switching losses of a PWM converter system,” IEEE Transactions 
on Industry Applications, 21(6), pp. 1063–1075. 

Kondrath, N. and Kazimierczuk, M.K. (2010), “Inductor winding loss owing to skin and 
proximity effects including harmonics in non-isolated pulse-width modulated dc–



References 162

dc converters operating in continuous conduction mode,” IET Power Electronics, 
3(6), pp. 989. 

Kosonen, A., Aarniovuori, L. and Pyrhönen, J. (2013), “Calorimetric concept for 
measurement of power losses up to 2 kW in electric drives,” IET Electric Power 
Applications, 7(6), pp. 453–461. 

Kueck, J.D. (2005), Measurement practices for reliability and power quality, Oak 
Ridge National Laboratory, Oak Ridge, Tennessee, USA 

Kundur, P. and Paserba, J. (2004), “Definition and classification of power system 
stability IEEE/CIGRE joint task force on stability terms and definitions,” IEEE 
Transactions on Power Systems, 19(2), pp. 1387–1401. 

Lana, A., Kaipia, T., Nuutinen, P., Lindh, T. and Partanen, J. (2011), “On dimensioning 
LVDC distribution network capacitancies and impact on power losses,” in the 21st 
International Conference on Electricity Distribution CIRED 2011, Frankfurt, 
Germany, pp. 4 

Lana, A., Kaipia, T. and Partanen, J. (2011), “Investigation into harmonics of LVDC 
power distribution network using EMTDC / PSCAD software,” in Proceedings of 
the International Conference of Renewable Energies and Power quality ICREPQ 
2011, Las Palmas de Gran Canaria, Spain, pp. 6 

Lana, A., Lindh, T. and Partanen, J. (2011), “Minimisation of the harmonic current 
content and power losses in DC power transmission link of LVDC distribution 
system by frequency and phase regulation of inverter loads,” in Proceedings of 
Power Electronics Intelligent Motion Power Quality PCIM Europe 2011, vol. 2, 
Nuremberg, Germany, pp. 1266-1271 

Lana, A., Lindh, T., Peltoniemi, P. and Partanen, J. (2012), “Stability in LVDC Power 
Distribution System: Analytical Conditions and Analysis by Time-Domain 
Simulations,” in Proceedings of the 23rd IASTED International Conference on 
Modelling and Simulation, MS 2012, Banff, Canada, pp. 9 

Larsen, E., Baker, D. and McIver, J. (1989), “Low-order harmonic interactions on 
AC/DC systems,” IEEE Transactions on Power Delivery, 4(1), pp. 493–501. 

Lassila, J., Kaipia, T., Haakana, J., Partanen, J. and Koivuranta, K. (2009), “Potential 
and strategic role of power electronics in electricity distribution systems,” in the 
20th International Conference and Exhibition on Electricity Distribution-Part 1, 
CIRED 2009, Prague, Czech Republic, pp. 1–5. 



References 163

Lee, F.C. and Borojevic, D. (1999), “Impedance specification and impedance 
improvement for DC distributed power system,” in the 30th Annual IEEE Power 
Electronics Specialists Conference, Charleston, SC, USA, pp. 889–894. 

Lee, K.-J., Cha, H., Lee, J.-P., Yoo, D.-W. and Kim, H.-J. (2013), “Experimental and 
Numerical Analysis of a Simple Core Loss Calculation for AC Filter Inductor in 
PWM DC-AC Inverters,” Journal of Power Electronics, 13(1), pp. 113–121. 

Lee, P. and Lee, Y. (1999), “Power distribution systems for future homes,” in 
Proceedings of the International Conference on Power Electronics and Drive 
Systems. PEDS’99, Hong Kong, China, pp. 1140–1146 vol.2. 

Li, J., Abdallah, T. and Sullivan, C. (2001), “Improved calculation of core loss with 
nonsinusoidal waveforms,” in Conference Record of the 2001 IEEE Industry 
Applications Conference, Chicago, Illinois, USA, pp. 2203–2210. 

Manitoba HVDC Research Centre (2001), PSCAD/EMTDC User’s Manual, Winnipeg, 
Manitoba, Canada. 

Mansour, A., Grady, W.M., Chowdhury, A.. and Samotyj, M.J. (1994), “An 
Investigation of Harmonics Attenuation and Diversity Among Distributed Single-
phase Power Electronic Loads,” IEEE Transactions on Power Delivery, pp. 110–
116. 

Middlebrook, R.D.D. (1976), “Input Filter Considerations in Design and Application of 
Switching Regulators,” in IEEE IAS Annual Meeting, Chicago; USA. 

Mohan, N., Undeland, T.M. and Robbins, W.P. (2002), Power Electronics: Converters, 
Applications, and Design, Hoboken, USA, Wiley. 

Nilsson, D. (2005), DC Distribution Systems, Doctoral dissertation, Chalmers 
University of Technology, Gothenburg, Sweden. 

Nilsson, D. and Sannino, A. (2004), “Efficiency analysis of low-and medium-voltage dc 
distribution systems,” in Power Engineering Society General Meeting, 2004, 
Denver, USA, pp. 2315–2321. 

Nuutinen, P., Kaipia, T., Peltoniemi, P., Lana, A., Pinomaa, A., Silventoinen, P., 
Partanen, J., Lohjala, J. and Matikainen, M. (2014), “Research Site for Low-
Voltage Direct Current Distribution in Utility Network - Structure, Functions and 
Operation,” IEEE Transactions on Smart Grid, Special Issue Smart DC 
Distribution (accepted for publication), pp. 9. 



References 164

Nuutinen, P., Lana, A., Kaipia, T. and Silventoinen, P. (2011), “Start-up of the LVDC 
Distribution Network,” in CIRED 2011 Conference, Frankfurt, Germany, pp. 4. 

Nuutinen, P., Peltoniemi, P. and Kaipia, T. (2012), “Commissioning Inspection of an 
LVDC Distribution Network,” in Proceedings of NORDAC 2012 Conference, 
Espoo, Finland, pp. 10–11. 

Nuutinen, P., Salonen, P., Peltoniemi, P., Kaipia, T., Silventoinen, P. and Partanen, J. 
(2011), “Implementing a laboratory research platform for an lvdc distribution 
system,” in Proceedings of IEEE Smart Grid Communications (SmartGridComm), 
Brussels, Belgium, pp. 84–89. 

Nuutinen, P., Salonen, P., Peltoniemi, P., Silventoinen, P. and Partanen, J. (2009), 
“LVDC Customer-End Inverter Operation in Short Circuit,” in the 13th European 
Conference on Power Electronics and Applications, 2009. EPE’09, Barcelona, 
Spain, pp. 1–10. 

Östling, M., Ghandi, R. and Zetterling, C.M. (2011), “SiC power devices — Present 
status, applications and future perspective,” in the 23rd International Symposium 
on Power Semiconductor Devices and ICs, San Diego, USA, pp. 10–15. 

Paatero, J. V. and Lund, P.D. (2006), “A model for generating household electricity 
load profiles,” International Journal of Energy Research, 30(5), pp. 273–290. 

Peltoniemi, P. (2010),  Phase Voltage Control and Filtering in a Converter-Fed Single-
Phase Customer-End System of the LVDC Distribution Network, Doctoral 
dissertation, Acta Universitatis Lappeenrantaensis 404, Lappeenranta University of 
Technology, Lappeenranta, Finland. 

Peltoniemi, P., Nuutinen, P., Niemela, M. and Pyrhonen, J. (2009), “Voltage Oriented 
Control of a Single-Phase LVDC Distribution Network Inverter,” in the Twenty-
Fourth Annual IEEE Applied Power Electronics Conference and Exposition, 
Washington, USA, pp. 1589–1595. 

Peltoniemi, P., Nuutinen, P., Salonen, P., Niemela, M. and Pyrhonen, J. (2008), “Output 
filtering of the customer-end inverter in a low-voltage DC distribution network,” in 
the 13th International Power Electronics and Motion Control Conference, Poznan, 
Poland, pp. 1763–1770. 

Pietiläinen, K., Harnefors, L., Petersson, a. and Nee, H.-P. (2006), “DC-Link 
Stabilization and Voltage Sag Ride-Through of Inverter Drives,” IEEE 
Transactions on Industrial Electronics, 53(4), pp. 1261–1268. 



References 165

Pratt, A., Kumar, P. and Aldridge, T. V. (2007), “Evaluation of 400V DC distribution in 
telco and data centers to improve energy efficiency,” in INTELEC 07 - 29th 
International Telecommunications Energy Conference, Rome, Italy, pp. 32–39. 

Rabkowski, J., Peftitsis, D. and Nee, H.-P. (2013), “Design Steps Toward a 40-kVA 
SiC JFET Inverter With Natural-Convection Cooling and an Efficiency Exceeding 
99.5%,” IEEE Transactions on Industry Applications, 49(4), pp. 1589–1598. 

Rahimi, A. and Emadi, A. (2009), “Active damping in dc/dc power electronic 
converters: A novel method to overcome the problems of constant power loads,” 
IEEE Transactions on Electronics, 56(5), pp. 1428–1439. 

Reinert, J., Brockmeyer, a. and De Doncker, R.W. a. a. (2001), “Calculation of losses in 
ferro- and ferrimagnetic materials based on the modified Steinmetz equation,” 
IEEE Transactions on Industry Applications, 37(4), pp. 1055–1061. 

Riccobono, A. and Santi, E. (2012), “Comprehensive review of stability criteria for DC 
distribution systems,” in Energy Conversion Congress and Exposition (ECCE), 
2012 IEEE, Raleigh, USA, pp. 3917–3925. 

Riccobono, A. and Santi, E. (2013), “Positive Feedforward Control of Three-Phase 
Voltage Source Inverter for DC Input Bus Stabilization With Experimental 
Validation,” IEEE Transactions on Industry Applications, 49(1), pp. 168–177. 

Rice, D.E. (1994), “A detailed analysis of six-pulse converter harmonic currents,” IEEE 
Transactions on Industry Applications, 30(2), pp. 294–304. 

Sakui, M. and Fujita, H. (1994) “An analytical method for calculating harmonic 
currents of a three-phase diode-bridge rectifier with dc filter,” IEEE Transactions 
on Power Electronics, 9(6). 

Sakui, M., Fujita, H. and Shioya, M. (1989), “A Method For Calculating Harmonic 
Currents Of A Three-phase Bridge Uncontrolled Rectifier With Dc Filter,” IEEE 
Transactions on Industrial Electronics, 36(3), pp. 434–440. 

Salles, D., Jiang, C., Xu, W., Freitas, W. and Mazin, H. (2012), “Assessing the 
Collective Harmonic Impact of Modern Residential Loads—Part I: Methodology,” 
IEEE Transactions on Power Delivery, 27(4), pp. 1937–1946. 

Salomonsson, D. (2008), Modeling, Control and Protection of Low-Voltage DC 
Microgrids, Power, Doctoral dissertation, KTH, Stockholm, Sweden. 



References 166

Salomonsson, D. and Sannino, A. (2007), “Low-voltage dc distribution system for 
commercial power systems with sensitive electronic loads,” IEEE Transactions on 
Power Delivery, pp. 1620–1627. 

Salonen, P., Nuutinen, P., Peltoniemi, P. and Partanen, J. (2009a), “LVDC distribution 
system protection—Solutions, implementation and measurements,” in the 13th 
European Conference on Power Electronics and Applications, EPE’09, Barcelona, 
Spain, pp. 1–10. 

Salonen, P., Nuutinen, P., Peltoniemi, P. and Partanen, J. (2009b), “Protection scheme 
for an LVDC distribution system,” in the 20th International Conference and 
Exhibition on Electricity Distribution-Part 1, CIRED 2009, Prague, Czech 
Republic, pp. 1–4. 

Sannino, A., Postiglione, G. and Bollen, M. (2002), “Feasibility of a dc network for 
commercial facilities,” in the 37th IAS Annual Meeting, Conference Record of the 
Industry Applications Conference, Pittsburgh, USA, pp. 1710–1717. 

Schnell, R. and Schlapbach, U. (2004), “Realistic benchmarking of IGBT-modules with 
the help of a fast and easy to use simulation-tool,” in PCIM Proceedings, 
Nuremburg, Germany pp. 3–8. 

Seppälä, A. (1996), Load Research and Load Estimation in Electricity Distribution, 
Doctoral dissertation, VTT Publications 289, Technical Research Centre of Finland 
(VTT), VTT Energy, Espoo, Finland. 

Shen, W. (2006), Design of High-Density Transformers for High-Frequency High-
Power Converters. Doctoral dissertation, Virginia Polytechnic Institute and State 
University, Blacksburg, USA 

Shimizu, T. and Ishii, K. (2006), “An iron loss calculating method for AC filter 
inductors used on PWM inverters,” in the 37th IEEE Power Electronics Specialists 
Conference, PESC ’06, Jeju, Korea (South), pp. 1–7. 

Shirmoharmnadi, D. (1988), “A compensation-based power flow method for weakly 
meshed distribution and transmission networks,” IEEE Transactions on Power 
Systems, 3(2), pp. 753–762. 

Shun, T. and Xiangning, X. (2008), “Comparing transformer derating computed using 
the harmonic loss factor FHL and K-factor,” in the Third International Conference 
on Electric Utility Deregulation and Restructuring and Power Technologies, 2008. 
DRPT 2008, Nanjing, China, pp. 1631–1634. 



References 167

Smith, T.B. (2004), “Electricity theft: a comparative analysis,” Energy Policy, 32(18), 
pp. 2067–2076. 

Steinmetz, C.P. (1984), “On the law of hysteresis,” in Proceedings of the IEEE, 72(2), 
pp. 196–221. 

Sudhoff, S.D. and Crider, J.M. (2011), “Advancements in generalized immittance based 
stability analysis of DC power electronics based distribution systems,” in 2011 
IEEE Electric Ship Technologies Symposium, Alexandria, USA, pp. 207–212. 

Sudhoff, S.D., Glover, S.F., Lamm, P.T., Schmucker, D.H., Delisle, D.E. and 
Karatsinides, S.P. (2000), “Admittance space stability analysis of power electronic 
systems,” IEEE Transactions on Aerospace and Electronic Systems, 36(3), pp. 
965–973. 

Tan, N.M.L., Abe, T. and Akagi, H. (2011), “Topology and application of bidirectional 
isolated dc-dc converters,” in the 8th International Conference on Power 
Electronics - ECCE Asia, Jeju, Korea (South), pp. 1039–1046. 

Tan, N.M.L., Abe, T. and Akagi, H. (2013), “Experimental discussions on operating 
frequencies of a bidirectional isolated DC-DC converter for a battery energy 
storage system,” in 2013 IEEE Energy Conversion Congress and Exposition, 
Denver, USA, pp. 2333–2340. 

Tang, W. (2000), “An LVDC industrial power distribution system without central 
control unit,” in the 31st Annual Power Electronics Specialists Conference, 
Galway, Ireland, pp. 979–984. 

Thandi, G.S.G., Zhang, R., Xing, K., Lee, F.F.C. and Boroyevich, D. (1999), 
“Modeling, control and stability analysis of a PEBB based DC DPS,” IEEE 
Transactions on Power Delivery, 14(2), pp. 497–505. 

The World Bank (2014), “Electric power transmission and distribution losses (% of 
output).” Accessed 27 February, 2014, available at 
http://data.worldbank.org/indicator/EG.ELC.LOSS.ZS 

Urciuoli, D., Green, R., Lelis, A. and Ibitayo, D. (2010), “Performance of a dual, 1200 
V, 400 A, silicon-carbide power MOSFET module,” in 2010 IEEE Energy 
Conversion Congress and Exposition, Atlanta, USA, pp. 3303–3310. 

Venkatachalam, K. (2002), “Accurate prediction of ferrite core loss with nonsinusoidal 
waveforms using only Steinmetz parameters,” in IEEE Workshop on Computers in 
Power Electronics, Trois-Rivieres, Canada, pp. 36–41. 



References 168

Vornanen, T., Mäkinen, A., Järventausta, P., Lana, A., Kaipia, T. and Nuutinen, P. 
(2010), “PSCAD Modeling and Simulation of LVDC Distribution Networks,” in 
Proceedings of the 9th Nordic Electricity Distribution and Asset Management 
Conference (NORDAC 2010), Aalborg, Denmark, pp. 1–13. 

Vossos, V., Garbesi, K. and Shen, H. (2014), “Energy savings from direct-DC in U.S. 
residential buildings,” Energy and Buildings, 68, pp. 223–231. 

Wang, X.-F., Song, Y. and Irving, M. (2008), Modern Power Systems Analysis, 
Springer US: Boston, USA. 

Wildrick, C.M., Lee, F.C., Cho, B.H. and Choi, B. (1995), “A Method of Defining the 
Load Impedance Specification for A Stable Distributed Power System,” IEEE 
Transactions on Power Electronics, 10(3), pp. 280–285. 

Woodford, D.A. (1985), “Validation of Digital Simulation of DC Links,” IEEE 
Transactions on Power Apparatus and Systems, PAS-104(9), pp. 2588–2595. 

Xu, F., Member, S., Han, T.J., Jiang, D., Tolbert, L.M., Member, S., Wang, F.F., 
Nagashima, J., Kim, S.J., Kulkarni, S. and Barlow, F. (2013), “Development of a 
SiC JFET-Based Six-Pack Power Module for a Fully Integrated Inverter,” IEEE 
Transactions on Power Electronics, 28(3), pp. 1464–1478. 

Xu, W. (2001), “Component Modeling Issues for Power Quality Assessment,” IEEE 
Power Engineering Review, 21(11), pp. 12–17. 

Yildirim, D. and Fuchs, E. (2000), “Measured transformer derating and comparison 
with harmonic loss factor (F HL) approach,” IEEE Transactions on Power 
Delivery, 15(1), pp. 186–191. 

Yu, W., Lai, J.-S. (Jason), Lai, W.-H. and Wan, H. (2012), “Hybrid Resonant and PWM 
Converter With High Efficiency and Full Soft-Switching Range,” IEEE 
Transactions on Power Electronics, 27(12), pp. 4925–4933. 

Zhang, H., Tolbert, L.M., Han, J.H., Chinthavali, M.S. and Barlow, F. (2010), “18 kW 
three phase inverter system using hermetically sealed SiC phase-leg power 
modules,” in 2010 Twenty-Fifth Annual IEEE Applied Power Electronics 
Conference and Exposition (APEC), Palm Springs, USA, pp. 1108–1112. 

 



169 

Appendix A: Usage probability for appliances 
 

 

 

 
Figure A.1. Assumptions on the usage probability functions for appliance groups 1–3. 
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Figure A.2. Assumptions on the usage probability functions for appliance groups 4–7. 
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Figure A.3. Assumptions on the usage probability functions for appliance groups 8–11. 
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Figure B.1. LVDC network node numbering. 
 

 

Figure B.2. Properties of the tree node: annual energy consumption division in a bipolar 
network, MWh. 
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Figure B.3. Network connection tree, 1 states for directly connected, -1 for cross-connected to 
the parent node. 
 

 

Figure B.4. Properties of the tree node: cable type (unmarked connections are type 1 cables). 
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Figure B.5. Properties of the tree node: node voltages, V. 
 

 

Figure B.6. Properties of the tree node: node currents, A. 
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Figure B.7. Properties of the tree node: peak power, kW. 
 

  



Appendix C: MVAC branches and LVAC networks 176

Appendix C: MVAC branches and LVAC networks  
 

 

Figure C.1. MVAC Subgrid 1. 

 

Figure C.2. MVAC Subgrid 2. 

 

Figure C.3. MVAC Subgrid 3. 

 

Figure C.4. MVAC Subgrid 4. 
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Figure C.5. MVAC Subgrid 5. 

 

Figure C.6. MVAC Subgrid 6. 

 

Figure C.7. MVAC Subgrid 7. 

 

Figure C.8. MVAC Subgrid 8. 
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