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Abstract

In this thesis, the use of direct current for low-voltage distribution systems is investigated.
Current trends in the electric power consumption indicate an increasing use of dc in end-user
equipment, like computers and other electronic appliances used in households and offices,
and in larger equipment used in the industry. With a dc distribution system, power conversion
within the appliance can be avoided, and losses reduced. The ac/dc conversion is centralized,
and by using a fully controllable power-electronic interface, high power quality for both the
ac and the dc system during steady state and ac grid disturbances can be obtained. Con-
nection of back-up energy storage and small-size generation is also easier to realize in a dc
system.

To facilitate practical application, it is important that the shift from ac to dc distribution
can be done with minimal changes. Results from measurements carried out on common
household appliances reported in this thesis show that most loads are able to operate with dc
supply without any modifications. Furthermore, the measurements are used to derive simple,
yet sufficiently accurate, load models. These are used for further analysis of the dc system,
both in steady state and during transients, by using the simulation software PSCAD/EMTDC.

To provide a high-quality interface between the ac and dc system, which also allows bi-
directional power flow, a Voltage Source Converter (VSC) in series with a Buck converter
is proposed, both with controllable output voltages. Three different controllers for the VSC
output voltage are implemented and tested both in simulations and through experiments on
a small laboratory system rated at 3 kVA. The effect of different capacitor sizes, bandwidths
of the controllers and load types is studied. The main conclusion is that the best performance
is shown by the energy-balance dc-link-voltage controller, which only relies on measuring
the dc-link voltage.

In the laboratory setup, the proposed ac/dc interface is used to supply a small dc system
with four loads, representing a typical office. The system is compared with an identical
system supplied with ac, both during steady state and ac grid faults. Measurements show
that the dc system with the proposed interface improves the power quality by balancing the
three ac phase currents and removing low-order harmonics, otherwise present in the current
when the loads are supplied with ac. During grid faults, the output dc voltage is maintained
quite constant and the loads are not affected by the disturbance. This test setup proves
that a dc system for low-voltage installations is entirely feasible and can be preferred to a
conventional, 50-Hz ac system in applications where many electronic loads are used, high
reliability and power quality are desired, and/or low magnetic fields are required.
Keywords: direct current (dc), ac/dc interface, Buck converter, current control, distribution
systems, load modeling, power electronics, voltage control, voltage source converter (vsc).

iii



iv



Acknowledgements

This research project has been carried out at the Department of Energy and Environment at
Chalmers University of Technology. This work has been carried out within Elektra Project
no. 3395 and has been financed by Elforsk, Swedish National Energy Agency and ABB
Corporate Research. The financial support is gratefully acknowledged.

I would like to thank my supervisor Dr. Ambra Sannino for all the nice discussions and
all the help during this work. Especially the guidance on how to be a perfect conference
delegate.

I would also like to thank my examiner Prof. Jaap Daalder.
The members of the reference group Ingemar Andersson (Göteborg Energi), Anders Las-

son (Volvo), Michael Lindgren (ABB), Johan Swahn (Chalmers) and John Åkerlund (UPN)
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Chapter 1

Introduction

1.1 Background and Motivation

Recent developments and trends in the electric power consumption clearly indicate an in-
creasing use of dc in end-user equipment. Computers, TVs, and other electronic-based ap-
paratus use low-voltage dc obtained by means of a single-phase rectifier followed by a dc
voltage regulator. In factories, the same input stage is used for process-control equipment,
while directly-fed ac machines have been replaced by ac drives that include a two-stage
conversion process. Electrical energy production from renewable sources is at dc (as in pho-
tovoltaic systems [1] and fuel cells [2]) or requires a similar two-stage conversion as in ac
drives, e.g. variable-speed wind turbines and natural-gas microturbines. By using dc for
distribution systems it would thus be possible to skip one stage in the conversion in all these
cases, with consequent savings and higher reliability due to a decreased number of compo-
nents. Moreover, energy delivery at dc is characterized by lower losses and voltage drops in
lines.

A dc distribution system also allows direct connection of battery blocks for back-up
energy storage. The latter is often needed for avoiding supply interruptions in hospitals
or big office buildings or in industrial complexes with high power quality demands and is
presently implemented with Uninterruptible Power Supply (UPS) systems using two conver-
sions (from ac to dc and back). A direct connection to a dc network would thus save two
conversions in this case.

Another advantage of removing the conversion stage in the single pieces of equipment
is that the low-quality EMC problems caused by the conversion equipment, e.g. harmonic
pollution, are also removed. One could argue that the problem is only moved somewhere
else, i.e. at the interface between the supplying ac network and the low-voltage dc network,
where centralized power conversion is needed. However, as there are only one (or a few)
supplying points in such a system, the converter interface can be made more sophisticated in
order to achieve a high power quality. The design and verification of this power-electronic
interface is one of the aims of this thesis. In steady state, it should absorb sinusoidal grid
currents to have a high power quality. Moreover, it should be able to maintain a stable dc
voltage during load variations on the dc system and disturbances on the ac system. The latter
is to prevent that sensitive loads, e.g. computers, trip in case of an ac fault. Finally, in larger
dc systems with local power generation, the interface should allow bi-directional power flow
to inject the surplus power into the ac system during periods of high generation and low
consumption in the dc system.
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Chapter 1. Introduction

Designing a dc distribution system means also dealing with issues, like the choice of
voltage level, voltage regulation and transformation, system protection and electrical safety,
well-established in ac power systems, but little practice exists for dc systems. This in turn
requires analysis tools for dc systems, among others models for steady-state and transient
simulations of different operating conditions. Existing standards for short circuit calcula-
tions of dc systems, e.g. IEC 61600 [3] and IEEE Std. 946 [4], describe how to model the
components in the system. However, these standards, which are intended for application to
auxiliary systems in plants and power stations, which often are dc-based battery systems,
give simple models that are not adequate for detailed transient studies. Furthermore, a num-
ber of modern loads, which are common in today’s homes and offices, are not covered. To
study dc systems, an effort is clearly needed in the field of analysis tools for dc system
analysis.

1.2 Aim and Outline of the Thesis

The aim of the thesis is to design a high-quality dc distribution system for low-voltage ap-
plications. The emphasis is on system modeling and on the design of the power electronic
interface with the ac system. The thesis starts with an overview in Chapter 2 of dc systems
used today and their design .

Many of the existing loads today can be supplied with dc without any modification. A
study in Chapter 3 presents that common loads can be supplied with dc and for what voltage
range. This is a key issue regarding the selection of a system voltage level. To model
the steady-state characteristic of the loads and their transient behavior, different tests were
carried out. The study resulted in steady-state and transient models for the loads operating
with dc voltage.

The design and control of an ac/dc interface is presented in Chapter 4 and 5 together
with simulation and measurement results. In this project, an interface consisting of a Voltage
Source Converter (VSC) in series with a Buck converter was chosen. Chapter 4 deals with
the three-phase two-level VSC, and Chapter 5 with the VSC in series with a Buck converter.
The performance of the interface during different load conditions on the dc side and different
disturbances on the ac system has been evaluated, together with different control strategies.

The last part of the project was to build a small dc network and supply using an ac/dc
interface. A small system with four loads representing a small office was tested both during
steady state and during ac faults. The performance of the system was compared with the
result when the loads were supplied directly with ac. The laboratory setup and the measure-
ment results are presented in Chapter 6.

1.3 List of Publications

Some of the results of this work have been presented in the following publications:

1. D. Nilsson and A. Sannino, “Efficiency Analysis of Low- and Medium-Voltage dc Systems,”
in Proc. IEEE Power Engineering Soc. General Meeting, vol. 2, 2004, pp. 2315-2321.

2. D. Nilsson and A. Sannino, “Load Modelling for Steady-State and Transient Analysis of Low-
Voltage dc Systems,” in Conf. Rec. IEEE-IAS Annu. Meeting, vol. 2, 2004, pp. 774-780.

2



Chapter 2

DC Distribution Systems

The first electric power distribution system was built and tested at the end of the 19th century.
After that the electrification of the cities began and many distribution systems were built
around the world. DC systems were dominating in the beginning and it took some years
before ac came strong and replaced the dc systems. The last dc distribution systems in
Sweden were closed in the 1970’s, but dc systems can still be found in special applications. In
this chapter a historical background to the “battle of the currents” is given as an introduction.
An overview of existing dc systems used in special applications are also presented, with their
pros and cons. Finally, the ideas around a future dc distribution system and how it can be
built up are presented.

2.1 Historical Background

In the end of the 19th century, the “battle of the currents” between Thomas Alva Edison and
George Westinghouse took place [5]. Edison worked with direct current (dc) systems, and
Westinghouse with alternating current (ac) systems. Who won the fight everybody knows,
but is ac still the right choice for the 21st century?

When the battle began, cities were illuminated by gas or arc light powered by dc dy-
namos. The arc light was produced between two carbon tips and gave a glaring light with an
open flame and noxious fumes, and the tips needed periodically to be renewed. The arc light
was suitable for streets and in large indoor places like train stations and factories.

Edison saw a possibility to replace the arc lighting with incandescent lamps. The prob-
lem of finding a suitable filament was solved when Edison with some ideas from Joseph
Swan made the carbonized cotton filament burn for more than 13 hours. Edison and his
team developed dc dynamos with constant voltage output, meters, lamp sockets, switching
equipment and fuses. The first incandescent lighting system with a central dc generating sta-
tion was demonstrated at Holborn Viaduct in London, England, beginning in January 1882.
The more known Pearl Street Station in New York began in September 1882. The success
resulted in many installed systems in cities across the continent. Edison’s lighting systems
had some drawbacks. They were operated with low-voltage dc, 100 or 110 V, which resulted
in small isolated systems to reduce the losses. A big system would have resulted in a large
amount of copper.

In 1881 the first ac system was demonstrated in London by Lucien Gaulard and John
Gibbs. Westinghouse took the ideas back with him to the U.S., and William Stanley im-
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Chapter 2. DC Distribution Systems

proved the design. In 1886 the Westinghouse Electric Company had designed equipment
for an ac lighting system. In 1887 Nikola Tesla filed for seven U.S. patents in the field
of polyphase ac motors, power transmission, generators, transformers and lighting. West-
inghouse purchased these patents, and employed Tesla to develop the ac system. In 1891
Westinghouse made history by setting up a 13 mile long transmission line. And many more
would follow [6, 7].

At that time an ac system was a proper choice. The loads were mainly incandescent
lamps and machines, and the possibility to transform the voltage from one level to another
made ac suitable for transmitting electric power over long distances. Also ac machines could
be made more robust with less maintenance compared with dc machines.

2.2 Existing DC Systems

DC systems can today be found in special applications. It is of interest to investigate where dc
systems can be found and how dc is used before presenting a future dc distribution system.
Focus of this part are high power dc systems, and key issues like grid design, operating
voltage level, voltage control, energy storage, grounding and protection.

2.2.1 Telecommunication

The telecommunication system uses a low-voltage dc power system, and it was developed
when the centralized battery system was built. The nominal voltage of the system is -48 V
with the anode connected to ground. The dc system is supplied from the ac mains via voltage
controlled rectifiers. The system uses transient limiting distribution, i.e. high impedance
distribution, to limit the fault current in case of a short circuit, and to maintain the non-faulted
equipment in operation. Battery back-up is installed to supply the system if a disturbance
occurs on the ac mains. The size of the batteries are 3 to 8 hours of operation [8]. It is also
possible to have standby generation, e.g. a diesel engine, connected to the system, which
can be started if the duration of the fault is long. In the beginning the telecommunication
system was using copper wire to distribute the phone calls. Today almost all backbone
communication is going through optical wires. The equipment inside the stations is computer
based and consumes high power. Since the system is using low voltage the currents become
very high, and studies have therefore been carried out to investigate usage of a higher voltage
level to reduce the currents [9–11]. A typical telecommunication power system is shown in
Fig. 2.1.

2.2.2 Vehicles and Ships

High power dc systems are also used in vehicles and ships which have electric propulsion.
The basic idea of hybrid electric vehicles (HEV) is to run the internal combustion engine with
small power variation to minimize to environmental effects. Instead the power variations
can be taken from the electric system. When the car accelerates, power to the wheels is
supplied by the electric machines, and when the car decelerates the electric power generated
is stored in batteries. The electric power is also used to supply the loads in the car. The
system must handle high power, and a high voltage dc system is required, where a 300 V
system is suited for full hybrid vehicles [12]. The power system of the HEV consists of
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2.2. Existing DC Systems
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loads
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24 cells
3 or 8 hrs

ac loads

Fig. 2.1. Layout of distribution system for telecommunication.

starter/generator (engine), electric machine with associated converter, energy storage (battery
or supercaps) with associated chargers, converters to adjust high voltage to required load
voltage, see Fig. 2.2 [13–15].

Ships can also use an electric propulsion system [16]. The electric power is generated
by diesel engines, and used for supplying electric loads and the electric machines used for
propulsion. The electric system uses both ac or dc depending on the application [17]. Naval
ships and submarines use also other types of power sources like stirling machines or nuclear
power, which can be used underwater. Eliminating the mechanical link between the power
plant and the propulsor will enable reduction of noise and vibrations, which is important to
minimize the risk of detection [18–20].

2.2.3 Traction

DC has been used for a long time in traction systems, and the reason is because dc machines
are very easy to speed control by simply changing the series resistance. The traction power
system is supplied from the ac systems via six, 12 or 24-pulse rectifiers depending on the
configuration [21]. A higher number will reduce the current ripple. Standard voltages are
600 or 750 V for urban metros and 1.5 up to 3 kV for regional systems [22]. The power is
supplied to the train through a conductor rail laid on insulators on one side of the running
rail, or through an overhead catenary. The return path is usually the grounded tracks. The
dc power systems is protected by circuit breakers controlled by relays which will trip the
breakers in case of overcurrent, ground fault and short circuits. Today ac machines are more
used than dc machines due to less maintenance, and this requires inverters which are very
convenient to supply with dc. AC is more economical to use for high-speed trains, which
consume high power.

2.2.4 HVDC

High Voltage DC (HVDC) is a technique to transmit electric power using dc voltage instead
of ac voltage. HVDC makes it possible to transmit power over a long distance or using
underground cable. The absence of reactive power decreases the losses. Another advan-
tage with HVDC is that two ac systems with different frequency can be connected. The
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Chapter 2. DC Distribution Systems
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rectifier/inverter stations are using thyristors or IGBT’s depending on the installation.
The thyristor based rectifier/inverter operates as a Current Source Converter (CSC), which

is a line-commutated converter [23]. The CSC needs an ac voltage provided by the grid to op-
erate. HVDC with CSC is used for high voltage, high power transmission. The dc-link volt-
age is determined by the transmitted power, and the polarity of the dc-link is changing with
the direction of the power. Since the CSC is line-commutated there will be low-frequency
harmonics present. These can be removed by using transformers, which will increase the
pulse number from 6 up to 12 or 24, and tuned filters. A HVDC system with CSC has an
operating dc-link voltage up to 1200 kV, and special dc circuit breakers must be used [24].

The more expensive IGBT-based rectifier/inverter operates as a VSC, which is a self-
commutated converter with controllable voltage magnitude, frequency and phase. The VSC
produces only current harmonics at multiples of the switching frequency and its side band,
and they are easy to filter. The consumed active and reactive power of the converter can be
controlled individually at both ends of the HVDC link. A HVDC system with VSC has an
operating dc-link voltage ranging from 20 to 300 kV. The IGBT-based HVDC can be used
for black start operation, which is not possible for the thyristor-based HVDC [23, 25]. A
scheme of a HVDC system connected between two ac systems is shown in Fig. 2.3.

2.3 Low-Voltage DC Distribution System

The type of loads used in a power system today are very different from the loads used 100
years ago, when resistive loads and machines were dominating. The fast development of
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2.3. Low-Voltage DC Distribution System

~
= ~

=
ac grid 1 ac grid 2

Fig. 2.3. Layout of HVDC system.

semiconductors make the power electronic loads dominate today, which are using a different
voltage than the supplying grid, both in amplitude and frequency. Converting the grid voltage
to the required load voltage is a problem, and efforts have to be put on the design so it fulfills
the EMC standards, and this costs both energy losses and money. Since most electronic loads
are utilizing a dc link, is it then possible to overcome this problem by using dc instead of ac
in distribution systems?

2.3.1 Reliability

Today, after some major power disturbances in southern Sweden, reliability has become a
hot issue. A power outage with a duration longer than a couple of hours has a great impact
on our modern society, which is highly dependent on electric power. Most public services
need computers and communication equipment to operate, but fail in case of a power outage.
Some back-up systems are installed to feed the most critical loads but after a few hours they
need maintenance to continue to operate. If the communication systems do not work it is
difficult to arrange and perform the service.

A distribution system which could be operated either connected to the large power grid
utilizing all its advantages or in island in case of disturbances, would solve the above men-
tioned problem. In case of a disturbance of the supplying main grid, the distribution grid is
disconnected from the main grid, and all sensitive loads are supplied with the local energy
storage and the local generation. This type of network design creates “microgrids”, which is
a growing research issue about future power systems [26].

2.3.2 EMC and Power Quality

The number of non-linear electric loads connected to the ac system is increasing. The mis-
match between the supplying ac grid and the loads, which results in a need for power conver-
sion, is resulting in EMC and power quality problems like reactive power consumption and
low-frequency current harmonics. This will result both in increased losses and malfunction
of protection, and more design issues of the loads. It is necessary to meet the EMC standards
which regulates the distorsion of the load current generated by the load, and to decrease the
sensitivity of the loads. SS 4211811 limits the even harmonics to 1 % and odd harmonics
to 4 % up to the 7th harmonic [27]. EN 50160 limits the THD to 8 % and the unbalance to
2 % [28]. IEEE Std. 519-1992 limits the harmonic level for each harmonic order up to the
35th and limits the THD to 5 % [29]. A dc system would not totally remove power conver-
sion inside the loads, only the last stage from ac to dc, which creates the low-frequency EMC
problems.
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Chapter 2. DC Distribution Systems

2.3.3 Loads

The electrical appliances today are designed to operate with ac, but many of them can run
on dc without modification. All resistive loads like heaters, incandescent lamps, stoves, op-
erate with both ac and dc, and the output power is equal if the RMS values are the same.
All electronic loads like computers, fluorescent lamps with electronic ballast, flat screen TV,
battery charger, which all internally use dc, have a bridge rectifier to convert ac to dc. This
rectification will introduce current harmonics, which have a negative effect on the power
system: neutral conductors become overloaded and protections malfunction. All these elec-
tronic loads can directly be supplied with dc. Rotating loads driven by a universal machine,
or frequency controlled machines can also be supplied with dc. Problems arise with loads
using a fix speed ac machine which utilizes a virtual phase created by a reactive component
to get a rotating magnetic field. Loads with inductive parts cannot be supplied with dc, since
dc creates a constant increasing current through it. Also loads with mechanical breakers
designed for ac voltage cannot be supplied with dc. The breaker will be destroyed when
breaking dc, due to no natural current zero. Loads supplied with dc are further treated in
Chapter 3.

2.3.4 Power Generation

The number of alternative generation sources connected to the distribution system increases
[30]. Some of them, like photovoltaic and fuel cells, produce dc, and they can easily be
connected to a dc distribution system directly, or through a dc/dc-converter. Microturbines,
generating high-frequency ac, which is very suitable to convert to dc due to the high fre-
quency, is also easy to connect to a dc system. Connecting the generation to an ac system
using converters generating a synchronized sinusoidal ac current is more complicated, re-
garding both design and control.

The electric power output of a wind turbine can be kept at a maximum if the speed
of the turbine is allowed to vary. If the shaft is directly connected to the generator the
frequency will vary with the wind speed, and this is not possible if the electric output has
to be synchronized to the grid. To overcome this problem an ac/dc/ac-converter can be used
which is an expensive solution. A cheaper and simpler solution is to connect an ac/dc-
converter to a dc grid. Other types of generators operating with varying speed are hydro and
tidal generators.

2.3.5 Energy Storage

UPS are used to supply sensitive loads in an ac systems. The UPS configuration for an
ac system, shown in Fig. 2.4, consists of an ac/dc-converter, energy storage and a dc/ac-
converter. Supplying sensitive loads with dc requires only a simple dc/dc-converter instead
of two ac/dc-converters, which is shown in Fig. 2.5. Both components and losses can be
reduced.

2.4 Low-Voltage DC Distribution System Layout

The idea of using low-voltage dc distribution systems has been analyzed in pre studies of dc
systems [31–37]. Also some test facilities are planned to evaluate such a system. A low-
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Fig. 2.4. UPS configuration for ac system.
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Fig. 2.5. UPS configuration for dc system.

voltage dc distribution system with ac/dc interface, loads, energy storage and generation is
shown in Fig. 2.6. The design of the ac/dc interface plays a big role in the interaction of the
ac and dc systems. Different types of interface are described and analyzed in Section 2.4.3.
Other components in the dc system which are of interest are cables and breakers. These will
be discussed in the following sections.

2.4.1 Cables

Low-voltage power cables have different voltage ratings depending on the size. Larger power
cables are rated 1 kV, single wire installation cables are rated 450/750 V and polywire instal-
lation cables are rated 300 V phase-to-ground and 500 V phase-to-phase [38]. A three-phase
ac system requires five wires: three phase conductors, one neutral and one ground. A dc
system require three wires: two phase conductors and one ground. An existing five-wire ac
cable in a retrofit dc system can be used in two different configurations. The first is to use
two wires for each pole and one for ground. The other alternative is to use one for each pole,
two for neutral and one for ground, where the idea is to have the load connected between one
pole and ground. This will result in twice the load voltage between the poles, and therefore
twice the power. The different configurations are shown in Fig. 2.7. The two retrofit dc
configurations are compared with an ac case for a five single-wire installation with 1.5 mm2

wire rated 450/750 V and 10 A. The ac load is assumed to have a power factor of 0.95, and
the dc load voltage equals the peak value of the ac voltage. The power transmitted in each
cable configuration is shown in Table 2.1.

9



Chapter 2. DC Distribution Systems

Energy
storage

Electronic
loads

Residential dc grid

~
=

VSD~
=

Resistive
loads

=
=

Generation
=

=

Energy
storage

=
=

Generation

Generation
=

=

ac/dc interface

ac main dc main

~
=

Fig. 2.6. Layout of a low-voltage dc system. VSD denotes variable speed drive.

TABLE 2.1
COMPARISON OF DIFFERENT CONFIGURATIONS.

ac case (a) dc case (b) dc case (c)
Urms [V] 230 325 650
Irms [A] 10 20 20
P [W] 6555 6500 13000

Five-wire cable for ac Five-wire cable for dc Three-wire dc cable

PEN

R S
T

--

+ +
PE

PE

+ -NN

+ -
PE

(a) (b) (c) (d)

Fig. 2.7. Use of cables in retrofit or new dc systems.
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2.4. Low-Voltage DC Distribution System Layout

2.4.2 Fuses and Circuit Breakers

Fuses and circuit breakers are components in the power system that can open the circuit
during a fault. Both components work in the same way to open the circuit. First an arc is
created, and this is achieved by either melting metal or open contacts. Then the dielectric
strength across the arc has to be increased so the arc extinguishes when the current becomes
zero, which it becomes every half cycle in an ac system. If the voltage over the extinguished
arc, the recovery voltage, builds up slower than the dielectric strength, the arc cannot re-
ignite. The X/R-ratio determines how fast the recovery voltage builds up. The higher the
X/R-ratio, the faster the recovery voltage builds up. The dielectric strength can be increased
by cooling the arc, pressurizing the arc, stretching the arc and introducing fresh air [39].

However, dc has no natural current zero. One possibility to interrupt dc is to create a
larger distance between the contacts in the circuit breaker. Existing three-phase ac circuit
breakers, where the three contact pairs are connected in series, can be used for dc appli-
cations. A standard three-phase ac circuit breaker rated 690 V can be used up to 600 V
dc [40–42]. Another way to accomplish a larger distance is to use a magnetic field to stretch
the arc. The size of the breaker is reduced but at a higher cost. This type of breaker can be
found in dc machine systems and traction systems [43].

The other possibility to interrupt dc is to use a breaker together with a resonant circuit.
The resonant circuit creates a voltage zero, and if the breaker then opens at zero voltage no
arc will be generated. This type of breaker can be found in HVDC systems [44]. The two
variants are shown in Fig. 2.8.

(a) (b)

system system

load load

Fig. 2.8. Circuit breakers for dc: (a) three poles in series, (b) zero volt switching hybrid dc circuit
breaker.

2.4.3 AC/DC Interface

The interface between the ac and dc systems has a great significance on the operation of
the dc system. Different topologies have different possibilities to control the power flow.
The more the power can be controlled, the higher the cost. A proper ac/dc interface for a
future dc distribution system shall provide a controllable dc-link voltage, high power quality,
bi-directional power flow, and high transient performance during faults and disturbances.
Moreover, it must have low losses and low costs. Bi-directional power flow capability is
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Chapter 2. DC Distribution Systems

necessary if it shall be possible to transfer power from the dc system to the ac system during
low-load, high-generation condition in the dc system. Galvanic isolation prevents having a
path between the ac and dc systems in case of a fault. Five different topologies of ac/dc
interfaces from no control to full control are presented in this section.

Diode rectifier

A diode bridge is a very cheap device for rectification of ac to dc, and it can be designed for
both single-phase and three-phase connection. The schemes of a single-phase and a three-
phase diode rectifier are shown in Fig 2.9 [45]. The diode rectifier has many disadvantages.
The output dc-link voltage is uncontrolled and the maximum dc-link voltage is equal to the
peak value of the phase-to-ground voltage for a single-phase rectifier, and equal to the peak
value of the phase-to-phase voltage for a three-phase rectifier. The dc-link voltage decreases
if the load current increases. The rectifier consumes symmetrical ac currents and produces a
high amount of odd low-frequency harmonics. Finally, the power can flow only from the ac
side to the dc side and the diode rectifier obviously provides no galvanic isolation.

ûac udc

+

-

ûac udc

+

-

(a) (b)

Fig. 2.9. Diode rectifier: (a) single phase, (b) three phase.

Diode Rectifier + Power Factor Correction

The diode bridge can be modified by adding some components, as shown in Fig. 2.10, which
will give it buck or boost characteristics with controllable dc-link voltage and power factor
correction (PFC) [46]. This is obtained by controlling the current through the inductor by
opening and closing the transistor. The current waveform is set to be sinusoidal and the am-
plitude is set by the dc-link reference voltage. The diode rectifier with PFC has no galvanic
isolation [47]. For high power applications three single-phase rectifiers can be connected to
each phase and with their dc-links in series.

Transformer and Voltage Source Converter

A three-phase VSC utilizes six switches instead of three, as a three-phase diode rectifier
with PFC has. The scheme of the VSC with a transformer is shown in Fig. 2.11. The three
additional switches make it possible to have bi-directional power flow [45]. The VSC is a
hard-switched converter utilizing high-frequency switching, and it is necessary to filter the
grid currents. This is done by connecting an L- or an LCL-filter between the converter and
the grid [48]. The three phase currents through the filter are set to be sinusoidal in average,
with an amplitude given by dc-link voltage controller. The VSC operated as a rectifier has
a boost output characteristic. The lower level of the output dc link voltage is determined
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ûac udc

+

-

ûac udc

+

-
(a)

(b)

Fig. 2.10. Single-phase diode rectifier with PFC: (a) Buck, (b) Boost.

by the ac voltage, and equals twice the peak value of the phase-to-ground voltage [49]. To
be able to adjust the minimum dc output a transformer can be connected between the VSC
and the ac grid. The transformer will serve for three things: step down ac voltage, galvanic
isolation between ac and dc, and serve as a grid filter (using the leakage inductance of the
transformer). A VSC also has a controllable power factor [48].

N1:N2

udcûac

+

-

Fig. 2.11. VSC connected to the ac grid via a transformer.

Three-Level VSC

The configuration of a three-level VSC, shown in Fig. 2.12 uses 12 switches instead of six
[50]. Compared with the two-level VSC it results in two, instead of one, controlled dc
links from the same ac supply. The two dc-link voltages udc1 and udc2 can be controlled
individually. In a dc system application, it means that loads can be connected to either of the
two dc links, and it is still possible to maintain balanced dc-link voltage, which would not be
possible with a two-level VSC.
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ûac

udc1

+

-

udc2

+

-

Fig. 2.12. Three-level VSC.

VSC and Buck

A combination of a VSC and a dc/dc Buck converter [46] is shown in Fig. 2.13. Combining
two converters by connecting them in series gives increased controllability of the output
dc-link voltage. The voltage of the dc link between the VSC and the Buck converter is
allowed to vary in a wider range since the output dc-link voltage is controlled by the Buck
converter. In case of faults in the ac system, a VSC is not capable to maintain the dc-link
voltage at the reference value. Using a two converter interface increases the possibility.
However, the configuration uses eight switches instead of six, which increases the losses.
The configuration has bi-directional power flow but no galvanic isolation.

ûac udc

+

-

Fig. 2.13. VSC in series with a Buck converter.
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2.5. Conclusions

TABLE 2.2
AC/DC INTERFACES.

Interface type Output dc-link voltage udc Number of Bi-directional Galvanic
Min Max switches power flow isolation

Diode - ûac 0 No No
Diode PFC (Buck) 0 ûac 3 No No
Diode PFC (Boost) ûac ∞ 3 No No

Transformer and VSC 2
N2

N1

ûac ∞ 6 Yes Yes

Three-level VSC ûac ∞ 12 Yes No
VSC and Buck 0 ∞ 8 Yes No

Conclusions

All five described configurations are possible choices as an ac/dc interface. The trade-off is
as usual price and performance. Depending on the system configuration, different interfaces
can be more or less proper. Table 2.2 gives, for the different types, range of dc-link volt-
age output, number of switches, if the interface allows bi-directional power flow and if the
interface gives galvanic isolation. The VSC and Buck configuration is chosen as the ac/dc
interface in this project since it has a wide range output dc voltage, and can be designed to
have a high transient performance during faults and disturbances, which will be shown later
in Chapter 4 and 5.

2.5 Conclusions

In this chapter, the history of dc distribution systems has been presented together with ap-
plications where dc systems can be found today. The key issues of a future dc distribution
system and its components have been highlighted and discussed.

Today, dc systems can be found in many different applications with different voltage and
power ratings. The systems can have a simple structure, with two converters and one dc
link connecting them like a HVDC system, or a complex structure with parallel connected
converters, used both for connecting generation and supplying loads, like in a car or on a
ship.

A low-voltage dc distribution system has a potential to be used in future power systems.
A dc systems with a suitable voltage is more adjusted to today’s load situation. The design
of electronic loads would be simpler if they were supplied with dc since less components are
needed for the power conversion, and less non-linear currents would be present in the grid.
Connection of energy storage and sources would also be easier since simpler converters are
required.

The interface between the ac and dc systems plays a big role for the performance of the
two systems. An interface shall provide a stable dc-link voltage and be able to handle load
variations, and faults and disturbances in the ac grid. The ac grid currents shall be sinusoidal
with no low-frequency harmonics for a good power quality. The VSC with a Buck converter
is chosen for the project. It has a controllable dc-link voltage which can be varied in a wide
range, and it has a good performance during faults and disturbances on the ac system, which
will be further analyzed. However, the topology violates the low cost and low losses demand,
at least with the components available today.
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Chapter 3

Load Modeling

This chapter will describe load modeling for steady-state and transient analysis of low-
voltage dc systems. There are two reasons for this investigation. The first is to determine
whether existing low-voltage ac loads can be supplied with dc without being modified, and if
’yes’, within which voltage range. The second reason is to develop models which can be used
for steady-state and transient studies of dc systems using software like PSCAD/EMTDC and
MatLab. The measurement results presented here can be found in [51, 52].

3.1 Introduction

A wider use of dc for power distribution calls for suitable calculation methods and models
of system components to analyze the operation of the dc grid. Chapter 16 in the IEEE
Brown Book [53] and IEC 61660 [3] describe how to calculate load flow/voltage drop and
short-circuit currents in dc auxiliary systems in power plants and substations. In these two
standards, models of sources, branches and cables for both steady-state and transient analysis
are given. However, loads are only modeled as constant resistance (CR), constant current
(CC) or constant power (CP), and no further description is given. An interesting question
that arises with a wider use of dc is if existing loads can be used without any changes and, if
so, how they will operate in steady state and in response to voltage variations. Finally, it is
also of interest to find out what is the most suitable voltage level for the loads.

To investigate all existing loads used in a low-voltage ac system was not possible, due
to financial issues. Instead all existing loads were categorized into groups, and then one
or more sample loads were investigated. A view of all loads used in offices and households
gives a basis for the choice of the load groups. The different groups together with an example
from [51], where 51 different loads were tested, are listed in Table 3.1.

3.2 Measurement and Analysis

The aim of the measurement was two-fold: to determine the load characteristic in steady
state; and to determine the transient response. Both 230 V dc and 325 V dc have been
mentioned as possible rated values for a low-voltage dc grid [34]. 230 V and 325 V equal
the rms-value and the peak value, respectively, of a 230 V ac voltage. Moreover, a deviation
of e.g. ±10% should be allowed and the loads should still operate correctly. Therefore, it
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Chapter 3. Load Modeling

TABLE 3.1
TESTED LOAD TYPES.

Load type Example
Resistive lighting Incandescent lamp
Resistive heaters Coffee maker
Induction machine Refrigerator
Universal machine Vacuum cleaner
Electronic lighting Fluorescent lamp with HF ballast
Electronic load Computer power supply

was of interest to test the loads at least in the range of 200-360 V dc, but where possible a
wider voltage range was considered.

The load can be characterized as CR, CC, CP or a mix of these. The mathematical
expression for the three different power characteristic as a function of the voltage becomes
[54]

P (U) = ACRU2 + ACCU + ACP (3.1)

where ACR is the constant resistance coefficient, ACC is the constant current coefficient, and
ACP is the constant power coefficient. Normalizing (3.1) with respect to nominal voltage,
U0, and nominal power, P0, gives

P (U)

P0

= aCR

(

U

U0

)2

+ aCC
U

U0

+ aCP (3.2)

where aCR gives the constant resistance characteristic in per unit (p.u.), aCC the constant
current characteristic in p.u., and aCP the constant power characteristic in p.u.. The measure-
ment results show that not all loads can be categorized into these three groups, and more
characteristics are derived when necessary.

The measurement setup is shown in Fig. 3.1. The test object was supplied from a dc
generator with controllable voltage. The dc voltage was stabilized by connecting a capacitor
C = 3300 µF in parallel with the source. The voltage at the load terminals and the load
current were measured and recorded. The voltage was applied for a sufficient time to be
sure that the current was constant and the test object was not damaged. However, no long-
term tests were carried out, because the aim was to develop a model of the load, and not to
investigate how the voltage level affects the lifetime of the test object.

A

V LoadCDC source

Fig. 3.1. Scheme of the test setup for steady-state measurement.

The loads were also subjected to a fast voltage reduction to determine their transient
behavior. Each load was tested with four different step magnitudes with retained voltage
equal to 0.88, 0.76, 0.62 and 0.47 p.u.. For each magnitude, the test was repeated ten times
to decrease the influence of noise. The voltage step was done with the “step device” shown
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3.3. Resistive Loads

in Fig. 3.2, consisting of one transistor, one resistor, zener diodes, RC-filters and a switch.
When the switch is open, the load is supplied with the nominal voltage. When the switch
is closed, the load is supplied with a reduced voltage, whose magnitude is determined by
the zener diodes. The resistor in parallel with the transistor is used for bypassing the load
current, thus preventing the transistor to get too warm. The RC-filters are used to reduce
the voltage transients that may arise when the transistor is opened. The measured quantities

A

V LoadDC source
Step

device

(a) (b)

Fig. 3.2. Scheme of the test setup for transient measurement: (a) measurement setup, (b) step device.

are voltage at the load terminals and current absorbed by the load. Based on these, load
power and resistance are calculated. The accuracy of the voltage and current measurement
is reported in Table 3.2.

From the measurement results, steady-state and transient models of the tested objects are
derived. The steady-state model is useful for voltage drop calculations and for calculating
power/current variations due to slow voltage variations. The transient model is useful for
simulations of disturbances in the grid.

TABLE 3.2
MEASUREMENT ACCURACY FOR THE INSTRUMENTS USED.

Instrument Accuracy Range
Fluke 87 ±0.2% -
Fluke 77 ±0.3% -

LeCroy Differential Probe AP032 ±2% dc - 15 MHz
LeCroy Current Probe AP011 ±1% dc - 120 kHz

3.3 Resistive Loads

Resistive loads use, as the name indicates, the resistance to emit electromagnetic energy,
which can be both in the frequency range of thermal radiation, visible light or a combination.
Loads emitting thermal energy are denoted heaters, and loads emitting light are denoted
lighting. The electric characteristic of a resistive load is given by Ohm’s law

U = RI (3.3)
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Chapter 3. Load Modeling

where U is the voltage, I the current and R the resistance, which can be calculated as

R =
ρl

A
(3.4)

where ρ is the resistivity, l is the length of the conductor, and A is the cross-section area of
the conductor. The resistivity ρ is temperature dependent and can be calculated as

ρ = ρ0(1 + α(T − T0)) (3.5)

where ρ0 is the resistivity at 300 K, α is the temperature coefficient, T0 is 300 K, and T is
the operating temperature. The conductor temperature T is proportional to I , T ∼ I , if it
changes with the current. The resistivity as function of the current can then be written as

ρ = ρ0(1 + βI) (3.6)

where β is the current coefficient. Finally, the conductor resistance is calculated as

R =
ρ0(1 + βI)l

A
=

ρ0l

A
+

ρ0βIl

A
= R0 + R1I (3.7)

which gives that the resistance is linearly dependent on the current. Rewriting (3.3) using
(3.7) gives

U = (R0 + R1I)I = R0I + R1I
2. (3.8)

The instantaneous power, P , is given by UI , and using (3.8) to calculate the power as a
function of the voltage, yields

P (U) = U

(

±

√

U

R1

+
R2

0

4R2
1

−
R0

2R1

)

. (3.9)

3.3.1 Heaters

As the name indicates, heaters are used for producing heat energy which can be used in many
applications. Tested heaters are coffee maker, curling brush, kettles, sandwich makers, and a
stove. The steady-state measurement results show that heaters all have a constant resistance
behavior, i.e. the terms aCR in (3.2) and R0 in (3.8) dominate. The relation between ACR and
R0 for heaters is

ACR =
1

R0

. (3.10)

The value obtained from the measurements can be compared with the calculated value using
the nominal power given for each load. The steady-state model of the heaters is a pure
resistance calculated from the nominal power, if it is given. Otherwise, the value obtained
from the measurements is used. The resulting models of the steady-state measurements are
reported in Table 3.3. An average error between model and measurement in the measured
voltage range can also be found in the table. The steady-state measurement result for a coffee
machine (Butler), which will represent a typical heater load, is shown in Fig. 3.3. It shows
that the voltage is a linear function of the current, and the power is a quadratic function of
the voltage.
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Fig. 3.3. Steady-state measurement of a coffee maker (Butler): (a) resistance characteristic, (b)
power characteristic.

TABLE 3.3
MODEL PARAMETERS OF HEATER LOADS.

Heater load Prated [W] Model R = [Ω] Error [%]
Coffee Maker (Butler) 1000 52.90 ± 1.62
Coffee Maker (Philips) 850 62.24 ± 3.13
Curling Brush (XL Concept) 11 4809.1 ± 2.45
Kettle (Elram) 2000 26.45 ± 6.1
Kettle (Solingmüller) 2025 26.12 ± 2.48
Sandwich Maker (Mirabella) 800 66.13 ± 2.48
Sandwich Maker (AFK) 700 75.57 ± 0.86
Stove (Siemens) - 40.26 ± 4.67

The transient measurements of the heater loads show as expected that a fast reduction of
the voltage will result in a fast reduction of the current, independently of the magnitude of
the voltage step. This shows that the model in (3.8) can be used, with R0 calculated from
the nominal power and R1 = 0. The voltage recorded during the transient measurement is
used together with the obtained model parameters to verify the model in PSCAD/EMTDC.
The simulated result of the coffee maker model is plotted together with the measurement in
Fig. 3.4, which shows a 0.12 p.u. voltage step. The simulated current agrees well with the
measured current.

3.3.2 Lighting

A common electric device used for lighting is the incandescent lamp, or light bulb. It con-
sists of a filament of tungsten inside a glass bulb filled with argon. Twenty-six incandescent
lamps from five different manufacturers, and with five different power ratings, were tested.
Also two tungsten halogen lamps were tested. The steady-state measurements for the light-
ing loads show that they do not act as a constant resistance load. The term R1 in (3.8) is
not insignificant, i.e., the resistance changes with the current. This means that (3.9) must
be used to calculate P (U). The measurement result for a 60 W incandescent lamp is shown
in Fig. 3.5. The steady-state measurements show that the lighting loads have temperature-
dependent resistance and can be modeled as in (3.8). The resistance increases when the
current increases, and it can be seen in Fig. 3.5(a) that the voltage increases faster than the

21



Chapter 3. Load Modeling

0 0.02 0.04 0.06 0.08 0.1
0.85

0.9

0.95

1

1.05

Time [s]

V
ol

ta
ge

 [p
.u

.]

(a)

0 0.02 0.04 0.06 0.08 0.1
0.85

0.9

0.95

1

1.05

Time [s]

C
ur

re
nt

 [p
.u

.]

(b)
Measured
Simulated

Fig. 3.4. Transient measurement and modeling of coffee maker (Butler): (a) voltage, (b) current
during voltage step.
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Fig. 3.5. Steady-state measurement of 60 W incandescent lamp: (a) resistance characteristic, (b)
power characteristic.

current. The resistance value must stabilize before recording the current for each tested volt-
age value in order to get the correct measurement data. However, after a fast voltage step the
situation is a bit different. Directly after the voltage step the resistance is unchanged, and the
current is reduced proportionally. But, when the current decreases, the resistance decreases
according to (3.7), so the current starts to increase exponentially. A discrete function of the
resistive transient is given by

R̂(k + 1) = R̂(k) +
τ

∆t
(R(k + 1) − R̂(k)) (3.11)

where τ is the time constant, ∆t the time step of the simulation, k the discrete time and R(k)
is the steady-state resistance value corresponding to the given voltage value, obtained from
the load characterization. In [51] it is shown that the estimated time constant of the filament,
τest, is linked to the rated power as

τest = 0.0151 lnP − 0.0112. (3.12)

The transient measurement result for a 60 W incandescent lamp when a 0.12 p.u. voltage
step is applied is plotted together with the simulated result in Fig. 3.6. It clearly shows the
temperature dependency of the filament. First the current follows the sudden voltage reduc-
tion and then the current starts to increase. To model an incandescent lamp it is necessary to
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3.4. Rotating Loads

TABLE 3.4
MODEL PARAMETERS FOR LIGHTING.

Lighting load Prated [W] Model R = R1I + R0 [Ω] τest [s] Error [%]
Incandescent Lamp 25 16966.2I + 128.4 0.0375 ±1.59
Incandescent Lamp 40 7010.2I + 133.7 0.0446 ±1.42
Incandescent Lamp 60 2925.8I + 113.5 0.0508 ±1.27
Incandescent Lamp 75 1709.5I + 106.7 0.0541 ±1.23
Incandescent Lamp 100 994.5I + 87.6 0.0585 ±1.12
Tungsten Halogen Lamp 150 435.9I + 74.7 0.0564 ±1.68

know R0, R1 and τest. From the nominal power R0 and τest can be calculated. However, R1

can only be obtained through measurements. The obtained models for lighting are reported
in Table 3.4.

0 0.02 0.04 0.06 0.08 0.1
0.85

0.9

0.95

1

1.05

Time [s]

V
ol

ta
ge

 [p
.u

.]

(a)

0 0.02 0.04 0.06 0.08 0.1
0.85

0.9

0.95

1

1.05

Time [s]

C
ur

re
nt

 [p
.u

.]

(b)
Measured
Simulated

Fig. 3.6. Transient measurement and modeling of incandescent lamp: (a) voltage, (b) current during
voltage step.

3.4 Rotating Loads

Many different types of machines are used for household appliances. The size varies from
very small up to very big. Small machines are usually universal machines. They can be built
very compact and have a high rotational speed. Bigger machines can be both universal or
induction machines. For instance, vacuum cleaners use universal machines, whereas refrig-
erators normally use single-phase induction machines. Modern loads as washing machines
and refrigerators use three-phase induction machines together with power electronics to con-
trol the speed. These loads can be supplied with low-voltage dc if they use single-phase ac
supply, but not if they use a three-phase ac supply. Then the dc-link voltage becomes higher
than 325 V.

Single phase ac machines, e.g. used in old refrigerators, use a virtual phase shifted 90°
by a capacitor, to get a rotating magnetic field. Two different types exists: capacitive start
induction run, and capacitive start capacitive run [55]. These machines cannot be operated
with dc since they use reactive components.

The universal machine has the same configuration as a series magnetized dc machine,
and it works as the name indicates with both ac and dc [55]. A scheme of the universal
machine is shown in Fig. 3.7.
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Fig. 3.7. Series magnetized dc machine: (a) principle scheme, (b) electrical scheme.

The electrical dynamics of the universal machine is given by

ua = ea + Reqia + Leq
dia

dt
(3.13)

where ua is the applied voltage, ea is the back emf, ia is the current, Req is the equivalent
resistance, which is the sum of the resistance of the armature Ra and that of the field winding
Rf, Leq is the equivalent inductance of the machine, which is the sum of the inductance of
the armature La and that of the field winding Lf. The back emf, ea, is proportional to the
rotational speed, ωr, of the machine, which is expressed as [55]

ea = kEωr. (3.14)

The torque of the machine, τe, is proportional to the current, ia, [55]

τe = kTia. (3.15)

The constant kE, equal to kT, is given by the physical design of the machine as

kE = kT =
nalr

2aφf
(3.16)

where na is the number of conductors on the armature, l is the length of each conductor, r
is the radius, a is the cross sectional area of the conductor and φf is the uniform flux in the
stator [55]. Since the machine is series magnetized, (3.14) and (3.15) can be rewritten as

ea = keφfωr (3.17)

and
τe = ktφfia. (3.18)

The magnetic flux, φf, is directly proportional to the current, which gives

ea = kmiaωr (3.19)

and
τe = kmi2a . (3.20)
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The mechanical dynamics of the machine is given by

Jeq
dωr

dt
= τe − τl (3.21)

where J is the inertia of the motor, τe is the electric torque and τl is the load torque.
The steady-state electrical model of the universal machine is

Ua = Ea + ReqIa = ktφfωr + ReqIa. (3.22)

The steady-state current as a function of the voltage can be found from (3.22) as

Ia =
Ua

Req
−

ktφfωr

Req
. (3.23)

Five different universal machines were tested: three vacuum cleaners, one blender and
one mixer. The measurement result for a vacuum cleaner (from LG) is shown in Fig. 3.8,
which shows that the current increases linearly with the voltage. The universal machine can
be modeled as a variable current source, which also can be seen from (3.23). The model is
of the form I = Y0U + I0, and the model parameters obtained from the measurements and
the related error are reported in Table 3.5.

TABLE 3.5
MODEL PARAMETERS FOR ROTATING LOADS AND ESTIMATED ERROR.

Load Prated [W] Model I = Y0U + I0 [A] Error [%]
Blender (Melissa) 300 1.13 · 10−3U + 0.371 ±1.61
Mixer (Ide Line) 220 8.4 · 10−4U + 0.316 ±1.05
Vacuum cleaner (Electrolux) unknown 0.0156U + 0.562 ±3.07
Vacuum cleaner (Euroline) 1400 0.0150U + 1.054 ±0.59
Vacuum cleaner (LG) 1300 0.0172U + 0.616 ±1.25
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Fig. 3.8. Steady-state measurement of vacuum cleaner (LG): (a) resistance characteristic, (b) power
characteristic.

The transient response of a universal machines has two parts: one electric transient which
is fast, and one mechanical transient which is approximately one decade slower. A mathe-
matical model has to be used to be able to reproduce both the electrical and the mechanical
transient from the measured voltage and current. The derivation of the mathematical model
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taking into account the mechanical transient is further described in [51]. The high rotational
speed of the machine made it impossible to measure the rotor speed, which is used in the
dynamic model described in (3.13) and (3.14). The transient measurement result and the
mathematical model for a vacuum cleaner are shown in Fig. 3.9 where a 0.12 p.u. voltage
step is applied. This plot shows the mechanical transient, where the current first drops and
then starts to increase. Fig. 3.10 shows the electrical transient, where the current decreases
with a time constant due to the inductive parts in the machine.
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Fig. 3.9. Transient measurement and modeling of vacuum cleaner (LG): (a) voltage, (b) current
during voltage step.
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Fig. 3.10. Zoom of transient current measurement and modeling of vacuum cleaner during voltage
step.

3.5 Electronic Loads

Electronic loads can today be found everywhere: computer equipment, battery chargers and
lighting. Electronic loads use a different voltage amplitude and frequency than the supplying
grid. To convert the supplying ac voltage it must first be rectified, and then converted to
the desired voltage waveform. Old electronic loads use a low-frequency transformer to step
down the voltage, which is then rectified using a diode bridge. This type works only with a
certain voltage amplitude and frequency. Today it is important that a load can work properly
with both 230 V/50 Hz and 110 V/60 Hz, i.e., the load must have a wide range input. This
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3.5. Electronic Loads

is accomplished by using a switch mode power supply (SMPS) [46]. The input voltage is
first rectified by a diode bridge and then adjusted to the load using a dc/dc-converter, which
is shown in Fig. 2.10. The SMPS can be equipped with PFC to decrease the amount of low-
frequency current harmonics. All electronic loads with a low-frequency transformer cannot
operate with dc due to the inductance. However, SMPS can be operated with dc without any
design modifications as long as the dc voltage is in the same range as the ac input. Electronic
loads can be divided into two groups with respect to their main function: power supply or
lighting appliance.

3.5.1 Power Supply

Electronic power supplies can be found in various types of loads. Eleven different electronic
power supplies of different loads were tested: computer power supplies, monitors, battery
chargers, IP telephone and a satellite receiver. As an example, the steady-state measurement
of a computer power supply is shown in Fig. 3.11. The steady-state measurements showed
that these loads behave as constant power loads, which is not difficult to understand since
they use a dc/dc-converter to adjust the load voltage, and therefore the load consumes the
same power regardless of the input voltage. However, the voltage range in which the loads
could operate was different for different loads.
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Fig. 3.11. Steady-state measurement of computer power supply (Dell): (a) resistance characteristic,
(b) power characteristic.

The transient measurements of the electronic power supplies show that when the voltage
decreases the current drops to zero during a short while and then it increases to a new steady-
state value. This is shown by the transient measurement for a computer power supply in
Fig. 3.12. From the electric scheme in Fig. 3.13 it can be seen that when the supply voltage
becomes lower than the voltage over the capacitor the diodes block the supply current and
the load takes energy from the capacitor. When the capacitor voltage becomes less than the
supply voltage, the supply current starts to increase to the new steady-state value. Since the
voltage now is lower, the current must be higher since the load has CP characteristic. The
time during which the supply current is zero and the rise time of the current are determined
by the values of the components. The steady-state model can be calculated from the rated
power of the load. For computer power supplies, which are not always operating at nominal
power, measurement data can be used instead. Measurements must be done to determine the
value of R, L and C in Fig. 3.13. The values of the components are chosen from standard
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E-series. The resulting model parameters together with the operating range for electronic
power supplies are reported in Table 3.6.
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Fig. 3.12. Transient measurement and modeling of computer power supply (Dell): (a) voltage, (b)
current during voltage step.
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Fig. 3.13. Electric model of a power supply load.

3.5.2 Lighting Appliances

Electronics is more and more used in lighting appliances to increase the controllability of the
lamp [56]. Dimmable fluorescent lamps and fluorescent lamps for emergency lighting for
mentioning two examples. Two different types of lighting appliance using electronic power
supply were tested: compact fluorescent lamps and fluorescent tubes with HF ballast. The
compact fluorescent lamps have a simple electronic control compared with the HF ballast.
The HF ballast can be designed to operate with both ac and dc (emergency lighting) [57].
Some HF ballast are designed to keep the light output at a constant level regardless of the
voltage input, and others are designed to be dimmable; the light output is decreased when the
supply voltage is decreased [58]. The load characteristic of the HF ballast may also change
with the supply voltage level. All these controller designs make it very difficult to model the
HF ballast with a simple model.

Eight compact fluorescent lamps were tested and the steady-state measurements show
that they behave as constant current loads. The value of the current drawn by the lamp
cannot be calculated from the nominal power, but must be determined by measurements.
The operating range differs between the lamps. The resulting steady-state measurement of a
compact fluorescent lamp (IKEA) is shown in Fig. 3.14.

Three different HF ballasts were tested. The steady-state measurements show that two of
them have CP load characteristic and one has CC characteristic in the lower voltage interval
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3.5. Electronic Loads

TABLE 3.6
MODEL PARAMETERS OF ELECTRONIC POWER SUPPLIES.

Load Prated [W] Range [V] Model R = U2/I0 [Ω] Error [%] Parameters

Chieftech computer power supply 350 200-380 U2/40 20
R = 7 Ω

L = 25 mH
C = 350 µF

Dell computer power supply unknown 170-380 U2/43.5 1.5
R = 10 Ω

L = 1 mH
C = 230 µF

Macintosh computer power supply 87 150-380 U2/43.5 4
R = 10 Ω

L = 0.1 mH
C = 230 µF

Sirtech computer power supply 235 180-380 U2/37.9 20
R = 10 Ω

L = 25 mH
C = 350 µF

Ericsson battery charger unknown 100-300 U2/6.7 8.0
R = 100 Ω

L = 2 mH
C = 10 µF

Ericsson battery charger unknown 100-300 U2/6.9 4.3
R = 100 Ω

L = 2 mH
C = 10 µF

Ericsson battery charger unknown 100-300 U2/8.05 2.0
R = 100 Ω

L = 2 mH
C = 10 µF

IP telephone (Grandstream) unknown 100-380 U2/2.76 24
R = 150 Ω

L = 1 mH
C = 11 µF

LCD monitor (AOC) 32 130-330 U2/30 1.2
R = 100 Ω

L = 1 mH
C = 70 µF

Monitor (NCD) unknown 200-350 U2/84 3.8
R = 1 Ω

L = 0.2 mH
C = 300 µF

Satellite receiver (Triasat) unknown 200-350 U2/16.6 4.8
R = 50 Ω

L = 2 mH
C = 50 µF
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Fig. 3.14. Steady-state measurement of compact fluorescent lamp (IKEA): (a) resistance character-
istic, (b) power characteristic.

and CP characteristic in the higher voltage range. The steady-state measurement of two HF
ballasts are shown in Figs. 3.15 and 3.16.
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Fig. 3.15. Steady-state measurement of HF ballast (Tridonic) with CP load characteristic: (a) resis-
tance characteristic, (b) power characteristic.
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Fig. 3.16. Steady-state measurement of HF ballast (Philips) with CC and CP load characteristic: (a)
resistance characteristic, (b) power characteristic.

The transient measurement of a compact fluorescent lamp (IKEA) is shown in Fig. 3.17.
It shows how simple the design of the electronic is. When the voltage decreases the current
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becomes zero during a short while and then it returns to the same value. The time the supply
current is zero is determined by the size of the capacitor, and the rise time of the current is
set by the resistor. There is no oscillation present in the current when it comes back, which
indicates that there are no inductive components present.
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Fig. 3.17. Transient measurement and modeling of compact fluorescent lamp (IKEA): (a) voltage,
(b) current during voltage step.

The HF ballasts seemed to have a more complicated transient responses, which were
difficult to realize with standard electrical components. The complicated step response is
due to the control circuit and its design. One of the HF ballast (Philips) can be modelled
with an RLC-circuit together with the steady-state model extended with a time constant. The
transient measurement of the Philips ballast and the resulting model is shown in Fig. 3.18,
and the fast current transient is shown in Fig. 3.19. The measurement of the other two ballasts
can only be reproduced by using a mathematical model of a second-order system with a
damped oscillation. The transient measurement of the Tridonic ballast and its mathematical
model are shown in Fig. 3.20. The model parameters obtained for lighting appliances are
reported in Table 3.7. The characteristic and design of the ballasts vary from model to model,
and measurements are required to determine the steady-state and transient model parameters.
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Fig. 3.18. Transient measurement and modeling of HF ballast (Philips): (a) voltage, (b) current
during voltage step.
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Fig. 3.19. Zoom of transient current measurement and modeling of HF ballast (Philips) during
voltage step.
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Fig. 3.20. Transient measurement and modeling of HF ballast (Tridonic): (a) voltage, (b) current
during voltage step.

3.6 Conclusions

In this chapter, load modeling for transient and steady-state analysis of low-voltage dc sys-
tems has been carried out. The aim was to investigate whether it is possible to supply existing
low-voltage ac loads with dc, and within which range. The second part was, if possible, to
develop models of the loads to be used for dynamic studies of low-voltage dc systems.

The resistive loads were divided into two groups: heaters and lighting. Heater loads
worked with dc in the tested range, and can be modeled as a pure resistance. The value of the
resistance can be calculated from the nominal power. Lighting loads work also well with dc.
The resistance of the lighting loads are dependent of the current, so they can be modeled as
a current-dependent resistance with a time constant. To model a lighting load measurements
are required, since it is not possible to determine the current-dependent resistance from the
nominal power.

Rotating loads work also well with dc if the machine is a universal machine or a sin-
gle phase supplied variable speed drive. A universal machine will run a little bit faster if
it is supplied with dc instead of ac, since the impedance is lower. A steady-state model of
the universal machine is a voltage-dependent current source, which is calculated from mea-
surements. To model the transient, a mathematical model based on measurements can be
used.
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TABLE 3.7
MODEL PARAMETERS FOR ELECTRONIC LOADS USED FOR LIGHTING.

Load Prated [W] Range [V] Model R = U2/I0 or R = U/I0 [Ω] Error [%] Parameters

Eurolight 9 100-300 U/0.029 7.5
R = 200 Ω

L = 0 mH
C = 3.5 µF

Ikea 11 190-380 U/0.038 2.1
R = 300 Ω

L = 0 mH
C = 2.7 µF

Osram 23 120-300 U/0.067 10
R = 300 Ω

L = 0 mH
C = 4.7 µF

Philips 9 120-300 U/0.035 1.2
R = 100 Ω

L = 0 mH
C = 3.3 µF

Philips 11 120-300 U/0.041 4.3
R = 100 Ω

L = 0 mH
C = 3.3 µF

Philips 15 140-280 U/0.057 15
R = 100 Ω

L = 0 mH
C = 12 µF

Sylvania 10 100-300 U/0.046 1.1
R = 200 Ω

L = 0 mH
C = 4.7 µF

Philips 72
150-220 U/0.325 1.2 τ = 0.15 s
220-280 U2/70.5 6.8 R = 100 Ω

C = 0.5 µF
Tridonic 72 130-340 U2/75 - -
Tridonic (Dimmable) 70.4 110-380 U2/58.1 - -

TABLE 3.8
SUMMARY OF STEADY-STATE LOAD MODELS.

Load Model Parameters

Resistive loads
Heating R = R0 R0 from rated power
Lighting R = R1I + R0 R0 from rated power

R1 from measurements

Rotating loads Universal machines I = Y0U + I0

I0 from measurements
Y0 from measurements

Electronic loads
Power supply R = U 2/I0 I0 from measurements

Lighting R = U/I0 I0 from measurements

The electronic loads were divided into two groups: power supply and lighting. The power
supplies showed a CP characteristic. They operate with dc, but the range in which they do
varies. The transient model of power supplies is a diode rectifier, an RLC circuit and the load
characteristic. The load characteristic can in most cases be determined from the nominal
power, but the RLC circuit requires measurements. The compact fluorescent lamps showed
CC characteristic, which together with the RC circuit must be calculated from measurements.
The steady-state characteristic of the HF ballast varied from design to design and can only
be determined from measurements. For some HF ballasts it was not possible to realize a
transient model with an electric circuit, but the transient response could be mathematically
described from measurements. Finally, an overview of the steady-state models are presented
in Table 3.8.
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Chapter 4

Voltage Source Converter and its
Control

In this project, the two-level three-phase VSC connected in series with a Buck converter was
chosen as the ac/dc interface. It can have a wide range of dc output voltage, which makes it
suitable in a laboratory setup. In this chapter, the control of the VSC is presented.

4.1 Introduction

A two-level three-phase VSC, described earlier in Section 2.4.3, is used to convert dc to
ac voltage with variable magnitude, frequency and phase, or ac to dc voltage with variable
magnitude. The advantages with a VSC compared with other types of rectifiers described in
Section 2.4.3 are controllable dc voltage, sinusoidal grid currents and bi-directional power
flow. The VSC connected to the ac system through an L-filter, shown in Fig. 4.1, consists of
six IGBT valves and a dc-link capacitor. Seen from the ac side, a VSC can be considered as

udc

e1

+

-

LfRf

e2 LfRf

e3 LfRf

u1

u2

u3

i1
i2

i3

idc

C

Fig. 4.1. A three-phase VSC connected through an L-filter to an ac grid.

a voltage source with variable frequency, magnitude and phase. A single-line diagram of a
VSC connected to the ac grid is shown in Fig. 4.2. By controlling the output voltage of the
VSC, u, the transmitted active power p and reactive power q can be individually controlled
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according to

p =
|u|2

|Z|
cos ε −

|u||e|

|Z|
cos(ε + ϕ)

q =
|u|2

|Z|
sin ε −

|u||e|

|Z|
sin(ε + ϕ)

(4.1)

where e is the grid voltage, Rf is the filter resistance, Lf is the filter inductance, Z =
Rf + j2πfgLf is the line impedance, fg is the frid frequency, ε is arg(Z∗) and ϕ is the trans-
mission angle.

LfRf
�

0∠e ϕ∠u

Fig. 4.2. Single-phase equivalent scheme of a VSC connected to an ac grid.

The following sections describe how to calculate and generate the necessary output volt-
age of the VSC to transfer the demanded active and reactive power. In a digital control
system, the reference values for the output phase voltages are calculated from the input refer-
ence values, which can be active and reactive power transfer demand. The aim of the control
system of the VSC used as a rectifier is to maintain high power quality on the ac side, and a
stable voltage on the dc side under both steady state operation and disturbances. The control
system measures the three phase voltages and currents, and the dc-link voltage and current.
The reference phase voltages to the analogue system are calculated from the sampled values
together with the reference value to the Pulse Width Modulation (PWM) [59]. In the first
controller step, the dc-link voltage controller (DCC) calculates a current reference which is
used by the vector current controller (VCC) which in turn calculates the voltage references.
The control system is shown in Fig. 4.3. The measured quantities are sampled with a constant
frequency fs. The sampled ac quantities are transformed to αβ- and dq-components, using
Clarke and Park transformation, respectively. The transformation angle θ is determined by
using a phase-locked loop (PLL) [60]. In Section 4.2 PWM, is explained; in Section 4.3, the
vector current controller is analyzed; in Section 4.4, the three dc-link-voltage controllers are
analyzed.

4.2 Pulse Width Modulation

A two-level three-phase VSC has three phase legs, where each phase leg has two IGBT
valves. One valve is connected to the plus pole and the other is connected to the minus pole
of the dc link. Having three phase legs results in eight different switching states. The eight
switching states can be visualized as a hexagon in the αβ-plane, as shown in Fig. 4.4 [49].
Each switching state is denoted by the state of each phase leg (‘1’ means that the switch
connected to plus is on and ‘-1’ means that the switch connected to minus is on). Switching
states 0 (-1,-1,-1) and 7 (1,1,1), which both results in a zero output voltage vector, are the
origin.
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Fig. 4.3. Block scheme of VSC control system.
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An output ac voltage with fixed magnitude can be generated by utilizing the eight switch-
ing states. All six switches have a duty ratio equal to 0.5, and the magnitude of the ac voltage
can be changed by changing the dc-link voltage. The disadvantages with a converter operat-
ing in square wave, which this operation mode is called, are that the output voltage contains
low-frequency harmonics [61]. A variable output ac voltage is obtained by controlling the
time each of the six IGBT valves is on during one switching period. This will result in a
voltage vector inside the hexagon. By combining the eight switching states, any voltage vec-
tor inside the hexagon can be generated. A voltage vector inside each sector of the hexagon
can be generated by controlling the time during which the two vectors limiting the sector,
together with zero vector are on. For example, a voltage vector inside sector s = 4 is obtained
by utilizing state u4, u5 and u0. This is called state space modulation. It is possible with
state space modulation to reduce the low-order harmonics [46]. A simpler way to determine
the on time of the switch is to compare the reference voltage signal for each phase with a
triangular wave, which has its peak value equal to half the dc-link voltage. By comparing the
three reference signals and the triangular signals, three pulse patterns are obtained, which are
used to control the IGBTs in the three phase legs of the VSC. When the voltage reference
value is lower than the triangular wave, the IGBT connected to the plus pole conducts, and
when the reference value is higher than the triangular wave, the IGBT connected to the minus
pole conducts. The output voltage for each leg reproduces the pulse pattern, and its funda-
mental component is equal to the reference signal. By changing the width of the pulses to the
IGBTs, the output voltage is varied, and therefore this is called Pulse Width Modulation [62].

The dc-link voltage and the reference values are sampled and used to generate the tri-
angular wave and the reference signals, which are compared to determine the firing pulses.
The sampling can be done once per switching period (this is called regular-sampled symmet-
ric PWM) or twice per switching period (this is called regular-sampled asymmetric PWM).
Fig. 4.5 shows an example of how the switching pattern is generated for a sinusoidal refer-
ence signal using asymmetric regular sampled voltages [63].

The fundamental component of the PWM signal equals the desired ac voltage. The mod-
ulation technique and the switching frequency influence the harmonic content of the obtained
output voltage. Using PWM reduces the low-order harmonics: harmonic components are
concentrated at the switching frequency and its side bands, and at multiples of the switching
frequency [46]. High switching frequency allows smaller filters to filter the harmonics, but
increases the switching losses in the converter. Therefore, moderate switching frequency are
chosen for high-power applications [59].

The maximum output voltage is a vector inside the hexagon, and if the voltage vector
becomes larger this is called overmodulation (OVM). By limiting the voltage vector inside a
circle inscribed in the hexagon, it is possible to reduce the low-order harmonics in the output
voltage. This will give a maximum sinusoidal phase-to-phase voltage with a magnitude equal
to udc

√

1/2 using power invariant Clarke-transformation [64]. Using the technique which
compares the reference signal with the triangular wave will limit the maximum sinusoidal
voltage to udc

2

√

3/2. By choosing the right modulation technique 0.15 p.u. can be gained.
Adding a zero sequence to the reference signals, which decreases the peak value of the
reference signal makes it possible to use the additional 0.15 p.u.. This modulation technique
is called optimized PWM [62]. This zero sequence must be prevented to flow in the system
and there are two ways to block it; the first way is to have the dc-link ungrounded, and the
second way is to prevent the zero sequence to flow on the ac side. One method is to use a
delta-wye transformer, which blocks the zero sequence.
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Fig. 4.5. Pulse width modulation (PWM): (a) regular sampled reference signal and triangular wave,
(b) corresponding PWM pattern.

4.3 Vector Current Control

The current control system adopted here uses a vector controller implemented in the syn-
chronous dq-coordinate system, where the symmetrical ac quantities appear as dc quanti-
ties [49]. From Fig. 4.1, the following equations can be derived

u1(t) − e1(t) − Rfi1(t) − Lf
di1(t)

dt
= 0

u2(t) − e2(t) − Rfi2(t) − Lf
di2(t)

dt
= 0

u3(t) − e3(t) − Rfi3(t) − Lf
di3(t)

dt
= 0.

(4.2)

These three equations can be transformed into the αβ- and dq reference frame. The αβ-
transformation is power invariant and the dq-transformation is made in a flux oriented sys-
tem. After these two transformations, (4.2) becomes

Lf
didq(t)

dt
= udq(t) − (Rf + jωLf)idq(t) − edq(t). (4.3)

The calculation time of the digital control system is one sample, which means that the digital
controller will be one sample after the real system. To run the system with high gain without
having instability, the delay time must be compensated. One method is to use a state observer
which can predict the grid currents for the next sample. Using a Smith Predictor [65], the
predicted current îdq is calculated by using Forward Euler Method

îdq[k + 1] =

(

1 −
RfTs

Lf
− jωTs

)

îdq[k] +
Ts

Lf
(udq[k] − edq[k]) + K(idq[k] − îdq[k]) (4.4)
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where K is the observer gain and Ts is the sampling time. From (4.3), a discrete time PI-
controller can be derived with the following expression [49]

uref
d [k] = ed[k] + Rfid[k] −

ωLf

2
(iq[k] + iref

q [k])

+ kp(i
ref
d [k] − id[k] − îd[k − 1] + îd[k]) + ∆uid[k]

uref
q [k] = eq[k] + Rfiq[k] +

ωLf

2
(id[k] + iref

d [k])

+ kp(i
ref
q [k] − iq[k] − îq[k − 1] + îq[k]) + ∆uiq[k]

(4.5)

and the integral error is equal to

∆uid[k] = ∆uid[k − 1] + ki(i
ref
d [k − 2] − id[k] − îd[k − 1] + îd[k])

∆uiq[k] = ∆uiq[k − 1] + ki(i
ref
q [k − 2] − iq[k] − îq[k − 1] + îq[k])

(4.6)

where kp is the proportional gain and ki the integral gain. To obtain dead-beat gain, which
means that the sampled current at time k + 2 equals the reference current at time k, the
controller parameters have to be selected as [49]

kp =
Lf

Ts
+

Rf

2

ki =
kpTsRf

Lf
.

(4.7)

The feed-forward voltage terms in (4.5) can be written as

uff
d [k] = ed[k] + Rid[k] −

ωLf

2
(iq[k] + iref

q [k])

uff
q [k] = eq[k] + Riq[k] +

ωLf

2
(id[k] + iref

d [k]).

(4.8)

A scheme of the current controller is shown in Fig. 4.6. The performance of the controller

PI

D SO

VSC
+

+
+

+
-

-- +
][kiref

dq ]1[ −kidq

][ku ff
dq

][ˆ kidq

]1[ˆ −kidq

D

Fig. 4.6. Current control system with a state observer. u
ff
dq[k] is the feed-forward term, D denotes

one sample delay, and VSC denotes the system.

was simulated in PSCAD/EMTDC, and tested in a laboratory setup, which is described in
Chapter 6. The VSC is connected to a stiff ac grid and supplied with a stiff dc source. The
parameters of the laboratory system in Table 4.1 were used in the simulations.
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TABLE 4.1
PARAMETERS OF A VSC SYSTEM.

Grid voltage E 325 V 1.0 p.u.
Grid current I 5.8 A 1.0 p.u.
DC-link voltage Udc 650 V 1.0 p.u.
Filter resistance Rf 0.213 Ω 0.0038 p.u.
Filter inductance Lf 15 mH 0.0841 p.u.
Grid frequency fg 50 Hz
Sampling frequency fs 5 kHz

The vector current controller with a Smith Predictor was tested both with a step in the
active current iq and the reactive current id. The observer gain K was set to 0.1. The sim-
ulation of a step in iq from 0 to -0.7 p.u. is shown in Fig. 4.7, which shows that the current
reference value is reached after two samples. The corresponding measurement is shown in
Fig. 4.8. The measured values contain noise with an amplitude of 0.03 p.u., which results in
a longer time before the current reaches the reference value. The response of the system due
to the step in id from 0 to 0.56 p.u. is shown in Figs. 4.9 and 4.10. Also here the influence of
the noise is visible.
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Fig. 4.7. Simulation result current controller with Smith predictor: step iq from 0 to -0.7 p.u..

The maximum output voltage of the VSC is determined by the hexagon in the αβ-plane.
If the output reference voltage uref

αβ is limited to ūref
αβ, which stays inside the circle inside

the hexagon, shown in Fig. 4.11, low-frequency harmonics can be reduced [65]. Different
strategies to limit the voltage vector have been discussed in [64]. The size of the hexagon,
and thereby the radius of the circle, is determined by the dc-link voltage. A current control
system with voltage limitation is shown in Fig. 4.12. During voltage limitation the integral
error of the current is limited to avoid wind up of the integral part of the controller. Using
back calculation of the integral error will increase the performance of the controller, and is
described by [65]

∆îdq[k] = i
ref
dq [k] − îdq[k] + îdq[k − 1] − idq[k − 1] +

1

kp
(uref

dq [k] − u
ref
dq [k]) (4.9)

A step in iq from 0 to 0.7 p.u., which results in OVM, was applied to test the performance
of the current controllers, both with simulation and measurement. Using a current controller
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Fig. 4.8. Measurement result current controller with Smith predictor: step iq from 0 to -0.7 p.u..
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Fig. 4.9. Simulation result current controller with Smith predictor: step id from 0 to 0.56 p.u.

0 0.5 1.0 1.5 2.0 2.5
−0.5

0

0.5

1

1.5

i d,i dre
f  [p

.u
.]

(a)

0 0.5 1.0 1.5 2.0 2.5
−0.5

−0.25

0

0.25

0.5

i q,i qre
f  [p

.u
.]

(b)

Time [ms]

Fig. 4.10. Measurement result current controller with Smith predictor: step id from 0 to 0.56 p.u.

42



4.3. Vector Current Control

α

β

u1 (1,-1,-1)

u2 (1,1,-1)u3 (-1,1,-1)

u4 (-1,1,1)

u5 (-1,-1,1) u6 (1,-1,1)

refuαβ

2
3

2
dcref u

u =αβ

Fig. 4.11. Reference voltage u
ref
αβ and limited reference voltage ū
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with a Smith Predictor has a slow response, an overshoot and a large cross coupling, which
can be seen in Figs. 4.13 and 4.14. The second current controller with Smith predictor,
voltage limitation and back calculation has a faster response, no overshoot and no cross
coupling. The simulation and measurement results are shown in Figs. 4.15 and 4.16. The
simulation results for the two current controllers are compared in Fig. 4.17, which shows
that extending the current controller with voltage limitation and back calculation improves
its transient performance.
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Fig. 4.13. Simulation result of current controller with Smith Predictor: step iq from 0 to 0.7 p.u.
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Fig. 4.14. Measurement result of current controller with Smith Predictor: step iq from 0 to 0.7 p.u.

4.4 DC-Link-Voltage Control

When using the VSC as a rectifier the dc-link voltage is not stiff, but it must be controlled and
this is achieved by controlling the active current iq. The dc-link-voltage controller calculates
the reference value of the active current iref

q which is forwarded to the current controller. In
this section, three different types of dc-link voltage controllers are analyzed; one using the
dc-link voltage only, one using the dc-link voltage and the measured dc load current, and one
using the dc-link voltage and an observer for the dc load current.
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Fig. 4.15. Simulation result of current controller with Smith predictor, voltage limitation and back
calculation: step iq from 0 to 0.7 p.u.
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Fig. 4.16. Measurement result of current controller with Smith Predictor, voltage limitation and
back calculation: step iq from 0 to 0.7 p.u.
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Fig. 4.17. Simulation result for current controller with Smith Predictor (solid) and current controller
with Smith Predictor, voltage limitation and back calculation (dashed).
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4.4.1 Energy-Balance DC-Link-Voltage Controller

The energy-balance dc-link voltage controller (EB) origins from the relation between energy
change and voltage of a capacitor [66]. The sum of the power flowing out of the dc link must
equal the change of energy stored in the capacitor wc(t), which is described by

dwc(t)

dt
= −pac(t) − pdc(t) (4.10)

where pac is the ac power, and pdc is the dc power, both flowing out from the capacitor. The
energy in a capacitor is equal to

wc(t) =
1

2
Cu2

dc(t). (4.11)

Substituting u2

dc with W gives

1

2
C

dW (t)

dt
= −pac(t) − pdc(t). (4.12)

The power pac is equal to eqiq and the transfer function from iq to W then becomes

G(s) = −
2eq

sC
. (4.13)

The process has a pole in the origin, which makes it stable but undamped. This motivates
adding a virtual resistance Ga, which will give an active damping and modifies the current to

iq = i′q + GaW. (4.14)

The transfer function from i′q to W becomes

G′(s) = −
2eq

sC + 2eqGa
. (4.15)

The system can be represented by Fig. 4.18. If the closed loop system is chosen to be a first
order system with bandwidth α, and the dc load is treated as a disturbance D with the same
bandwidth as the closed loop system, the control parameters can be selected as in

kp = −
αC

2eq

ki = −
α2C

eq

Ga =
αC

eq

.

(4.16)

The bandwidth of the dc-link-voltage controller shall be selected to be at least one decade
slower than the inner current controller, which has a 5 kHz bandwidth. Fig. 4.19 shows how
the poles move on the real axis, which results in a well damped system, when the bandwidth
is increased from 100 to 500 Hz.

The VSC has a maximum current rating determined by the IGBT valves. To prevent
the reference current to exceed the maximum current imax

q , the controller is extended with
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Fig. 4.18. Scheme of EB in continuous time domain.
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current limitation. To avoid wind up of the integral error when the current is limited, the
controller utilizes back calculation. Also, if the reference voltage is limited by the current
controller, i.e. OVM, the integral error is freezed the sample after to avoid wind up. The
scheme of the discrete controller used for digital implementation is shown in Fig. 4.20 and
can be summarized by the expressions

e[k] = (uref
dc [k])2 − u2

dc[k]

iref
q [k] = kp · e[k] + ki · ie[k] + Ga · u

2

dc[k]

i
ref
q [k] = sgn(iref

q [k]) · min(abs(iref
q [k]), imax

q )

ie[k] = ie[k − 1] + Ts ·

(

e[k] +
1

kp
(i

ref
q [k] − iref

q [k])

)

.

(4.17)

The performance of the dc-link voltage controller is investigated using both simulations
and measurements. It is of interest to investigate which parameters affect the controller. The
performance of the controller can be seen by how much the dc-link voltage deviates from
the reference value when a load is connected and disconnected to the dc side. It is of interest
to see how different designs of the dc link, selection of parameters of the controller and
different load types affect the dc-link voltage. The parameters of the system are reported in
Table 4.2.

TABLE 4.2
PARAMETERS OF VSC SYSTEM.

Grid voltage E 325 V 1.0 p.u.
Grid current I 5.8 A 1.0 p.u.
Maximum reference current imax

q 10.65 A 1.5 p.u.
DC-link voltage udc 650 V 1.0 p.u.
DC-link capacitance C 165 µF 2.9 p.u.
Filter resistance Rf 0.213 Ω 0.0038 p.u.
Filter inductance Lf 15 mH 0.0841 p.u.
Grid frequency fg 50 Hz
Sampling frequency fs 5 kHz

The parameters selected as the base case for the performance test of the DCC are the
following: 250 Hz bandwidth of the dc-link-voltage controller, 2.9 p.u. dc-link capacitance
and a 0.92 p.u. resistive load. The corresponding simulation and measurement results when
connecting the load are shown in Figs. 4.21 and 4.22. The simulated dc-link voltage reaches
a minimum voltage of 0.94 p.u.. The dc-link voltage shows the first order characteristic of the
voltage controller. The grid currents are sinusoidal, which was one of the criteria of a good
interface. The results of load disconnection are shown in Figs. 4.23 and 4.24. The simulated
system has a maximum voltage of 1.06 p.u., but the measurement has a much slower voltage
rise compared with the simulation result when the load is disconnected. This is because in
reality it is not possible to bring the dc current to zero instantaneously.

The dc-link voltage controller was also tested with different types of loads: CR, CC
and CP. Only simulation results are presented for the CC and CP case. Fig. 4.25 shows
the influence of load type when connecting and disconnecting a 0.92 p.u. load. The result
shows that the CP load gives the lowest dc-link voltage (0.94 p.u.) and this is due to its
characteristic; when the voltage decreases the current increases, and this has a negative effect
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Fig. 4.21. Simulation results for EB with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Connection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and OVM signal
and (c) three-phase currents.
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Fig. 4.22. Measurement results for EB with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Connection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and (c) three-phase
currents.
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Fig. 4.23. Simulation results for EB with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Disconnection of a 0 92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and OVM signal
and (c) three-phase currents.
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Fig. 4.24. Measurement results for EB with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Disconnection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and (c) three-
phase currents.
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on the system. When disconnecting a load, the type does not affect the system since the load
is not connected.

0 0.01 0.02 0.03 0.04 0.05
0.9

0.95

1

1.05

1.1

u dc
,u

dcre
f  [p

.u
.]

(a)

0 0.01 0.02 0.03 0.04 0.05
0.9

0.95

1

1.05

1.1(b)

u dc
,u

dcre
f  [p

.u
.]

Time [s]

Fig. 4.25. Simulation result for EB with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Connection (a) and disconnection (b) of different types of loads: CR (solid), CC (dashed) and CP
(dashed dotted).

The size of the dc-link has a great impact on the performance of the system. A bigger
capacitor does not require a fast voltage controller since the transient energy can be taken
from it without the voltage being affected. However, a bigger capacitor will lead to a higher
cost. Fig. 4.26 shows the simulation result where different sizes of the dc-link capacitance
have been tested. Capacitances of 1.45, 2.9 and 5.8 p.u. have been used when connecting
and disconnecting a 0.92 p.u. resistive load. The minimum value of the dc-link voltage
when connecting the load was 0.89, 0.94 and 0.97 p.u. for 1.45, 2.9 and 5.8 p.u. dc-link
capacitance, respectively, and the maximum value was 1.12, 1.06 and 1.03 p.u. for the same
capacitors. A bigger capacitor will reduce the deviation from the reference value.
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Fig. 4.26. Simulation result EB with a 250 Hz bandwidth. Connection (a) and disconnection (b)
of a 0.92 p.u. resistive load, with 1.45 (dashed dotted), 2.9 (solid) and 5.8 p.u. (dashed) dc-link
capacitance.

The bandwidth of the controller also determines the performance of the system. A faster
controller can result in a smaller size of capacitance. Bandwidths of 250 and 500 Hz have
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been tested, which equals to 10 respectively 20 times slower than the current controller. The
result is shown in Fig. 4.27. Using 250 Hz results in 0.94 p.u. minimum dc-link voltage when
connecting the load, and 1.06 p.u. maximum dc-link voltage when disconnecting the load.
Using 500 Hz results in 0.96 and 1.04 p.u. A faster dc-link-voltage controller will reduce the
magnitude of the transient when connecting and disconnecting a load, as expected.
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Fig. 4.27. Simulation result for EB with a 2.9 p.u. dc-link capacitance. Connection (a) and discon-
nection (b) of a 0.92 p.u. resistive load with 250 (solid) and 500 Hz (dashed) bandwidth of the dc-link
voltage controller.

4.4.2 Load-Current-Feed-Forward DC-Link Voltage Controller

The load-current-feed-forward dc-link-voltage controller (LC) origins from the relation be-
tween the voltage and current of a capacitor

i(t) = C
dudc(t)

dt
. (4.18)

The Laplace transformation of (5.5) gives the transfer function of the process, G(s), as

G(s) =
Udc(s)

I(s)
=

1

sC
. (4.19)

The controller is chosen to be a PI-controller described by

F (s) = kp +
ki

s
. (4.20)

The transfer function of the closed-loop system becomes

FG

1 + FG
=

kp

C
s +

ki

C

s2 +
kp

C
s +

ki

C

(4.21)

and its denominator has the characteristic of a double-pole system, given by

s2 + 2ζω0s + ω2

0
,
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where ζ is the damping constant, and ω0 is the frequency of the undamped oscillation. Iden-
tification gives the control parameters as in

kp = −4αCζ2

ki = −4α2Cζ2

kff = −
uref

dc

eq

(4.22)

where α determines the bandwidth of the system. To increase the speed of the dc-link-voltage
controller the measured dc load current is fed forward which is denoted FF in Fig. 4.28.
The feed-forward term is used to mitigate the load which is denoted as D. A disadvantage
is that all frequency components of the dc load current are directly fed into the reference
current. Oscillation in the dc current will result in harmonics in the grid currents. One way
to overcome this problem is to low-pass filter the dc current.

F 1/sC

D
ref
dcu

+ ++-
- dcu

+

FF

Fig. 4.28. Scheme of LC in continuous time domain.

The poles of the closed loop system when the bandwidth is increased from 100 to 500 Hz
are shown in Fig. 4.29. When the bandwidth is 100 Hz, the poles lay close to the limit of a
well damped system. Increasing the bandwidth moves the poles more from the area, which
will give a well damped system. LC is also extended with current limitation, back calculation
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Fig. 4.29. Pole loci of the LC when the bandwidth 100 < α < 500 Hz.

and feed forward of the OVM signal. The discrete controller which can be implemented in a
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digital control system is shown in Fig. 4.30, and can be summarized by

e[k] = uref
dc [k] − udc[k]

iref
q [k] = kp · e[k] + ki · ie[k] + kff · idc[k]

i
ref
q [k] = sgn(iref

q [k]) · min(abs(iref
q [k]), imax

q )

ie[k] = ie[k − 1] + Ts ·

(

e[k] +
1

kp
(i

ref
q [k] − iref

q [k]

)

.

(4.23)

1/kp

D kiTs

kp+ -

+
+

+ +

+
+

-
+

ref
dcu

dcu

ref
qi

ref
qi

ie

e
+

dcff ik

Fig. 4.30. Scheme of the discrete LC with current limitation and measured dc load current feed
forward. D denotes one sample delay.

The same base case is used for LC as for EB, and simulation and measurement results of
connecting a 0.92 p.u. resistive load are shown in Figs. 4.31 and 4.32. The dc-link voltage has
a faster transient compared with EB, but also an oscillation is present due to the controller
is close to the limit of a well-damped system. The simulated minimum dc-link voltage
becomes 0.98 p.u., and the overshoot 0.013 p.u. Figs. 4.33 and 4.34 show disconnection of
the same load. In the simulation the reference current iref

q has a step to zero when the load
is disconnected due to the feed-forward term. This will cause the VSC into overmodulation,
which is shown in Fig. 4.33(b), and the integral error in the LC will be freezed. The current
controller looses track of the reference current during a short time, which causes an overshoot
in the dc-link voltage. The simulation results in a maximum dc-link voltage of 1.04 p.u., and
a decrease of 0.01 p.u. The high overshoot in the voltage is not present in the measurement
due to the interruption of the dc current.

Like for the EB, it is interesting to see how different load types affect the performance
of the system. The simulation result of connecting and disconnecting different load types is
shown in Fig. 4.35. In this case, the difference between the three loads is smaller compared
with the EB case in Fig. 4.25 due to fact that the LC uses the measured dc current.

The performance of the system with different sizes of dc-link capacitors has been simu-
lated and the result is shown in Fig. 4.36. The minimum voltage when connecting a 0.92 p.u.
resistive load was 0.95, 0.98 and 0.99 p.u. using 1.45, 2.9 and 5.8 p.u. dc-link capaci-
tance, respectively. When disconnecting the load the voltage was maximum 1.08, 1.04 and
1.02 p.u. using the same sizes of capacitors. A bigger capacitor improves the performance
of the system.

The last parameter to analyze for the LC is the bandwidth of the dc-link voltage con-
troller. The same bandwidths as for the EB were tested, but it was not possible to use 500 Hz
since the system became not well damped when connecting the resistive load. From Fig. 4.29
it can be seen that the poles are moving from the area were the system is well damped. The
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Fig. 4.31. Simulation results for LC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Connection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and OVM signal
and (c) three-phase currents.
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Fig. 4.32. Measurement results for LC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Disconnection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and (c) three-
phase currents.
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Fig. 4.33. Simulation results for LC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Connection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and OVM signal
and (c) three-phase currents.
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Fig. 4.34. Measurement results for LC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Disconnection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and (c) three-
phase currents.
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Fig. 4.35. Simulation results for LC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Connection (a) and disconnection (b) of different types of loads: CR (solid), CC (dashed) and CP
(dashed dotted).
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Fig. 4.36. Simulation result LC with a 250 Hz bandwidth. Connection (a) and disconnection (b)
of a 0.92 p.u. resistive load, with 1.45 (dashed dotted), 2.9 (solid) and 5.8 p.u. (dashed) dc-link
capacitance.
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maximum bandwidth possible was 389 Hz. The result is shown in Fig. 4.37. Using 250 Hz
resulted in 0.98 as minimum and 1.04 p.u as maximum dc-link voltage when connecting and
disconnecting the load. Using 389 Hz resulted in the same values, but with more dc-link
voltage oscillations.
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Fig. 4.37. Simulation results for LC with a 2.9 p.u. dc-link capacitance. Connection (a) and
disconnection (b) of a 0.92 p.u. resistive load with 250 (solid), 389 (dashed dotted) and 500 Hz
(dashed) bandwidth of the dc-link voltage controller.

4.4.3 Observer-Load-Current-Feed-Forward DC-Link-Voltage Controller

The observer-load-current-feed-forward dc-link-voltage controller (OLC) uses the same con-
troller as LC, but with the exception that the dc load current is not measured. A dc load
current observer is used to calculate the dc load current from the measured ac currents [67].
This will save costs due to reduced number of current measurement modules. The observer
calculates the power flowing into the converter from the ac grid and assumes that the power
is consumed by either the dc-link capacitor or the load connected to the dc link. The power
losses of the converter are neglected. The scheme of the load current observer is shown in
Fig. 4.38.

G
-
+

-+

Fp

DFi-+dci

dcu

dcû
dcî

dcu∆

Fig. 4.38. Scheme of load current observer. D denotes one sample delay.

The process G represents the dc-link capacitor. The observer compares the calculated
dc-link voltage with the measured and uses the voltage difference to calculate how much
current is flowing into the capacitor and how much is going to the load.

The current observer is a second order system, and if the observer is assumed to have
a real double pole in λ, which must satisfy λ < 1 to be stable, the observer gain can be
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calculated as [67]

h1 = 2 − 2λ

h2 =
Cdc

Ts
(1 − h1 − λ2)

(4.24)

where h1 and h2 are the gains of the current observer.
The discrete controller is shown in Fig. 4.39 and can be summarized by the expressions

idc[k] =
eq[k] · iq[k]

udc[k]

∆udc[k] = udc[k] − ûdc[k]

ûdc[k] = ûdc[k − 1] +
Ts

Cdc

(

Cdc

Ts
· h1 · ∆udc[k] + idc[k] − îdc[k]

)

îdc[k] = îdc[k − 1] + h2 · ∆udc[k]

e[k] = uref
dc [k] − udc[k]

iref
q [k] = kp · e[k] + ki · ie[k] + kff · îdc[k]

i
ref
q [k] = sgn(iref

q [k]) · min(abs(iref
q [k]), imax

q )

ie[k] = ie[k − 1] + Ts ·

(

e[k] +
1

kp
(i

ref
q [k] − iref

q [k]

)

.

(4.25)
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Fig. 4.39. Scheme of dc-link-voltage controller with load current observer. D denotes one sample
delay.

The difference between LC and OLC is that the OLC does not measure the dc load
current. For the tests, λ equal to 0.8 has been used when nothing else is stated. In Figs. 4.40
and 4.41 the system response when connecting a 0.92 p.u. resistive load is shown. The
response of the system is faster compared with EB and slower but without any overshoot
compared with LC. The minimum simulated dc-link voltage is 0.96 p.u. which is less than
LC but higher than EB.

Figs. 4.42 and 4.43 show the system response when disconnecting the same load. The
simulated maximum dc-link voltage is 1.04 p.u. which is equal compared with LC but lower
compared with EB. The observer slows down the system since the dc load current must be
calculated. This can be seen by comparing iref

q in Figs. 4.33 and 4.42.
Connection and disconnection of different load types were simulated, and the result is

shown in Fig. 4.44. The load type has no influence on the system response like for the LC.
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Fig. 4.40. Simulation results for result OLC with a 250 Hz bandwidth and a 2.9 p.u. dc-link
capacitance. Disconnection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current
and OVM signal and (c) three-phase currents.
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Fig. 4.41. Measurement results for result OLC with a 250 Hz bandwidth and a 2.9 p.u. dc-link
capacitance. Disconnection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current
and (c) three-phase currents.
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Fig. 4.42. Simulation results for OLC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Disconnection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and OVM signal
and (c) three-phase currents.
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Fig. 4.43. Measurement results for OLC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Disconnection of a 0.92 p.u. resistive load: (a) dc-link voltage, (b) active grid current and (c) three-
phase currents.
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Fig. 4.44. Simulation result OLC with a 250 Hz bandwidth and a 2.9 p.u. dc-link capacitance.
Connection (a) and disconnection (b) of different types of loads: CR (solid), CC (dashed) and CP
(dashed dotted).

Different sizes of the dc-link capacitance were used when simulating load connection
and disconnection to see how it affects the performance of the system. The result is shown in
Fig. 4.45. The minimum voltage when connecting a 0.92 p.u. resistive load was 0.93, 0.96
and 0.98 p.u. using 1.45, 2.9 and 5.8 p.u. dc-link capacitors. When disconnecting the load
the voltage was maximum 1.08, 1.04 and 1.02 p.u. using the same sizes of capacitors. Also
for the OLC a bigger capacitor improves the performance.
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Fig. 4.45. Simulation result OLC with a 250 Hz bandwidth. Connection (a) and disconnection
(b) of a 0.92 p.u. resistive load, with 1.45 (dashed dotted), 2.9 (solid) and 5.8 p.u. (dashed) dc-link
capacitance.

Different values of λ were used when simulating load connection and disconnection to
see how it affects the performance of the system. The result is shown in Fig. 4.46. Values of
λ equal to 0.5, 0.8 and 0.95 were tested. A lower value of λ improves the performance of the
system.

The last parameter to test is the bandwidth of the OLC controller. Both 250 and 389 Hz
have been simulated. The result is shown in Fig. 4.47. Using 250 Hz resulted in 0.96 as
minimum and 1.05 p.u as maximum dc-link voltage when connecting and disconnecting the
load. Using 389 Hz resulted in a decrease of the minimum dc-link voltage with 0.005 p.u.
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Fig. 4.46. Simulation result OLC with a 250 Hz bandwidth. Connection (a) and disconnection (b)
of a 0.92 p.u. resistive load, with λ equal to 0.5 (dashed), 0.8 (solid) and 0.95 p.u. (dashed dotted).

when connecting the load, and the maximum dc-link voltage was unchanged when discon-
necting the load, but the minimum was less. However, a faster controller generates more
dc-link voltage oscillations.
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Fig. 4.47. Simulation result OLC with a 2.9 p.u. dc-link capacitance. Connection (a) and disconnec-
tion (b) of a 0.92 p.u. resistive load with 250 (solid) and 500 Hz (dashed) bandwidth of the dc-link
voltage controller.

Finally, the three dc-link controllers are compared in Fig. 4.48; EB has 250 and 500 Hz
bandwidth, and LC and OLC have 250 Hz bandwidth. This to be able to compare their
performance. The simulation shows that the LC has the fastest response, OLC has a slower
response compared with LC but faster than EB, even if the bandwidth of EBs is increased by a
factor two. The minimum level when connecting a load varies between the three controllers.
LC decreases least and EB most. When disconnecting a load, all three controllers result in
the same maximum overshoot. However, the voltage-time area is different.

4.4.4 Transient Performance of DC-Link-Voltage Controllers

One of the requirements on the VSC was to have a stable dc-link voltage. The performance
so far has been measured when connecting and disconnecting a load. Another case which
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Fig. 4.48. Simulation result EB with 250 Hz (dashed) and 500 Hz bandwidth (solid), LC (dashed
dotted) and OLC (dotted) with 250 Hz bandwidth. Connection (a) and disconnection (b) of a 0.92
p.u. load.

is of interest to study is the system performance during disturbances on the ac grid. A
symmetrical fault on the ac grid is not a problem for the VSC, since it can boost the dc-
link voltage. However, the limit of the retained ac voltage is determined by the maximum
reference current imax

q and the load connected to the dc link. This can be seen from the power
balance equation

eqiq = udcidc (4.26)

which gives the minimum retained ac voltage at a certain load condition as

emin
q =

uref
dc idc

imax
q

(4.27)

If a 1.0 p.u. load is connected to the dc link and the maximum reference current is 1.5 p.u., the
minimum retained ac voltage is 0.67 p.u. The system performance under a symmetrical fault
with basic case parameters for the EB to illustrate (4.27) is shown in Fig. 4.49. The retained
grid voltage during the fault is 0.7 p.u., the load is 0.92 p.u. and the maximum reference
current 1.5 p.u.. A comparison among the three controllers is shown in Fig. 4.50. All three
controllers are able to maintain the dc voltage at the reference level besides a transient due
to the change in eq. EB has a slower response compared with LC and OLC.

The performance of the VSC during an unsymmetrical fault on the ac grid was both
simulated and measured in the laboratory. A phase-to-phase fault with 0.75 p.u. retained
voltage during 0.07 s, and with 12 % unbalance and a 12° phase-angle jump was used in
the simulations, and in the laboratory it was a phase-to-phase fault with 0.79 p.u. retained
voltage during 0.07 s, and with 27% unbalance and a 11° phase-angle jump. The unbalance
here is defined as the ratio of the negative and the positive sequence, and the phase-angle
jump as arctan(ed/eq) [68]. The smaller phase-angle jump will be seen as a smaller tran-
sient in the dc-link voltage and the higher unbalance as a higher oscillation in the dc-link
voltage and the currents. To be able to make the fault in the laboratory, as explained later
in Chapter 6, a weak ac grid was used, and then the grid voltages will be affected by the
converter currents. Therefore the gain of the VCC was reduced to 70 % of dead-beat gain
and the gain of the DCC to 125 Hz. Physical limitations in the laboratory made it impossible
to make faults which are close to the operation limit of converter. During voltage unbalance
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Fig. 4.49. Simulation result for EB with basic case parameters during a symmetric fault. (a) grid
voltages, (b) dc-link voltage and (c) active grid current.
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Fig. 4.50. Simulated dc-link voltage for EB (solid), LC (dashed) and OLC (dashed dotted) during a
balanced fault.

65



Chapter 4. Voltage Source Converter and its Control

there will be both a positive and a negative sequence component [64]. The current controller
cannot handle a negative sequence voltage, and this will result in a 100 Hz component in
the transformed dq-components. This will result in an oscillation on the dc-link voltage with
the same frequency. The results using EB are shown in Figs. 4.51 and 4.52. In both cases,
the dc-link voltage decreases when the fault is applied and then increases to the reference
level but with a 100 Hz oscillation. The measured dc-link voltage increases slower than the
simulated one. Using LC results in faster transient in the dc-link voltage compared with EB.
The simulation result is shown in Fig. 4.53 and the corresponding measurement in Fig. 4.54.
The OLC shows a similar behavior as the LC. The simulation result is shown in Fig. 4.55
and the corresponding measurement in Fig. 4.56. A comparison of the three dc-link voltages
is shown in Fig. 4.57. The simulation shows that EB has a larger transient compared with LC
and OLC during a symmetric fault, but a smaller steady-state oscillation during an unsym-
metric fault. LC has the shortest transient during a balanced fault but the largest steady-state
oscillation during an unsymmetrical fault.
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Fig. 4.51. Simulation results for EB with basic case parameters during a un-symmetric fault. (a)
grid voltages, (b) dc-link voltage and (c) active grid current.

4.5 Conclusions

In this chapter, the control system of a VSC used as a rectifier has been studied. In the first
part, the current controller of a VSC was analyzed and tested. Simulations and measurements
show that it is possible to improve the performance of the current controller by extending the
PI controller with voltage limitation and integrator anti wind-up.

The dc-link-voltage controller determines how well the system is able to maintain stable
dc-link voltage during load transients and grid disturbances. Three different controllers have
been analyzed, simulated and tested in a laboratory setup.
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Fig. 4.52. Measurement results for EB with basic case parameters during a un-symmetric fault. (a)
grid voltages, (b) dc-link voltage and (c) active grid current.
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Fig. 4.53. Simulation results for LC with basic case parameters during a un-symmetric fault. (a)
grid voltages, (b) dc-link voltage and (c) active grid current.
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Fig. 4.54. Measurement results for LC with basic case parameters during a un-symmetric fault. (a)
grid voltages, (b) dc-link voltage and (c) active grid current.
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Fig. 4.55. Simulation results for OLC with basic case parameters during a un-symmetric fault. (a)
grid voltages, (b) dc-link voltage and (c) active grid current.
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Fig. 4.56. Measurement results for OLC with basic case parameters during unsymmetric fault. (a)
grid voltages, (b) dc-link voltage and (c) active grid current.
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Fig. 4.57. Simulated dc-link voltage for EB (solid), LC (dashed) and OLC (dashed dotted) during a
balanced fault.

69



Chapter 4. Voltage Source Converter and its Control

The performance of the controllers has been measured by the maximum dc-link voltage
variation from the reference when connecting and disconnecting a load. Different cases have
been studied to see which parameters affect the performance of the dc-link-voltage controller.
Different load types, bandwidths of the controller, sizes of the dc-link capacitance have been
tested. The results are summarized in Table 4.3. Simulations have shown that different load
types do not affect the performance of the dc-link-voltage controller.

TABLE 4.3
OVERVIEW OF DIFFERENT DC-LINK-VOLTAGE-CONTROLLER CONFIGURATION.

DCC Bandwidth [Hz] Cdc [p.u.] udc,min [p.u.] udc,max [p.u.]
EB 250 1.45 0.89 1.12
EB 250 2.9 0.94 1.06
EB 250 5.8 0.97 1.03
EB 500 2.9 0.96 1.04
LC 250 1.45 0.95 1.08
LC 250 2.9 0.98 1.04
LC 250 5.8 0.99 1.02
LC 389 2.9 0.98 1.04

OLC 250 1.45 0.92 1.08
OLC 250 2.9 0.96 1.04
OLC 250 5.8 0.98 1.02
OLC 389 2.9 0.96 1.05

The results show that it is important to consider within which application the controller
will be used to be able to choose the controller which will give the best performance. For
load transients, the LC is the best choice if a fast system is desired. If the dc load current
is not measured, EB or OLC can be selected. If no voltage oscillation is allowed, EB is
the choice due to its first order characteristic, but on the other hand it has a slower response
compared with OLC. Considering ac grid faults, LC and OLC give a smaller voltage transient
compared with EB.
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Chapter 5

Voltage Source Converter with Buck
Converter

In this project, an ac/dc-interface consisting of a VSC connected in series with a Buck con-
verter (VSCBC) is proposed. The three-phase VSC, earlier described in Chapter 4, is used to
convert ac to a controllable dc voltage, and also provide high power quality and bi-directional
power flow. The Buck converter, which is used to step down the VSC dc-link voltage to an
appropriate voltage level, also has bi-directional power flow. The proposed interface is de-
signed to maintain a stable dc output voltage during load transients and disturbances on the
ac grid.

5.1 Buck Converter

A Buck converter is a step down dc/dc converter, and an electric scheme of which is shown in
Fig. 5.1 [45]. This converter has two switches with associated free-wheeling diodes instead
of one switch and one diode as in Fig. 2.10(a). The reason is that the converter must be able
to handle bi-directional power flow. The output voltage can be varied by utilizing PWM,
described earlier in Section 4.2. The input voltage udc, the output voltage udc,out, the inductor
current iind and the load current iload of a Buck converter operating with fixed duty ratio are
shown in Fig. 5.2. The average output voltage udc,out can be calculated from Fig. 5.1 and 5.2
as

udc,out =
1

Ts

∫ Ts

0

u(t)dt =
1

Ts

(
∫ ton

0

udc(t)dt +

∫ Ts

ton

0 dt

)

=
ton

Ts
udc (5.1)

where Ts is the switching time period, ton is the on time for sw1 and udc,in is the input voltage.
Equation (5.1) shows that the output voltage is proportional to the duty ratio D equal to

D =
ton

Ts
. (5.2)

The output filter of the Buck converter consists of an inductor Lb and a capacitor Cb. When
designing the filter, the current ripple in the inductor and the voltage ripple in the capacitor
must be taken into consideration. The voltage uind over the inductor Lb, if its resistance is
neglected, is related to the current iind flowing through it as

uind(t) = Lb
diind(t)

dt
. (5.3)
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Using (5.3) the ripple ∆iind of the inductor current iind can be calculated as

∆iind =
udc(1 − D)DTs

Lb
. (5.4)

The capacitor current iCb flowing in a capacitor Cb is related to the voltage udc,out as

iCb(t) = Cb
dudc,out(t)

dt
. (5.5)

The voltage ripple ∆udc,out of the capacitor Cb is affected by the current ripple ∆iind. As-
suming that the ripple current is constant over one switching period, the voltage ripple can
be calculated as

∆udc,out =
∆iindDTs

2Cb
. (5.6)

From given requirements on current and voltage ripple, the sizes of the inductor and the
capacitor can be calculated.

udc, out

+

-

udc

+

-

iind iload

sw1

sw2

Lb

Cb

Rb

bCi

+ -uind

Fig. 5.1. Electric scheme of a Buck converter.

5.2 Controller Design

The output voltage of the Buck converter can during continuous-conduction operation be
calculated from (5.1). However, if the output voltage of the converter shall be stable in spite
of load variations, a voltage controller must be designed. The idea of the controller is to have
one inner controller to control the current through the inductor, which will charge the output
capacitor and supply the load, and one outer controller that controls the needed inductor
current to charge the capacitor to the reference level.

5.2.1 Current Controller

The current through the inductor Lb due to the voltage over it is given by

Lb
diind(t)

dt
= uind(t) − Rbiind(t). (5.7)
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With Laplace transformation, the transfer function becomes

G(s) =
Iind(s)

Uind(s)
=

1

sLb + Rb
. (5.8)

If the closed loop system is chosen to have a first order characteristic with bandwidth αi, the
controller can be calculated as

F (s) = G−1(s)
αi

s
= αiLb +

αiRb

s
. (5.9)

The calculation results in a PI-controller with controller parameters

kp = αiLb

ki = αiRb.
(5.10)

The controller calculates a voltage reference value uref
ind, which is used to calculate the duty

cycle of the two switches. The mean value of the inductor voltage during one switching
period is equal to

uind = D(udc,in − udc,out) + (1 − D)(−udc,out). (5.11)

The duty cycle can be calculated as

D =
uref

ind + udc,out

udc,in
. (5.12)

The maximum duty cycle D is 1, and will give a maximum inductor voltage umax
ind equal to

udc,in − udc,out. If the reference voltage uref
ind becomes larger than umax

ind it is limited to umax
ind and

denoted uref
ind. The integral error is then back calculated to avoid wind up of the integral error.

The discrete current controller is shown in Fig. 5.3 and can be summarized as

e[k] = iref
ind[k] − iind[k]

uref
ind[k] = kp · e[k] + ki · ie[k]

uref
ind[k] = sgn(uref

ind[k]) · min(abs(uref
ind[k]), umax

ind )

ie[k] = ie[k − 1] + Ts ·

(

e[k] +
1

kp
(uref

ind[k] − uind[k]

)

D[k] =
uref

ind[k] + udc,out[k]

udc,in[k]
.

(5.13)

5.2.2 Voltage Controller

The voltage over the capacitor Cb due to the inductor current iind and the load current iload is
given by

C
dudc,out(t)

dt
= iind(t) − iload(t) = iCb(t) (5.14)

where iCb is the current flowing into the capacitor. By Laplace transformation the transfer
function becomes

G(s) =
Udc,out(s)

ICb(s)
=

1

sCb
. (5.15)
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Fig. 5.3. Current controller of the Buck converter. D denotes one sample delay and D.C. calculation
of the duty cycle.

The voltage controller is chosen to have a first order characteristic with bandwidth αu. The
controller can be designed as for the current controller, resulting in a proportional with gain

kp = αuCb. (5.16)

The reference inductor current is limited to the maximum inductor current imax
ref . Since only a

proportional controller is used, there is no need of anti wind up. The measured load current
is fed forward, which can be seen from Fig. 5.4. The discrete voltage controller can be
summarized as

iref
ind[k] = kp · (u

ref
dc,out[k] − udc,out[k]) + iload[k]

i
ref
ind[k] = sgn(iref

ind[k]) · min(abs(iref
ind[k]), imax

ref ).
(5.17)
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Fig. 5.4. Voltage controller of the Buck converter.

5.3 Simulations and Measurements

The proposed interface is shown in Fig. 5.5, and its performance to maintain a stable dc volt-
age when connecting and disconnecting loads, and during ac faults is simulated in PSCAD/
EMTDC and measured in the laboratory. Details on the laboratory setup will be given later
in Chapter 6. As for the VSC, three different dc-link-voltage controllers of the VSC, and
three load types are tested: CR, CC and CP (only a CR load was used in the laboratory). The
result from the analysis of the VSC showed that an increased bandwidth of the controller
and an increased size of the capacitor improves the performance of the system. For this
study a moderate size of the capacitor is chosen for the output of the Buck converter. The
result from the VSC analysis also showed that the oscillation on the VSC dc-link during an
unsymmetric fault is twice the grid frequency. In a 50 Hz system this results in a 100 Hz
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oscillation. The bandwidth of the voltage controller of the Buck converter must be selected
higher than 100 Hz to be able to handle the voltage oscillation. The bandwidth shall also
be one decade slower than the current controller, which has a selected bandwidth equal to
3 kHz. The bandwidth of the voltage controller is set to 300 Hz. The connection between
the VSC and the Buck converter with two capacitors with a inductor in between forces the
controller gains of the DCC to be reduced to 125 Hz for EB and 25 Hz for LC and OLC.
The reason is that a higher gain tends to generate oscillations between the two capacitors,
which affects the dc current of the VSC, which in turn affects the ac grid currents. EB does
not take advantage of the dc load current which makes it possible to use a higher gain. The
parameters used for the simulations are reported in Table 5.1.

+
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Rf Lf

Lb

udc

+

-

udc,out

idc iind iload

CbClp

Llp

Cvsc

Fig. 5.5. Laboratory setup of VSC with Buck converter.

TABLE 5.1
PARAMETERS OF VSCBC SYSTEM.

Grid voltage E 325 V 1.0 p.u.
Grid current I 5.8 A 1.0 p.u.
Maximum reference current i

ref
q 10.65 A 1.5 p.u.

Filter resistance Rf 0.213 Ω 0.0038 p.u.
Filter inductance Lf 15 mH 0.0841 p.u.
VSC DC-link capacitance Cvsc 165 µF 2.9 p.u.
DC-link voltage udc 650 V 1.0 p.u.
Low-pass filter capacitance Clp 340 µF 5.98 p.u.
Low-pass filter inductance Llp 1 mH 0.0421 p.u.
Buck dc output voltage udc,out 325 V 1.0 p.u.
Maximum reference current i

ref
ind 18.45 A 1.5 p.u.

Buck output capacitance Cbc 1100 µF 19.3 p.u.
Grid frequency fg 50 Hz
Sampling frequency fs 5 kHz

5.3.1 Load Transients

The aim is to investigate the three dc-link-voltage controllers that can be used together with
the Buck converter. It is of interest to study the output dc voltage when connecting and
disconnecting a load. The performance of the system can be determined by seeing how the
dc output voltage is affected. Also the dc-link voltage and the grid current are of interest
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to study, to see how well the dc-link-voltage controller of the VSC works together with the
Buck converter.

The system response when connecting a 0.67 p.u. resistive load using EB is shown in
Figs. 5.6 and 5.7. The measured output dc voltage is 0.994 p.u. before the load is connected,
then decreases to 0.977 p.u. and reaches a new steady state at 0.988 p.u. The simulation
has a faster transient and smaller steady-state deviation than the measurement. However,
simulation result shows that a measurement error of the inductor current and the load current
results in a transient in the output dc voltage and a bigger steady state deviation. Comparing
simulation and measurement shows that the larger transient in the measured output dc voltage
results in a smaller transient in the measured dc-link voltage compared with the simulated
dc-link voltage. The measured dc-link voltage decreases to 0.97 p.u., and the response time
of the voltage controller of the Buck converter can be seen since it takes some time before
the dc-link voltage starts to decrease, both in simulation and in measurement. Disconnection
of the same load is shown in Figs. 5.8 and 5.9. The output dc voltage increases by 0.01 p.u.
and the dc-link voltage by 0.03 p.u.. A comparison of connecting and disconnecting different
load types is shown in Fig. 5.10, and the simulation result shows that there is no difference
between the three load types.
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Fig. 5.6. Simulation results for Buck converter and EB dc-link-voltage controller. Connection of
a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.

The result of connecting a resistive load using LC is shown in Figs. 5.11 and 5.12. The
output dc voltage and the dc-link voltage decrease by 0.02 p.u. and 0.01 p.u., respectively.
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Fig. 5.7. Measurement results for Buck converter and EB dc-link-voltage controller. Connection of
a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.
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Fig. 5.8. Simulation results for Buck converter and EB dc-link-voltage controller. Disconnection of
a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.

79



Chapter 5. Voltage Source Converter with Buck Converter

0 0.02 0.04 0.06 0.08 0.10
0.95

0.975

1

1.025

1.05

u dc
,o

ut
,u

dc
,o

ut
re

f
 [p

.u
.] (a)

0 0.02 0.04 0.06 0.08 0.10
0.9

0.95

1

1.05

1.1

u dc
,u

dcre
f  [p

.u
.]

(b)

0 0.02 0.04 0.06 0.08 0.10
−2

−1

0

1

2

i q,i qre
f  [p

.u
.]

(c)

0 0.02 0.04 0.06 0.08 0.10
−2

−1

0

1

2

Time [s]

i 1,i 2,i 3 [p
.u

.]

(d)

Fig. 5.9. Measurement results for Buck converter and EB dc-link-voltage controller. Disconnection
of a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.

0 0.02 0.04 0.06 0.08 0.10
0.98

0.99

1

1.01

1.02

u dc
,o

ut
,u

dc
,o

ut
re

f
 [p

.u
.] (a)

0 0.02 0.04 0.06 0.08 0.10
0.98

0.99

1

1.01

1.02

u dc
,o

ut
,u

dc
,o

ut
re

f
 [p

.u
.] (b)

Time [s]

Fig. 5.10. Simulation results for Buck converter and EB dc-link-voltage controller. Connection (a)
and disconnection (b) of different types of loads: CR (solid), CC (dashed) and CP (dashed-dotted).
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The output dc voltage has the same steady-state value as the case using EB. Comparing the
results of LC and EB shows that a transient on the dc link is faster with LC than EB, in spite
of a lower controller gain. This shows the influence of feeding forward the dc current of the
VSC. Figs. 5.13 and 5.14 show the result of disconnecting the load. The output dc voltage
and the dc-link voltage increase by 0.02 p.u.. Also LC was tested with different load types,
and Fig. 5.15 shows that the load type does not affect the dc output voltage.
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Fig. 5.11. Simulation results for Buck converter and LC dc-link-voltage controller. Connection of
a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.

The result when connecting a load using OLC is shown in Figs. 5.16 and 5.17, which
shows that using a current observer will result in a smaller transient on the dc link compared
with EB since OLC feeds forward the observed dc current. Compared with LC it has a longer
transient, since it takes some time for the observer to calculate the dc current. The voltage
decrease when connecting the load is 0.02 p.u. for both the output dc voltage and the dc-link
voltage. The output dc voltage has the same steady-state value as EB and LC both before
and after the load is connected. Figs. 5.18 and 5.19 show the result when disconnecting the
load. The voltage increases by 0.01 p.u. for the output dc voltage and by 0.02 p.u. for the
dc-link. The output dc voltage is not affected by the load type when using OLC, which can
be seen from Fig. 5.20.
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Fig. 5.12. Measurement results for Buck converter and LC dc-link-voltage controller. Connection
of a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.
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Fig. 5.13. Simulation results for Buck converter and LC dc-link-voltage controller. Disconnection
of a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.
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Fig. 5.14. Measurement results for Buck converter and LC dc-link-voltage controller. Disconnection
of a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.
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Fig. 5.15. Simulation results for Buck converter and LC dc-link-voltage controller. Connection (a)
and disconnection (b) of different types of loads: CR (solid), CC (dashed) and CP (dashed-dotted).
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Fig. 5.16. Simulation results for Buck converter and OLC dc-link-voltage controller. Connection of
a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.
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Fig. 5.17. Measurement results for Buck converter and OLC dc-link-voltage controller. Connection
of a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.
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Fig. 5.18. Simulation results for Buck converter and OLC dc-link-voltage controller. Disconnection
of a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and (d)
three-phase currents.
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Fig. 5.19. Measurement results for Buck converter and OLC dc-link-voltage controller. Disconnec-
tion of a 0.67 p.u. resistive load: (a) dc-output voltage, (b) dc-link voltage, (c) active grid current, and
(d) three-phase currents.
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Fig. 5.20. Simulation results for Buck converter and OLC dc-link-voltage controller. Connection (a)
and disconnection (b) of different types of loads: CR (solid), CC (dashed) and CP (dashed-dotted).
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5.3.2 Disturbances

The system performance during disturbances on the ac grid is simulated and verified in the
laboratory setup. As long as the output voltage of the VSC is higher than the desired output
voltage of the Buck converter, and the output voltage of the VSC does not vary faster than
the voltage controller of the Buck converter can follow, the output voltage can be maintained
at the reference level. According to (4.27), the minimum retained grid voltage is determined
by the maximum current that the VSC can handle. The system has been tested with a phase-
to-phase fault with 0.75 p.u. retained voltage, 12 % unbalance, and 12° phase-angle jump
in the simulation. In the laboratory it was a phase-to-phase fault with 0.79 p.u. retained
voltage during 0.07 s, and with 27% unbalance and 11° phase-angle jump [68]. The smaller
phase-angle jump will be seen as a smaller transient in the dc-link voltage and the higher
unbalance as a higher oscillation in the dc-link voltage and the currents. To be able to make
the fault in the laboratory, a weak ac grid was used, which is explained later in Chapter 6,
and the gain of the VCC was therefore reduced to 70 % times dead-beat gain. The gain for
EB was reduced to 125 Hz and for LC and OLC to 25 Hz. Due to the reduced gain only a
0.47 p.u. resistive load could be used.

The simulation results using EB, LC and OLC are shown in Figs. 5.21, 5.23 and 5.25,
and the corresponding measurements are shown in Figs. 5.22, 5.24 and 5.26. All three con-
trollers result in an oscillating dc-link voltage. The voltage controller of the Buck converter
can follow the oscillation and the output voltage is unaffected. Practical limitations in the
laboratory made it impossible to make faults which are close to the operation limit of con-
verter. A simulation with a single-phase fault with 0.1 p.u. retained voltage is shown in
Fig. 5.27, which clearly shows that the steady-state oscillation on the dc link does not affect
the output dc voltage.

5.4 Conclusions

In this chapter, a proposed ac/dc interface consisting of a VSC and a Buck converter in series
has been analyzed, simulated and tested in the laboratory. The results show that this interface
is suitable to convert ac to an appropriate dc voltage. The performance of the system has been
studied during connection/disconnection of loads and during disturbances on the ac grid, and
the influence of the dc-link-voltage controller has been studied. Simulation results show that
using LC will result in an oscillation of the dc-link voltage when the load is connected. The
load step generates a current flowing between the dc-link capacitor and the low-pass-filter
capacitor, and this current affects the LC and results in distorted grid currents. EB and OLC,
which both do not measure the dc current, have a better transient response.

The system was also studied during an unsymmetrical disturbance on the ac grid, and
simulations show that the output voltage of the Buck converter is not affected by the distur-
bance.

The conclusion is that the EB or OLC are preferable to use in a setup consisting of one
VSC and one Buck converter. The fact that the EB is slower than the OLC does not affect
the output voltage, as long as the dc-link voltage is higher than the output voltage.
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Fig. 5.21. Simulation results for Buck converter and EB during phase-to-phase fault: (a) grid
voltages, (b) dc-link voltage, (c) dc output voltage, and (d) active grid current.
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Fig. 5.22. Measurement results for Buck converter and EB during phase-to-phase fault: (a) grid
voltages, (b) dc-link voltage, (c) dc output voltage, and (d) active grid current.
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Fig. 5.23. Simulation results for Buck converter and LC during phase-to-phase fault: (a) grid
voltages, (b) dc-link voltage, (c) dc output voltage, and (d) active grid current.
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Fig. 5.24. Measurement results for Buck converter and LC during phase-to-phase fault: (a) grid
voltages, (b) dc-link voltage, (c) dc output voltage, and (d) active grid current.
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Fig. 5.25. Simulation results for Buck converter and OLC during phase-to-phase fault: (a) grid
voltages, (b) dc-link voltage, (c) dc output voltage, and (d) active grid current.
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Fig. 5.26. Measurement results for Buck converter and OLC during phase-to-phase fault: (a) grid
voltages, (b) dc-link voltage, (c) dc output voltage, and (d) active grid current.
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Fig. 5.27. Simulation results for Buck converter and EB during single-phase fault: (a) grid voltages,
(b) dc-link voltage, (c) dc output voltage, and (d) active grid current.
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Chapter 6

Experimental Setup of a Small DC
Network

In this chapter, the experimental setup used for all measurement results presented in Chap-
ter 4 and 5 is presented. The VSC converter and the Buck converter used during the work
are described. A small dc network is built consisting of four loads and a VSCBC interface.
The system was tested during steady-state operation, load transients and disturbances on the
ac grid. The loads were also supplied with ac and the results were compared.

6.1 Experimental Setup

The experimental setup used to test and verify the simulation results is described in this
section. An overview of the system is shown in Fig. 6.1 where the different parts are shown.
The system consists of the two converters which are a three-phase two-level VSC and a step-
down dc/dc converter, protection unit, voltage and current measurement equipment and a
control system. A detailed scheme of the converters is shown in Fig. 6.2. A photo of the
laboratory setup is shown in Fig. 6.3. The voltage and current measurement sensors are built
inside a box to reduce the interference with the surrounding converters, which generates RFI.

6.1.1 Control System

The control system is a dSPACE DSP system DS 1103 [69]. The measured voltages and
currents are connected to the analogue inputs of the DSP. The control algorithms which are
implemented in C code and MatLab/Simulink building blocks generate the control signals to
the system. The analogue firing signals to the converters are converted into lighting pulses
using an optical transmitter, which are transferred through optical fibres to the control cards
of the converters. Analogue control signals are used to control the protection unit of the
system.

6.1.2 VSC

The three-phase VSC is a Danfoss VLT 5003 [70], and it has a rated power of 2.8 kW (4.1 A).
The VSC is connected to the ac grid through a protection unit and three 15 mH L-filters,
one for each phase. The VSC and the grid filter mounted in a rack are shown in Fig. 6.4.
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Fig. 6.1. Laboratory setup consisting of a VSC, a Buck converter, a protection unit, a charging unit,
voltage and current measurement, and a control system.
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Fig. 6.2. Scheme of the the VSC connected in series with the Buck converter.
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Fig. 6.3. Photo of the laboratory setup with DSP, VSC, grid filters, Buck converter, measurement
box, protection unit and a contactor.

The optical firing pulses are converted to control signals to the six IGBT valves using a
control/protection card built by Aalborg University, Denmark. The card has overcurrent
protection, and dc-link-over- and under-voltage protection, with the same settings as the
protection unit. However, it uses analogue signals which makes it faster than the protection
unit, which is used as back up. The converter is used with 5 kHz switching frequency, and
the dead-time of the IGBTs is 1 µs. The VSC is also protected by a protection unit. If the
ac currents become higher than 2.0 p.u., or the dc-link voltage becomes lower than 0.75 p.u.
or higher than 1.15 p.u. the protection unit disconnects the VSC from the ac grid. The
protection unit shown in Fig. 6.5 is controlled via the DSP using sampled values; this makes
the protection slow.

6.1.3 Buck Converter

The Buck converter is designed for input voltage up to 800 V, output voltage up to 800 V,
and a 15 A rms maximum inductor current. The inductance is 2 mH and the output capacitor
is 1100 µF. A low-pass filter consisting of a 1 mH inductance and a 340 µF capacitor is
connected between the VSC and the Buck converter which will help to damp the oscillations
between the two dc-link capacitors. The switching frequency of the converter is 5 kHz, and
the dead-time of the IGBTs is 3 µs. A photo of the converter is shown in Fig. 6.6.

6.1.4 Network Model and Supply

The laboratory setup is supplied with a stiff 400 V ac grid and was used for the steady state
measurements. A scaled transmission line model in the department laboratory was used to
generate the unsymmetrical fault which was used both with the VSC and the VSCBC. The
scaled model consists of six π-section connected in series, were each section represents a
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Fig. 6.4. The Danfoss VLT 5003 connected to the ac grid via grid filters.

Fig. 6.5. Photo of the protection unit.
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Fig. 6.6. Buck converter.

TABLE 6.1
PARAMETERS OF THE SCALED TRANSMISSION LINE MODEL.

Parameter Value
e 400 V

Rπ 0.05 Ω
Lπ 2 mH
Cπ 46 µF

Rfault 1.4 Ω
Rload 6 Ω

150 km long transmission line. The model is supplied from a strong 400 V ac grid. To avoid
Ferranti effect on the transmission line, a resistive load is connected at the end of it. The
parameters of the model is reported in Table 6.1, a scheme of the setup is shown in Fig. 6.7,
and a photo of the transmission line model is shown in Fig. 6.8.

VSC

πR2 πL2 πL2 πLπR2 πR

πC faultR

loadRe

1 π-section2 π-sections2 π-sections

Fig. 6.7. Scheme of the transmission line model.

6.2 System Start-Up

When the system is started, the voltages of the dc-link and the output capacitors are zero.
The protection unit and the built-in diode rectifier of the VSC (charging unit) are used to first
charge the dc link to a steady-state level and then after a preset charge time, connect the VSC
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Fig. 6.8. Photo of the transmission line model.

to the grid and disconnect the charging unit. The charging of the dc link is shown in Fig. 6.9.
The resistors used to limit the inrush current when charging the capacitor lead to a voltage
drop. The drop can be seen in Fig. 6.9 (Diode → IGBT) as a step when the protection unit
connects the VSC to the ac grid. When the dc-link is supplied by the IGBTs, it is possible to
start switching and control the dc-link voltage. The start of the VSC is shown in Fig. 6.10.
The dc-link voltage is boosted up to the reference value. Finally, the Buck converter is
started. The output capacitor of the Buck converter is uncharged in the beginning, and the
capacitor is charged to the reference output level. This is shown in Fig. 6.11.
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Fig. 6.9. Charging the VSC: (a) output dc voltage and (b) dc-link voltage.

6.3 Steady-State Operation

The proposed ac/dc interface which was built and tested in the laboratory was also used to
supply a small dc system. Four loads (see Chapter 3) were used in the test, and they are
shown in Figs. 6.12 and 6.13. Each load was connected to the interface by circuit breakers
designed for both ac and dc voltage, which makes it possible to switch the load on and off.
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Fig. 6.10. Start of the VSC: (a) output dc voltage and (b) dc-link voltage.
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Fig. 6.11. Start of the Buck converter: (a) output dc voltage and (b) dc-link voltage.

103



Chapter 6. Experimental Setup of a Small DC Network

TABLE 6.2
COMPONENTS OF THE SMAL DC SYSTEM.

Component Model Rating
Circuit breaker Siemens 3RV 1321-1J10 400 V, 10 A

Fluorescent lamp Philips 72 W
Compact fluorescent lamp Philips 11 W

Computer 80 W
Coffee maker Philips 900 W

The circuit breakers which are shown in Fig. 6.14 are rated 400 V dc and 10 A (10 kA
maximum breaking capacity). Data of the components are reported in Table 6.2.

VSCBC

230 V dc bus 230 V ac bus

Circuit breakers

400 V ac

Fluorescent lamp 72 W

Energy saving lamp 11 W

Computer 80 W

Coffe maker 900 W

Fluorescent lamp 72 W

Energy saving lamp 11 W

Computer 80 W

Coffe maker 900 W

a b c

Fig. 6.12. Scheme of the small dc system for unsymmetrical fault tests.

The dc load current, the output dc voltage, the dc-link voltage and the three-phase grid
currents when all four loads are connected to the Buck converter is shown in Fig. 6.15. The
dc load current is almost constant, which indicates that the loads are suitable to supply with
dc. The three-phase ac grid currents are also sinusoidal, and a zoom of phase a is shown in
Fig. 6.16 together with its frequency spectrum, which shows that there are no low-frequency
harmonics present in the grid current. To be able to compare the steady-state performance,
the loads were also supplied with ac. The load current of all four loads were recorded and the
FFT of the current calculated. Fig. 6.17 shows the load current of the compact fluorescent
lamp. It contains a high amount of low-order harmonics since it is using a diode rectifier.
The fluorescent lamp has a PFC which reduces the harmonics which can be seen in Fig. 6.18.
The computer also uses a diode rectifier without PFC and the load current contains low-order
harmonics which can be seen in Fig. 6.19. Fig. 6.20 shows the load current for the coffee
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6.3. Steady-State Operation

Fig. 6.13. Loads in the small dc system: a fluorescent lamp, a compact fluorescent lamp, a computer
and a coffee maker.

Fig. 6.14. DC circuit breakers used to protect and connect/disconnect the loads (Siemens 3RV
1321-1J10).
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maker which is a purely resistive load, and therefore draws a purely sinusoidal grid current.
The total load current is shown in Fig. 6.21. The load current is dominated by the coffee
maker, which reduces the content of harmonics in the grid current. Using only loads like
the computer would generate a high amount of harmonics. For supplying these loads, the dc
system has the advantage of gaining balanced and harmonics free three-phase grid currents.
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Fig. 6.15. Operation of small dc network: (a) output dc voltage, (b) dc load current, (c) dc-link
voltage and (d) three-phase grid currents.
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Fig. 6.16. Phase current a of the VSC when all four loads are connected: (a) phase current and (b)
FFT of the phase current.
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Fig. 6.17. Load current of the compact fluorescent lamp: (a) phase current and (b) FFT of the phase
current.
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Fig. 6.18. Load current of the fluorescent lamp: (a) phase current and (b) FFT of the phase current.
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Fig. 6.19. Load current of the computer: (a) phase current and (b) FFT of the phase current.
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Fig. 6.20. Load current of the coffee maker: (a) phase current and (b) FFT of the phase current.
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Fig. 6.21. Load current when all four loads are connected: (a) phase current and (b) FFT of the
phase current.
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6.4 Transient Operation

The system was studied during loads transients (connection and disconnection) and during a
disturbance on the supplying ac grid.

6.4.1 Load Changes

The loads were connected in the following sequence: fluorescent lamp, compact fluorescent
lamp, computer and finally the coffee maker. The idea was to reproduce a normal working
day in the office room. The loads are disconnected in the opposite order. Figs. 6.22, 6.23,
6.24 and 6.25 show connection of the loads. The measurements show that the electronic loads
(all loads except the coffee maker) have a large current transient when they are connected.
The reason is that the loads have a capacitor which is charged when it is connected. The
measurement using ac is shown in Fig. 6.26, which shows that the electronic loads also here
have a large current transient when it is connected.

Figs. 6.27, 6.28, 6.29 and 6.30 show disconnection of the loads. The measurement shows
that the electronic loads have a small current transient when they are disconnected. The
coffee maker which is a large load causes a small voltage overshoot when it is disconnected.
The measurement using ac shown in Fig. 6.31 show also that the loads have no current
transients when they are disconnected.
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Fig. 6.22. Connection of fluorescent lamp: (a) output dc voltage and (b) dc load current.

6.4.2 Voltage Dips

The performance of the small dc network during a phase-to-phase fault [68] on the supplying
ac grid is shown in Fig. 6.32. The measurement shows that during the dip the dc-link starts to
oscillate due to the unbalance, but the output dc voltage is not affected, and the loads operate
as normal during the fault. If the same load is supplied with single phase ac connected to
one of the faulted phases as shown in Fig. 6.12; and making a new fault using the same fault
impedance the computer restarts and the fluorescent lamp is shut off. This can be seen from
the current waveform, shown in Fig. 6.33(b), which changes 100 ms after the fault is applied.
This is due to the computer which restarts. Since a dip occurs randomly the fault was not
applied at the same point on wave.
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Fig. 6.23. Connection of compact fluorescent lamp: (a) output dc voltage and (b) dc load current.
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Fig. 6.24. Connection of computer: (a) output dc voltage and (b) dc load current.
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Fig. 6.25. Connection of coffee maker: (a) output dc voltage and (b) dc load current.
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Fig. 6.26. Connection of loads using ac: (a) fluorescent lamp, (b) compact fluorescent lamp, (c)
computer and (d) coffee maker.
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Fig. 6.27. Disconnection of coffee maker: (a) output dc voltage and (b) dc load current.
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Fig. 6.28. Disconnection of computer: (a) output dc voltage and (b) dc load current.
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Fig. 6.29. Disconnection of compact fluorescent lamp: (a) output dc voltage and (b) dc load current.
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Fig. 6.30. Disconnection of fluorescent lamp: (a) output dc voltage and (b) dc load current.
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Fig. 6.31. Disconnection of loads using ac: (a) coffee maker, (b) computer, (c) compact fluorescent
lamp and (d) fluorescent lamp.
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Fig. 6.32. Performance of the small dc network during a two-phase fault on the ac grid: (a) grid
voltages, (b) dc-link voltage, (c) output dc voltage and (d) grid currents.
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Fig. 6.33. Performance of the same loads supplied with ac during the same fault: (a) grid voltages
and (b) grid currents.
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6.5 Conclusions

In this chapter, a laboratory system built to test the developed ac/dc interface is described.
This system was used to obtain all measurements presented in Chapter 4 and 5, and also to
supply a small dc system with four loads. The system was compared with an identical system
supplied with ac both during steady state and ac faults. The steady-state measurements show
that the interface produces sinusoidal grid currents without low-order harmonics and the
loads, when supplied with ac, produce low-order harmonics. Using the interface improves
the power quality by removing low-order harmonics and balancing the three phase currents.
The comparison during an ac disturbance is not quite fair in the sense that the ac loads are
supplied by a single phase and the dc system with three phases. Practical limitations in the
laboratory when making faults also made it difficult to show how the design and control
improves the sensitivity of the interface more than that “adding capacitors will save the
system”.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this thesis, the use of dc in low-voltage systems has been studied. Chapter 2 presented an
overview of existing dc systems and a brief survey of loads, generation and components for
use in dc systems clearly indicating that a low-voltage dc distribution system has a potential
to be used in future power systems.

Load modeling for transient and steady-state analysis of low-voltage dc systems was the
subject of Chapter 3. One important conclusion from the measurement series carried out on
common household appliances is that most loads are able to operate with dc supply in a wide
voltage range without any modifications. These can be classified into three main categories:
resistive loads; electronic loads; and rotating loads. Exceptions are loads with inductive parts
and some rotating loads, which cannot operate without an alternating supply. Resistive loads
could be further divided into heaters, which are modeled by a constant resistance both in
steady state and during transients, and lighting appliances, which are modelled as a current
dependent resistor with a time constant that models the transient behavior. For rotating
loads, the steady-state model was found to be a voltage dependent current source, whereas
the transient behavior could only be reproduced using a mathematical expression. Electronic
loads were further divided into power supplies, modeled as a constant power load combined
with an RLC-circuit behind a diode rectifier, and lighting appliances, modeled as a constant
current load or a constant power load (depending on the control of the ballast), also combined
with an RLC-circuit behind a diode rectifier.

To provide a high-quality interface between the ac and dc systems, a Voltage Source Con-
verter (VSC) in series with a Buck converter was chosen for this project. Chapter 4 described
the control of the VSC. This is a combination of current control, to keep the ac currents sinu-
soidal and balanced, and dc-link voltage control, which provides the active current reference
to the current control in order to keep the dc voltage constant in case of load changes and
ac system disturbances. Three different dc-link voltage controllers were implemented and
tested both in simulations and through experiments on a small laboratory system. The ef-
fect of different capacitor sizes, bandwidths of the controllers and load types was studied.
Among the three, the energy-balance dc-link-voltage controller (EB) showed the slowest
response, but is free from oscillations due to its first order characteristic. The load-current-
feed-forward dc-link-voltage controller (LC), which measures the dc load current, shows a
faster response but with oscillations of the dc-link voltage. In the observer-load-current-
feed-forward dc-link-voltage controller (OLC), a variant of the LC where the dc load current
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is calculated by an observer, the calculation time taken by the observer makes the response
slower with respect to LC, but still faster than EB. The main conclusion is that LC is the
best choice if the dc load current can be measured. Otherwise EB should be used if the
requirements on maximum allowed dc-voltage ripple are particularly tight.

However, when the VSC is connected in series to a Buck converter, which also is con-
trolled by PWM in order to keep a stable output dc voltage, the differences among the three
controllers are of less importance. As shown in Chapter 5, EB shows the best performance
in this case, since it is not affected by the distorted dc load current generated by the Buck
converter. It is important here to remark that the proposed interface fulfills the requirements
specified for this project, ensuring sinusoidal ac grid currents and good performance during
load step changes and faults and disturbances on the ac system. However, this topology is
expected to be quite costly and to have high losses, at least with the components available to-
day. Nevertheless, it is particularly suited for a laboratory setup, since it gives a controllable
dc-link voltage that can be varied in a wide range.

Chapter 6 presented in detail the laboratory system built to test the ac/dc interface de-
veloped. The interface, rated 3 kVA, was used to supply a small dc system with four loads,
representing a typical office. The system was compared with an identical system supplied
with ac both during steady state and ac grid faults. The steady-state measurements show that
the dc system with the proposed interface improves the power quality by balancing the three
ac phase currents and removing low-order harmonics, otherwise present in the current when
the loads are supplied with ac. It can be argued that the comparison during an ac disturbance
is quite not fair in the sense that the ac loads are supplied by a single phase and the dc system
with three phases, which are not all faulted. Practical limitations when applying faults in the
laboratory made it difficult to show how the design and control improves the sensitivity of
the interface.

Despite these limitations, the small laboratory test setup built within this project proved
that a dc system for low-voltage installations is fully feasible and can be preferred to a con-
ventional, 50-Hz ac system in applications where many electronic loads are used, high re-
liability and power quality are desired, and/or low magnetic fields are required. Besides
common office buildings, these might be for example web hotels, data centers, banks, tele-
com stations, hospitals, and military applications.

7.2 Future Work

Remaining Issues: System Optimization, Protection and Grounding

An item of interest for future work is the study of a larger dc system including energy storage
and generation. A question is how to control the system during different operation modes.
During periods of high generation and low consumption, the surplus power can be either
stored in the energy storage or injected into the ac system. This problem can be extended
to include an economical aspect. When is it better to sell the power than to store it? This
will depend also on the speed of response of different generating sources and energy storage
technologies to dynamic changes. Other questions are what would be the most suitable
energy storage technology for such applications and how should the optimal size of energy
storage be chosen? With the proposed interface between ac and dc system, the short circuit
power of the dc system is limited to the energy in the dc-link capacitance. This will not
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be enough to use fuses for interrupting short circuit currents due to faults in the dc system.
Moreover, fault detection becomes difficult. What other types of devices can be used to
disconnect a fault, and how is the fault detected? Protection issues, along with personell
safety and grounding, are important questions to answer before a dc distribution system can
be applied in practice. For practical applications, a more strictly cost-driven design of the
ac/dc interface should also be carried out.

DC Microgrid Systems

Recently, in conjunction with several blackouts and supply interruptions due to human er-
ror, poor maintenance, and extreme weather events [71], the concept of local small grids
equipped with some form of local generation and/or storage, called “microgrids” [72], has
been gaining increasing attention. A microgrid should be able to operate both connected
to a larger grid and in “island” operation, and be able to switch between the two operating
modes without any impact on the operation of the local loads [73]. A dc-based microgrid
can be an option to combine high reliability and low magnetic fields with high controlla-
bility and a simpler system, due to simpler connection of generators and energy storage.
A challenge is how to design such system optimizing supply availability vs. cost, particu-
larly if the generation used is renewable-based, using intermittent sources such as wind or
sun. Charge/discharge cycles of the energy storage devices should be considered, possibly
in combination with load management systems. Other interesting questions are how to de-
tect the conditions for disconnection/reconnection of the dc island and how to perform the
sequence of operations leading from grid-connected to island operation and vice versa.

Multilevel DC Systems and Other Applications

On a longer time scale, a future dc distribution system might include more than one voltage
level, where dc could be used for high or medium voltage distribution in a part of a town,
down to dc/dc-converter stations, replacing traditional transformer stations. There, the dc
voltage is stepped down to low voltage, which is used to transmit the power locally, i.e. to
buildings and offices. One could even go one step further and imagine a central, high power
dc-dc converter station receiving power through a HVDC link, and stepping it down to a
medium voltage dc network.

Another area for possible dc applications is industrial systems [74]. Rolling mills or
paper mills today are completely automated and use drive systems. By using dc, all rectify-
ing stages can be removed and the motors with their inverters can be coupled to the dc bus.
Normally, much more freedom is allowed in the design of industrial systems, as opposed
to utility systems, which results in a higher level of acceptance of new ideas. Moreover, a
number of new factories are being built today in emerging economies in East Asia, which
makes it possible to adopt a new concept for the design if it can be shown to have major ad-
vantages. The power level is much higher than what has been considered in this project, so a
feasibility study should be made to determine the most suitable voltage level, and the avail-
ability of necessary switching and protection devices for this application. Due to obvious
similarities with an industrial system, an offshore wind park is another possible application
of low- or medium-voltage dc system [75], particularly if using wind turbines with full-size
power-electronic conversion.
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