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1 INTRODUCTION 

1.1 BACKGROUND 

In 2001 the Green paper “Towards a European strategy for the security of energy supply”, the 
European Commission stressed the weaknesses of the European economy regarding energy 
dependence: “If no measures are taken, in the next 20 to 30 years 70 % of the Union’s energy 
requirements, as opposed to the current 50 %, will be covered by imported products. This 
dependence can be witnessed in all sectors of the economy. For example transport, the domestic 
sector and the electricity industry depend largely on oil and gas and are at the mercy of erratic 
variations in international prices. Enlargement will exacerbate these trends. In economic terms, the 
consequences of this dependence are heavy. It cost the Union some EUR 240 billion in 1999, or 6 
% of total imports. In geopolitical terms, 45 % of oil imports come from the Middle East and 40 % 
of natural gas from Russia. The European Union does not yet have all the means to change the 
international market. The European Union’s long-term strategy for energy supply security must be 
geared to ensuring, for the well-being of its citizens and the proper functioning of the economy, the 
uninterrupted physical availability of energy products on the market, at a price which is affordable 
for all consumers (private and industrial), while respecting environmental concerns and looking 
towards sustainable development, as enshrined in Articles 2 and 6 of the Treaty on European 
Union. Security of supply does not seek to maximise energy self-sufficiency or to minimise 
dependence, but aims to reduce the risks linked to such dependence. Among the objectives to be 
pursued are those balancing between and diversifying the various sources of supply (by product and 
by geographical region).” 

Those words are still relevant and the World Energy Council envisages that by 2050, the global 
energy mix will be made up of at least eight energy sources (coal, oil, gas, nuclear, hydro, biomass, 
wind and solar) with none expected to have more than a 30% share of the market. To address these 
issues, considerable effort is now being expended in the development of sustainable energy systems 
(PTA 1.1.6.1), which brings with it a wholesale re-organisation of the electricity network both 
technologically and in terms of the market. 

The approach is summed up in [1] where Ph. Busquin states: “In addition to acting on the demand 
side and improving efficiency, ensuring the security of supply of clean energy requires the complete 
development of new sustainable energy generation and transformation technologies, such as 
renewable energies and fuel cells. Energy grids will need to be reinforced and managed by 
innovative supervisory systems, enhancing reliability and minimizing risks of major disruptions, 
such as the recent blackouts that occurred on both sides of the Atlantic. The final goal is to develop 
a sustainable system where hydrogen and electricity will be the main interchangeable energy 
carriers, with fuel cells having the ability to transform one into the other.” Further, it is stated: “The 
integration of renewable and other efficient distributed power generation sources into existing and 
future unified electricity systems represents an enormous technological challenge.” 

To meet these challenges, a complex reorganisation of the electricity power industry has started in 
Europe, encouraging competition in both the wholesale and retail sectors of the market. "To 
facilitate the creation of an open single market in electricity, further effective interconnection of 
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Member State national grids is needed. In the near future, power utilities may still operate regulated 
distribution systems, but in the longer term the production, brokerage and sale of electricity and 
new power services will be a competitive function of the unified electricity market. This will 
require the transformation of conventional electricity transmission and distribution grid into an 
interactive and unified power supply network. Major technological and regulatory changes will be 
the basis of this new electricity service paradigm, which is itself a prime driver for the substantial 
European research effort in this area. Removing the geographical constraints on the delivery of 
power supplies will lead to increased competition and enhanced quality, reliability, security and 
safety". 

Distributed generation (DG) will play a key role in this novel concept. This covers a broad range of 
technologies, including many renewable technologies that provide small-scale power at sites close 
to users. The greatest potential market for DG is displacing power supplied through the grid. On-
site production minimises the transmission and distribution losses as well as the transmission and 
distribution costs, a significant part (above 30%) of the total electricity cost. As the demand for 
more and better quality electric power increases, DG can provide alternatives for reliable, cost-
effective, premium power for homes and business. It can also offer customers continuity and 
reliability of supply, when a power outage occurs at home or in the neighbourhood, by restoring 
power in a short time. 

1.2 ELECTRICITY NETWORK: PRESENT AND FUTURE 

Today’s electricity network is the result of technological and institutional development over many 
years, with most of the electricity generated in large power stations and transmitted through high-
voltage transmission systems [1] as shown in Fig. 1.1 

 
Fig. 1.1. General layout of the existing electricity network. 

The power is delivered through a passive infrastructure to consumers. Then, it is delivered to 
consumer via medium and low-voltage distribution system [1]. The power flow in this arrangement 
is only in one direction: from the central power stations to the consumers. Typically, such a layout 
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for the electricity network leads to a national or regional monopoly of the supplier acting both at the 
transmission and distribution level.  

Since most of the European countries have started to liberalize the electricity market, this monopoly 
will disappear. In order to enable the electricity market multiple transmission system operators 
(TSOs) as well as distribution system operators (DSOs) will operate the electricity network 
transparently and without discrimination under the governance of a regulator [1]. This scenario 
requires an increase penetration of the renewable energy resources (RES) and other distributed 
generation (DG) and an active role for DSOs in controlling the network stability, optimising central 
and distributed power inputs into the network, interconnection, etc.  

Moreover, in order to reach this goal, the entire architecture of the electricity network must be 
redesigned and the information and communication technologies (ICT) will be the key factor [1]. 
New features added by ICT and ICT-based applications as universal connectivity, services over 
internet and web, distributed intelligence, advanced fault handling, intelligent load shedding etc will 
transform the existing electrical grid into a smart one. 

Among the different architectures of the future electricity systems three conceptual models are of 
interest [1]: Micro-grids, an “Internet” model and Active Networks supported by ICT. 

In [1] is stated that “the active networks are envisaged as a possible evolution of the current passive 
distribution networks and technically and economically may be the best way to facilitate DG 
initially in a deregulated market”. A possible layout of such an electricity network is shown in Fig. 
1.2. 

 
Fig. 1.2. Possible architecture of an active network with distributed/on-site generation  

and fully integrated network management. 

“The structure of this model is based on increased interconnection as opposed to the current mostly 
linear/radial connection, relatively small local control areas, and the charging of system services 
based on connectivity” [1]. 
“With increased distribution of power input nodes as a result of DG, bi-directional energy flow is 
possible and new technologies are emerging that can enable the direct routing of electricity. New 
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power electronics systems offer ways of controlling the routing of electricity and also provide 
flexible DG interfaces to the network”. [1] 

1.3 UNIFLEX-PM PROJECT 

1.3.1 General objectives 

The UNIFLEX Project is concentrating on the development of key enabling technologies to reach 
the DG objectives. Among the key technologies required to make these new network concepts a 
reality, Power Electronics is to play a major role as 100% of electricity produced by renewable 
energy sources has to be converted by power electronic equipments. Additionally, power flow 
control using power electronic converters will be needed to ensure proper and secure work of the 
grid when submitted to the economical laws of the liberalized market. Without increased 
intelligence in power flow management, it will be impossible to secure a stable network with large 
numbers of small to medium sized dispersed generators. This is recognised in [1] under “The 
challenges”, where it is stated “Power electronics: Devices such as FACTS are critical components 
of a future grid control infrastructure". 

Implementation of the vision for a "Future European Electricity Grid" in which the conventional 
electricity transmission and distribution grid is transformed into an "interactive and unified power 
supply network" [1] is critically dependent on the development of power converters that have 
greater functionality, higher reliability, higher efficiency, lower cost and more sophisticated control 
than the state of the art.  Power converters are absolutely central to the new network concepts in 
which innovative supervisory energy control systems are fundamental. Existing projects under 
FP5/FP6 (for example DG-FACTS, CRISP, DISPOWER, EU-DEEP) are defining new connection 
philosophies and the roles of power converters. Without innovation in power converters, attempts to 
realise the visions outlined in [3] and enshrined in these projects will fail. 

The UNIFLEX-PM project brings together research in power converter topology and control with 
that in applications of new semiconductor devices. UNIFLEX-PM is highly flexible converter 
architecture, using advanced components and advanced control strategies that can be applied 
universally to meet the needs of the "Future European Electricity Grid". UNIFLEX-PM converters 
will have the functionality, performance, reliability and cost to allow the widespread penetration of 
power electronics, without which the desired network concepts cannot be realised. UNIFLEX-PM 
will deliver a key enabling technology within the Priority Thematic Area 1.1.6.1 "Sustainable 
Energy Systems" 

1.3.2 Strategic impact 

Establishment of a new paradigm for electricity networks in Europe in which there is large-scale 
integration of distributed energy resources is major element of the key strategic objective of the EU 
to secure a supply of energy that is clean sustainable and economical [1]. The impact of this will be 
to reduce dependence on fossil fuels and reduce climate change and pollution, which are of concern 
to all European citizens. In the new system, large numbers of small and medium sized generators 
and energy storage elements are interconnected through a fully interactive intelligent electricity 
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network. It is well accepted that advanced power electronics is a key enabling technology for the 
new system [1]  without which it has no future. This is why UNIFLEX-PM is needed, as the 
technology does not exist at present. UNIFLEX-PM will provide the power electronics technology 
required and it therefore has the potential to make tremendous impact upon the implementation of 
DG which brings with it major benefits to European society such as: 

• Reduced dependence on fossil fuels 
• Reduction in climate change 
• Reduction in pollution 
• Sustainable energy supply 
• Secure supply of energy 
• Economic energy supply 

1.4 GENERAL OBJECTIVES IN WP5 

This workpackage focuses on research, through analysis and numerical simulation, of global control 
strategies for UNIFLEX-PM converter interactions with the system/load/sources to meet the 
requirements derived in WP2. There is a close interaction with WP3 since the tasks of local control 
(energy balance within the converter and modulation, for example) and global control are not 
decoupled if the system is to operate with high power quality and high efficiency. The global 
control strategy will determine the performance of the converter in the power system. Suitable 
control strategies will be established and will be tested in the hardware technology validation 
workpackage (WP7). Energy storage will play a very important part in power systems where the 
intermittent sources, such as wind and solar systems, have high penetration percentage, therefore, 
the energy management of storage elements integrated with a UNIFLEX-PM modular power 
conversion system will be investigated to realise a secured power supply system. Furthermore, the 
operation and performance of control strategies for converters in the transmission and distribution 
systems will be identified. 
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2 UNIFLEX-PM CONVERTER STRUCTURE 

The Uniflex-PM converter structure is multi cellular and modular and it is based on the multi-level 
cascaded H-bridge topology with a DC-DC isolation stage [3].  

This Chapter will present the general structure as well as the particular topologies used in WP5 for 
the Uniflex-PM system. 

2.1 GENERAL STRUCTURE 

The general layout of the Uniflex-PM system is shown in Fig. 2.1. 

 
Fig. 2.1. General structure of the Uniflex-PM used in WP5. 

The power converter is connected to medium voltage electrical networks on Port One and Port 
Two, while the Port Three is used for connection of an energy storage system. However, a 
connection to the low voltage electricity network is also possible in Port Three. 

Each port is based on the multilevel cascaded H-bridge power converter with a DC-DC isolation 
module (VSI based module) [3]. Thus, a medium voltage operation and low harmonic distortion is 
achieved [4].  

2.2 TWO PORT SYSTEM 

A two port based structure with three series power modules per phase is considered in the analysis 
presented in §5 as shown in Fig. 2.2. 

Since the Isolation Module (IM) for each branch has an independent control an equivalent capacitor 
is used instead in WP5 [4]. Thus, just the AC to DC modules are used in this work package.  
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Fig. 2.2. Equivalent model per phase for the two port Uniflex-PM system. 

The structure of a single phase H-bridge cell is shown in Fig. 2.3 

 
Fig. 2.3. Simplified diagram of a single-phase H-bridge cell. 
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The interleaving of the dc-link circuits is also considered for this system. A chart with the 
connection of the DC-link circuits for Port 1 and Port 2 is given in Table 2.1. 

Table 2.1. Connection chart of the DC-link circuits for the two port system 

Port 1 Connection Port 2 
Port 1 A1  Port 2 A1 
Port 1 A2  Port 2 B1 
Port 1 A3  Port 2 C1 
Port 1 B1  Port 2 A2 
Port 1 B2  Port 2 B2 
Port 1 B3  Port 2 C2 
Port 1 C1  Port 2 A3 
Port 1 C2  Port 2 B3 
Port 1 C3  Port 2 C3 

 
 

2.3 MODULATION STRATEGY 

A horizontally phase-shifted multicarrier modulation is used for the Uniflex-PM system in WP5 [3]. 

The multilevel cascaded H-bridge converter with H-bridge cells per phase leg has m voltage levels: 

2 1m H= +         (2.1) 

Hence, a number of (m-1) triangular carriers are necessary [3] and [4]. These triangular carriers 
have the same frequency and the same amplitude. There is a phase shift between any two adjacent 
carriers [4]: 

2
1carrier m

πϕ =
−

        (2.2) 

This modulation strategy has as input three-phase reference signals for the phase voltages that are 
provided by the control strategy. In order to obtain the gate signals for the power switches these 
references are compared with the triangular carriers. 

The principle of generating these gate signals is illustrated in Fig. 2.4 for a seven level CHB 
converter. The carriers one, two and three are used to generate gate signals for the upper switches in 
the left legs of the H-bridge cells The inverted signal of theses carriers will produce the gate signals 
for the upper switches in the right leg.  

The output voltage of the module one vH1 is switched between zero and Vdc during the positive 
cycle of the reference signal or between zero and -Vdc during the negative cycle respectively as 
shown in Fig. 2.5.  
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Fig. 2.4. Gate signal generation for a seven level CHB inverter. 

 
Fig. 2.5. AC voltages for a seven level CHB inverter. 
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In this example the frequency modulation index mf is 5 and the amplitude modulation index ma is 
0.8 where: 

f
carrier frequencym

fundamental frequency
=       (2.3) 

and 

a
peak amplitude of referencem
peak amplitude of carrier

=       (2.4) 

The inverter phase voltage is equal with the sum of the individual AC voltage per module as shown 
in Fig. 2.5. Thus, a seven level voltage is obtained. 

Notice that the frequency of the carrier depends on the fundamental frequency. Thus, in grid 
connected application where the grid frequency varies, the carrier frequency must be modify so that 
a constant frequency modulation index is maintained during the converter operation. 

Considering a switching frequency for the power semiconductor devices fsw,SCR the inverter 
switching frequency is obtained as: 

( ) ( ), ,1 1sw Inv f fundamental sw SCRf m m f m f= − ⋅ ⋅ = −     (2.5) 

Thus, using a relatively low switching frequency per device, it is obtained a switching frequency for 
the converter that depends on the level number. In the considered case for a 50 Hz fundamental 
frequency and a frequency modulation index of 5, the switching frequency for each semiconductor 
device is 250 Hz while the switching frequency of the inverter is 1500 Hz. 

2.4 SYSTEM MODELLING 

2.4.1 Grid model 
A grid model based on Thevenin equivalent is used as specified in [6] and [7]. A complete structure 
of this model is shown in Fig. 2.6. 

 
Fig. 2.6. Structure of the grid model used in WP5. 
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The grid model is characterized by a short-circuit power and a grid impedance with a ratio /g gR X  
of 0.1. This impedance ratio corresponds to a value of 83.4o for the grid voltage angle in the PCC 
while the short circuit power is ten times grater then the rated power of the Uniflex-PM system as 
recommended in [7]. A passive load with a rated power of 5% from the short circuit power of the 
grid and a power factor of 0.86 is also connected in the PCC. The short circuit path has an 
impedance ratio /f fR X of 0.2 [8]. Modifying the short-circuit resistance different voltage dips can 
be obtained. 

The model implements also different harmonic contents and asymmetries in the grid voltages. The 
following standards for harmonic content up to the 25th harmonic order are considered: 

• Voltage harmonic content in the PCC according to the Danish requirements for wind 
turbines connected to electrical networks with voltages below 100 kV [6]; 

• Standard EN 50160 [9]; 
• Standard EN 61000 [10]; 
• User defined levels. 

The short-circuit path is modelled based on the equivalent electrical circuit approach. 

2.4.1.1 Three-phase to ground short-circuit 

The equivalent electrical diagram of a three-phase to ground short-circuit is given in Fig. 2.7. 

 

Fig. 2.7. Equivalent diagram of a 3-phase to ground short-circuit. 

This short circuit can be described by the following equations for voltages and currents: 
0

0
R S T

R S T

v v v
i i i

= = =
+ + =

        (2.6) 

2.4.1.2 Two-phase to ground short-circuit 

The equivalent electrical diagram of a 2-phase to ground short-circuit is given in Fig. 2.8. 
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Fig. 2.8. Equivalent diagram of a 2-phase to ground short-circuit. 

This short circuit can be described by the following equations for voltages and currents: 
0

0
0

S T

R

S T

v v
i
i i

= =

=
+ =

         (2.7) 

2.4.1.3 Two-phase short-circuit 

The equivalent electrical diagram of a 2-phase short-circuit without ground is presented in Fig. 2.9 

 

Fig. 2.9. Equivalent diagram of a 2-phase short-circuit.` 

This short circuit can be described by the following equations for voltages and currents: 
0

0
0

S T

R

S T

v v
i
i i

= ≠

=
+ =

         (2.8) 

2.4.1.4 Single-phase to ground short-circuit 

The equivalent electrical diagram of a 1-phase to ground short-circuit is given in Fig. 2.10. 
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Fig. 2.10. Equivalent diagram of a 1-phase to ground short-circuit. 
 

This short circuit can be described by the following equations for voltages and currents: 
` 0

0
0

R

R

S T

v
i
i i

=
≠
= =

     (2.9) 

2.4.2 Uniflex-PM system 

All the modelling and simulation work done in WP5 is made using Matlab/Simulink environment. 
This tool offers a flexible platform for building and testing dynamic systems including their control. 
Different approaches have been used for modelling of the Uniflex–PM system using 
Matlab/Simulink 

2.4.2.1 SimPowerSystems Blockset 

SimPowerSystems is a design tool in the Simulink environment that allows to rapidly and easily 
build models that simulate power systems. The Uniflex-PM model used in this tool is based on the 
average model for the H-bridge as shown in Fig. 2.11 [3].  

 
Fig. 2.11. Average model of the H-bridge. 

2.4.2.2 PLECS 

PLECS is a Simulink toolbox used for simulation of electrical circuits within the Simulink 
environment. Simulations are fast, due to the fact that components are taken to be ideal [11].  
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As shown on Fig. 2.12, circuits made with PLECS include resistors, inductors, capacitors, switches, 
and voltage and current sources all taken as ideal components. Voltages and currents can be 
measured using probes. These measurements can be used as feedback for the control within the 
Simulink environment or just viewed online using scopes. 

 
Fig. 2.12. Some of PLECS components used for circuit simulation. 

Voltages and currents can only be viewed in graph windows using special probes. Matlab Simulink 
is very good in post processing of simulation results. Actually most of the simulation tools provide 
an interface for Simulink. 

Using this toolbox it is possible to implement the power converter and other electrical circuits as a 
PLECS subsystem and the control as standard Simulink subsystem. In this tool only switching 
models can be used for the power converters. 

2.4.2.3 C S-Function 

An S-function is a computer language description of a Simulink block. S-functions can be written in 
MATLAB, C, C++ or Ada, These S-functions are compiled as MEX-files using the mex utility. As 
with other MEX-files, they are dynamically linked into MATLAB when needed. S-functions use a 
special calling syntax that enables the user to interact with Simulink's equation solvers. This 
interaction is very similar to the interaction that takes place between the solvers and built-in 
Simulink blocks. The form of an S-function is general and can accommodate continuous, discrete, 
and hybrid systems. S-functions allow the user to add new models to the Simulink built-in models. 
These new blocks can be written in MATLAB®, C, C++, Fortran, or Ada. An algorithm or model 
can be implemented in an S-function and then customize a user interface by using masking. 

The main advantage of using this approach is that the user can interact in an efficient way with 
Simulink environment. As a result the models are usually faster than other implementation methods.  

Since the Uniflex-PM system is very complex and some analysis requires long simulation time 
frames this approach may be very useful. Moreover, the model created in this format can be used 
for both average and switching models. The only difference is the inclusion of the PWM generator. 
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3 GRID SYNCHRONIZATION AND MONITORING 

3.1 INTRODUCTION 

This Chapter starts with an overview of events in the electrical networks both medium and high 
voltage mainly based on [12]. The main idea is to highlight the importance of the grid 
synchronization and monitoring techniques for a power converter connected to the electrical 
network.  

Afterwards, a state of the art regarding the synchronization and monitoring techniques will be 
presented. Moreover, the impact of these grid monitoring methods on the accuracy of the power 
converter control will be discussed. 

3.2 EVENTS IN ELECTRICAL NETWORKS 

3.2.1 Definitions and Classifications  

Various events can occur in the electrical networks and most of them are related with the network 
voltage. These voltage events usually are characterized by a change in the magnitude of the voltage 
and they can have different time durations from milliseconds up to hours [12], [13]. Based on these 
two main characteristics, namely magnitude and duration the voltage events are classified by 
standards in different ways [13].  

The standard EN 50160 [9] is focused on characterisation of voltage in low and medium voltage 
networks while IEEE Std. 1159 states that “there is no implied limitation on the voltage rating of 
the power system being monitored” [14]. The momentary voltage disturbances are classified in 
IEEE Std. 1250 [15] for duration up to a few seconds. 

Moreover, the terminology used in these standards is very different. For example the same event in 
EN 50160 is called “voltage dip” while in IEEE Std 1159 it is referred as “voltage sag”. However, 
the magnitude of this event is defined different in these standards. 

In order to illustrate these differences the definitions of voltage magnitude events from both 
standards are presented in Fig. 3.1 based on [9], [12], [13], [14] and [15]. 
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Fig. 3.1. Definition of voltage magnitude events based on standards 

(source [12]based on [9], [13], and [14]).  

Note: the question mark is used in Fig. 3.1 because the standard does not specify a term/name for 
that type of event. This method of events classification in the electrical network based on magnitude 
and duration has advantages and drawbacks. In [13] it is stated that the following items are of 
concern when using this method: 

• The RMS voltage during the event is not always constant and therefore this method might 
lead to ambiguities in defining the magnitude and duration of the event. 

• Fast events with duration of less that one cycle cannot be defined very well because the 
RMS voltage cannot be calculated precisely. 

• Repetitive events can give erroneous results. In this case the numbers of events can either be 
underestimated or overestimated. 

In the present analysis the focus is on network events characterized by a voltage drop down to 0.1 
pu or less and durations up to 1 second. Based on [13] two types of events are characterized by this 
magnitude and duration namely short interruptions and voltage sags. These events can mainly be 
related with short-circuits in the electrical networks. In most of the cases these events will trip the 
power generation based renewable sources and will cause an important loss of power generation 
into the faulted network. However, currently some grid codes require up to 100% reactive current 
injection [16] and [17]. Hence, it is required that these sources must stay connected during faults. 

Longer network events have a relatively low frequency of occurrence and are typically associated 
with black-out or other severe events in the network. 
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3.2.2 Short interruptions  

3.2.2.1 Terms and definitions 

The definitions for this class of events as defined in the standards [9], [14] and [15] are summarized 
in Table 1 [3]. 

Table 3.1. Definitions for short interruption in various standards 
Standard Definition Magnitude Duration Applicability 

EN 50160 Short interruption < 1% Up to 3 min LV and MV 
(up to 35 kV) 

IEEE Std 1159-
1995 Momentary interruption < 10% 0.5 cycles to 3 sec LV, MV, HV 

Instantaneous interruption 0.5 cycles to 0.5 
sec LV, MV, HV 

IEEE Std 1250-
1995 Momentary interruption 

Complete loss 
of voltage 0.5 sec to 2 sec LV, MV, HV 

 

As it can be observed in Table 3.1 only the IEEE Std 1159-1995 covers the whole range of voltages 
while EN 50160 is limited to 30 kV networks. 

3.2.2.2 Origins 

The origins of the voltage interruptions in general are “faults which subsequently trigger protection 
measure” [13]. Among other causes the following shall be mentioned [13]: 

• Protection operation when there is no fault; 

• Broken conductors not triggering protective measure; 

• Operator intervention 

“When the supply is restored automatically, the result event is called a short interruption” [13]. 
Based on the network layout between the location of the fault and the point where the voltage is 
measured and the protection schemes used, the event is “seen” in a different way as shown in Fig. 
3.2. 

   
a)      b) 

Fig. 3.2. Fault in a distribution network: a) network layout and b) RMS voltages on feeders 
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The voltage on the faulted feeder will drop to zero while the non-faulted feeder will “see” a voltage 
sag/dip. 

3.2.3 Voltage sags/dips 

3.2.3.1 Terms and definitions 

A summary of different terms and definitions for voltage sags/dips as given in standards is 
presented in Table 3.2 [12]. 

Table 3.2.  Definitions of voltage sags/dips in various standards 

Standard Magnitude Duration Applicability 

EN 50160 1% - 90% 0.5 cycles to 1 min LV and MV  
(up to 35 kV) 

IEEE Std 1159-1995 10% - 90% 0.5 cycles to 1 min LV, MV, HV 

IEEE Std 1250-1995 Reduction of voltage 0.5 cycles to few sec LV, MV, HV 

3.2.3.2 Origin 

According to [13] the voltage sags/dips “are short duration reductions in RMS voltage, caused by 
short circuits, overloads and starting of large motors. Since voltage sags/dips are caused by short-
circuit faults located at hundreds of kilometres away in the transmission system these events are a 
more “global” problems than an interruption [13]. 

The magnitude of the voltage sags/dips is determined by the following factors [13]: 

• Distance to fault; 

• Cross section of the lines and cables; 

• Connection type of transformers between the location of fault and the recording point; 

• Type of the network (radial or loops); 

• Short-circuit impedance of the network, etc 

An overview regarding the influence of transformer winding connections on the propagation of 
voltage sags/dips is given in [18].  

For example different short-circuit types on the high-voltage windings of an Dy1 or Dy11 
transformer, which is very common in wind turbine systems, leads to different voltage sags/dips on 
the low voltage side of it as shown in Fig. 3.3. However, when several cascaded transformers are 
present between the fault location and the “reading” point of voltage, the voltage sag/dip will be 
determined by the connection types of all these transformers. 
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Fig. 3.3. Propagation of voltage sags caused by asymmetrical faults on a Dy1 transformer 

3.2.4  Events survey in different countries 

3.2.4.1 US and Canada 

A very comprehensive investigation regarding power quality for US and Canada is presented in 
[19] and [20]. This study is based on three surveys conducted by National Power Laboratory (NPL), 
the Canadian Electrical Association (CEA) and the Electric Power Research Institute (EPRI). 

The CEA survey of power quality has run for three years since 1991 and 22 utility companies have 
participated. The main focus was on residential, commercial and industrial customer sites which 
have been monitored at their low voltage connection. 

The NPL survey had also focused on low voltage networks and it has been running for a five years 
beginning with 1990. The main goal was to monitor single-phase normal-mode electrical 
disturbances. 

The EPRI survey run between June 1993 and September 1995 aimed to “perform the most thorough 
study …. to describe power quality levels on primary distribution system in the US” [20]. During 
this survey the medium voltage networks ranged between 4.16 kV and 34.5 kV and lengths from 1 
to 80 km were monitored. “One third of the monitors were located at substations just down line 
from the feeder circuit breaker, while the remaining monitors were randomly placed along three-
phase sections of the feeder primary” [20]. The data presented in [19] and [20] are also used in [13]. 

Since in the focus in WP5 is on the network events at the medium and high voltage levels, only 
some results from the EPRI survey will be highlighted. 



 

EC Contract n°: 019794 (SES6) 
EUROPEAN COMMISSION 

DIRECTORATE J – ENERGY 

 
Page : 42 of 160  
 

 
UNIFLEX-PM REFERENCE W5 AU DV 2001  30/05/08 
Internal partner reference: Filing N° Doc.Type Order N° Rev. N° Date 
_________________________________________________________________________________________________________ 

AREVA – UNOTT – AAU - EPFL – UGDIE – ABB – DSL – EPE 

The EPRI low RMS event data for substation monitors with a 5 min filter are shown in Fig. 3.4 
while the survey for feeder monitors is given in Fig. 3.5. Both data are filtered with a 5-min filter. 
The reason of using this filter is that “from a critical process perspective, it is likely that once a 
process drops out, other events within a 5 min period are probably not going to impact that process” 
[20]. However, using this filter “it is expected that the numbers …. are 50 – 70 % lower than if no 
filters was used” [20]. 

 
Fig. 3.4. EPRI data for substations monitors with a 5-min filter. 

 

 
Fig. 3.5. EPRI data for feeder monitors with a 5-min filter. 

As it can be observed from Fig. 3.4 and Fig. 3.5 the highest number of the events is characterized 
by drops in magnitude down to 0.8 pu from the rated voltage and with duration of maximum 6 
cycles. Also, most of the events have duration up to 6 cycles especially on the feeder monitors. 
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3.2.4.2 France  

A statistic regarding the number of faults per year in the whole French transmission and sub-
transmission systems is presented in [21]. Here, based on the duration of the events, the faults are 
mainly divided in two categories, namely momentary and permanent fault. According to [21], the 
momentary fault has duration on the order of several hundreds of milliseconds and it is related to 
the operating time of a recloser. On the other hand a permanent fault “lasts several minutes to 
several hours and it requires human intervention” [21]. 

A summary of this fault statistic is shown in Fig. 3.6 (source [12] based on [21]). 

 
Fig. 3.6. Fault statistics in the France’s transmission and sub-transmission lines 

(source [3] based on [21]). 

It is obviously that most of the faults are located in MV networks especially momentary ones. 
Moreover, the frequency of the momentary single phase faults is dominant in the entire network, 
while the permanent poly-phase faults have the lowest occurrence. 

3.2.4.3 Nordel 

Statistics regarding the faults in the transmission system of the Nordic countries are available on 
Nordel’s web-page [22]. Each year a document summarizing the faults in the transmission systems 
of the members is available from Nordel. This very comprehensive document gives in details the 
number of faults on each voltage level, per subcomponents, etc. 

According to [22], more than 50% from the total number of faults per year in the period 2000-2005 
in Denmark, Finland and Sweden are located on overhead lines as shown in Fig. 3.7. Exception is 
Norway where faults located in substations are predominant compared with faults on overhead 
lines. 
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Fig. 3.7. Sharing of faults on the transmission systems of Nordic countries in the period 2000-2005. 

In all Nordic countries the number of faults located on cables is less than 2.5% from the total 
number of faults in the considered period. 

In all considered countries most of the faults on overhead lines in the last ten years are on 132 kV 
lines, while 400 kV lines are less susceptible to faults as shown in Fig. 3.8. Exception is Norway 
where the number of faults on 400 kV lines as well as on 132 kV ones are almost equal.  

 
Fig. 3.8. Number of faults per 100km of overhead lines in the last ten years in the Nordic Countries. 

An analysis of the fault type on all voltage levels in the considered Nordic Countries is given in Fig. 
3.9, Fig. 3.10 and Fig. 3.11. 

This analysis reveals that the highest number of faults is of single phase type in all considered 
Nordic countries. 
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Fig. 3.9. Sharing of fault types on 400 kV overheads lines. 

 
Fig. 3.10. Sharing of fault types on 220 kV overheads lines. 

 
Fig. 3.11. Sharing of fault types on 132 kV overheads lines. 

Denmark has the highest number of events on the 220 kV lines, while Sweden on the 400 kV 
systems. Continuous faults have a relative low sharing in all considered countries. 
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3.2.4.4 Summary 

Based on the presented survey regarding faults on the electrical network the following conclusions 
can be drawn: 

• Most of the events are located on overhead lines 

• Most of the faults are located on 132 kV networks. 

• The single phase fault has the highest probability to occur compared with other types of 
faults 

• Voltage drops down to 0.75 pu have a duration of several cycles while voltage drops down 
to 0.25 pu from the rated voltage have duration of several seconds up to minutes. 

It is obvious that an accurate estimation of the grid voltage magnitude and angle is very important 
during network events especially for grid connected converters. Therefore, a special attention was 
paid in this workpackage to the grid synchronization and monitoring techniques. 

3.3 GRID SYNCHRONIZATION AND MONITORING METHODS 

Initially, the synchronization of the delivered current with the utility network voltage was a basic 
requirement for interconnecting distributed power generators with the power system [16], [24]. In 
case of wind turbines, reactive power control at the point of common coupling is requested [24]. 
Consequently, the wind turbine control should accommodate an algorithm capable of detecting the 
phase angle of grid voltage in order to synchronize the delivered current. Moreover, the phase angle 
plays an important role in control, being used to transform the feedback variables to a suitable 
reference frame in which the control structure is implemented. Hence, phase angle detection has a 
significant role in control of the grid side converter in a wind turbine. 

Numerous research papers report several algorithms capable of detecting the grid voltage phase 
angle, i.e. zero crossing detection, the use of arctan function or Phase-Locked Loop (PLL) 
technique. 

An overview of the grid synchronization and monitoring methods is presented in the following, 
based on [16] and [24]. 

3.3.1 Zero crossing method 

A simple method of obtaining the phase and frequency information is to detect the zero-crossing 
point of the grid voltage [25], [27]. This method has two major drawbacks as described in the 
following. 

Since the zero crossing point can be detected only at every half cycle of the utility frequency, the 
phase tracking action is impossible between the detecting points and thus the fast dynamic 
performance can not be obtained [28]. Some work has been done in order to alleviate this problem 
using multiple level crossing detection as presented in [29]. 

Significant line voltage distortion due to notches caused by power device switching and/or low 
frequency harmonic content can easily corrupt the output of a conventional zero-crossing detector 
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[30]. Therefore, the zero-crossing detection of the grid voltage needs to obtain its fundamental 
component at the line frequency. This task is usually made by a digital filter. In order to avoid the 
delay introduced by this filter numerous techniques are used in the technical literature. Methods 
based on advanced filtering techniques are presented in [30]-[34]. Other methods use Neural 
Networks for detection of the true zero-crossing of the grid voltage waveform [35]-[37]. An 
improved accuracy in the integrity of the zero-crossing can also be obtained by reconstructing a 
voltage representing the grid voltage [38]-[41]. 

However, starting from its simplicity, when the two major drawbacks are alleviated by using 
advanced techniques, the zero-crossing method proves to be rather complex and unsuitable for 
applications which require accurate and fast tracking of the grid voltage. 

3.3.2 Arctangent method 

Another solution for detecting the phase angle of grid voltage is the use of arctan function applied 
to voltages transformed into a Cartesian coordinate system such as synchronous or stationary 
reference frames as shown in Fig. 3.12 and Fig. 3.13 respectively. 

 
Fig. 3.12. Synchronization method using filtering in synchronous reference frame. 

 
Fig. 3.13. Synchronization method using filtering in stationary frame. 

This method has been used in drives applications [59], for transforming feedback variables to a 
reference frame suitable for control purposes. However, this method has the drawback that requires 
additional filtering in order to obtain an accurate detection of the phase angle and frequency in the 
case of a distorted grid voltage. Therefore, this technique is not suitable for grid-connected 
converter applications. 

3.3.3 PLL technique 

Phase-Locked Loop (PLL) is a phase tracking algorithm widely applied in communication 
technology [25], being able to provide an output signal synchronized with its reference input in both 
frequency and phase.  
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Nowadays, the PLL technique is the state of the art method to extract the phase angle of the grid 
voltages [28], [29], [43]and [44]. The PLL is implemented in dq synchronous reference frame and 
its schematic is illustrated in Fig. 3.14. As it can be noticed, this structure needs the coordinate 
transformation form abc to dq and the lock is realized by setting the reference to zero. A controller, 
usually PI, is used to control this variable. This structure can provides both the grid frequency as 
well as the grid voltage angle. 

 
Fig. 3.14. Basic structure of a PLL system for grid synchronization. 

After the integration of the grid frequency, the utility voltage angle is obtained, which is fed back 
into the Park Transform module in order to transform into the synchronous rotating reference frame 

This algorithm has a better rejection of grid harmonics, notches and any other kind of disturbances 
but additional improvements have to be done in order to overcome grid unbalance [45]-[49]. In the 
case of unsymmetrical voltage faults, the second harmonics produced by the negative sequence will 
propagate through the PLL system and will be reflected in the extracted phase angle. In order to 
overcome this, different filtering techniques are necessary such that the negative sequence is filtered 
out. As a consequence, during unbalance conditions, the three phase dq PLL structure can estimate 
the phase angle of the positive sequence of the grid voltages. 

3.3.4 Grid Monitoring 

Grid requirements applying to utility connected power generation units impose the operation 
conditions in respect to voltage and frequency values. The demands are country specific. A 
graphical representation of allowed operation area in respect to the grid voltage amplitude and grid 
frequency as specified in the Danish Grid code for wind turbines connected to the distribution 
system [17] is illustrated in Fig. 3.15. 
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Fig. 3.15. Voltage and frequency operational ranges for wind turbines connected to the Danish 

distribution system [17]. 

A normal operation area between 95 and 105% of the nominal grid voltage and ±1 Hz around the 
nominal frequency is defined. Either frequency or voltage exceeds the predefined limits, the wind 
turbine should disconnect within the specified time interval. Therefore, in order to be able to 
disconnect in time, the wind turbine should accommodate a fast and reliable grid monitoring unit. 

The PLL structures are used in the grid monitoring techniques. In a three-phase system, the grid 
voltage information can easily be obtained through the Clarke Transform as shown in Fig. 3.16. 

 
Fig. 3.16. General structure of a grid monitoring system based on three-phase PLL. 

The same structure as presented in Fig. 3.16 can be used for single phase systems (Fig. 3.17). 
However, in this case, the orthogonal voltage system is much more difficult to acquire [27]. 
Therefore, more attention should be paid for the generation of the orthogonal voltage system. 

In the technical literature, some techniques for generating the orthogonal voltage components from 
a single-phase input signal are described, some of which are compared in [42] and [50]. 
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Fig. 3.17. General structure of a grid monitoring system based on single-phase PLL. 

An easy technique of generating the orthogonal voltage system in a single-phase system 
incorporates a transport delay function (Fig. 3.18), which is responsible for introducing a phase 
shift of 90 degrees with respect to the fundamental frequency of the input signal [52].  

 
Fig. 3.18. Generating orthogonal voltage system using the transport delay function. 

This method is easy to implement because it requires a FIFO buffer with a size equal to quarter of 
number of the fundamental frequency samples and it is also easy to tune. However, it is frequency 
dependent and creates an unfiltered orthogonal system. 

A related method, but more complex of creating a phase shift of 90 degrees, uses the Hilbert 
Transform [50] and [53] as shown in Fig. 3.19. 

 
Fig. 3.19. Generating orthogonal voltage system using the Hilbert Transform. 

Another method of generating the orthogonal voltage system is based on the inverse Park 
Transform [42], [50], [52] and [54], as presented in Fig. 3.20. 

The method requires an inverse Park Transform and two first order low pass filters. Though, it is 
difficult to select the time constant of the filters and also to tune the PI controllers because two 
independent non-linear loops are involved in this structure. 
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Fig. 3.20. Generating orthogonal voltage system using the inverse Park transform. 

The orthogonal voltage system can also be obtained using resonant structures such as the Second 
Order Generalized Integrator (SOGI) [55], as presented in Fig. 3.21. 

 
Fig. 3.21. Generating orthogonal voltage system using  

a Second Order Generalized Integrator (SOGI). 

This method has the following advantages: easy implementation on DSPs, very good dynamic 
performances; fast or accurate response based on the tuning; filtering of orthogonal voltages 
without delay and it is frequency independent. However, this approach is very sensitive to the 
discretization method of the integrators [55]. 

In [56], a method for generating the orthogonal voltage system based on Kalman estimator is 
proposed. 

A new three-phase PLL structure for grid monitoring under unbalanced voltages into the grid is 
proposed in [57] as shown in Fig. 3.22.  

 
Fig. 3.22. Advanced grid monitoring structure based on PLL [57]. 



 

EC Contract n°: 019794 (SES6) 
EUROPEAN COMMISSION 

DIRECTORATE J – ENERGY 

 
Page : 52 of 160  
 

 
UNIFLEX-PM REFERENCE W5 AU DV 2001  30/05/08 
Internal partner reference: Filing N° Doc.Type Order N° Rev. N° Date 
_________________________________________________________________________________________________________ 

AREVA – UNOTT – AAU - EPFL – UGDIE – ABB – DSL – EPE 

The transformation module is used to transform the grid voltages from abc to dq synchronous 
rotating reference frame. The unbalance compensation algorithm is based on a repetitive controller 
[57]. The role of unbalance compensation unit is to allow only the positive sequence component to 
pass through the PLL controller, hence reducing the unbalance effect on the frequency and phase 
angle estimation.  

The positive negative sequence detector extracts the negative sequence component of grid voltage 
while the positive sequence component is determined using delay signal cancellation (DSC) filter 
[57]. Having the information about both positive and negative sequence components, the value of 
grid unbalance can be further estimated. Using these four parts, the proposed system is able to 
estimate the phase angle of the positive sequence voltage component, the grid frequency and the 
magnitude of positive and negative sequence components. The algorithm has been extensively 
tested under different grid disturbances [57] and provides fast and accurate grid variables in case of 
balanced and, unbalanced faults as well as in case of frequency deviation conditions. Comparing the 
response time of the proposed algorithm with the disconnection times suggested by the grid 
interconnection requirements, the algorithm is proving to be a suitable solution for grid monitoring 
in case of distributed power generation systems [57]. 

3.4 PLL RESPONSE UNDER GRID DISTURBANCES 

In this paragraph the dynamic performances of the three-phase PLL and the single-phase one will 
be analyzed under different grid disturbances. The structure of the considered three-phase PLL is 
shown in Fig. 3.16 while the single phase one is based on the SOGI structure (see Fig. 3.17 and Fig. 
3.21). Both PLLs have the same parameters for the PI controllers namely a settling time of 0.04 sec 
and a damping factor of 0.707. 

The short-circuits are characterized as in the Danish grid code for connecting wind turbines to the 
Distribution System [6], [12] and [17]: 150 msec duration of the fault and a voltage drop down to 
25% from the rated voltage in the PCC are considered. The short-circuit power of the equivalent 
grid is 20 MVA and a grid impedance ratio R/X of 0.1 is taken into account. 
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3.4.1 Three-phase short-circuit 

First, the dynamic performances of the considered PLLs have been analyzed during a three-phase 
short-circuit in the PCC as shown in Fig. 3.23.  

 
a)      b) 

Fig. 3.23. Dynamic response of the PLLs during three-phase short-circuits:  
a) three-phase PLL and b) single-phase PLL.  

It can be observed that both PLLs estimate the amplitude of the voltage, the grid angle as well as 
the frequency with good results. 
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3.4.2 Two-phase to ground short-circuit 

In this case the response of the PLLs is shown in Fig. 3.24.  

 
a)      b) 

Fig. 3.24. Dynamic response of the PLLs during a two-phase to ground short-circuits:  
a) three-phase PLL and b) single-phase PLL 

It can be observed for the three-phase PLL the 100 Hz component in the estimated voltage 
amplitude as well as in the estimated grid frequency. The voltage amplitude is calculated based on 
the individual phase voltages; therefore, it is not estimated correctly during the fault. The single-
phase PLL gives accurate voltage amplitude in each phase as well as the frequencies. A trade-of 
between the accuracy of the grid voltage and frequency must be made. 
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3.4.3 Two-phase short-circuit 

Two-phase short-circuits give voltages drop down to 50% from the rated voltage in the faulted 
phases. The estimated grid voltage parameters in this case are shown in Fig. 3.25. 

 
a)      b) 

Fig. 3.25. Dynamic response of the PLLs during a two-phase short-circuit:  
a) three-phase PLL and b) single-phase PLL 

Again, it can be observed the 100 Hz component in the output of the three-phase PLL. The grid 
voltage angle is also distorted. Accurate estimations of the voltage amplitude in each phase as well 
as grid voltage angles are provided by the single-phase PLL.  
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3.4.4 Single-phase short-circuit 

This type of fault seems to have the highest occurrence in the distribution networks (see §3.2.4). 
The output of the considered PLL structures in this case is presented in  

 
a)      b) 

Fig. 3.26. Dynamic response of the PLLs during a single-phase short-circuit:  
a) three-phase PLL and b) single-phase PLL. 

Very high 100 Hz ripple is present in the estimated voltage and frequency of the three-phase PLL 
while the single-phase PLL provides accurate values for the grid voltage parameters. 
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3.4.5 Grid voltage unbalances 

A 3% unbalance in the grid voltages is considered in this case. Since the standards [9] and [10] 
usually specify a value less than 3% for the voltage unbalances, this case can be considered as a 
“worst case” scenario. The output of the PLLs is given in Fig. 3.27. 

 
a)      b) 

Fig. 3.27. Estimated grid voltage parameters for unbalanced grid conditions:  
a) three-phase PLL and b) single-phase PLL. 
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3.4.6 Phase jumps 
Phase-jumps are typically associated with short-circuits in the network and their magnitude is 
influenced by the transformer connection between the fault location and the measurement point. 
According to [13] the maximum range for phase jumps in electrical networks is in the range +60º to 
-60º. Therefore, in the present analysis a phase jump of +60º is considered. The output of the PLLs 
in this case is presented in Fig. 3.28. 

 
a)      b) 

Fig. 3.28. Estimated grid voltage parameters for a 60º phase jump:  
a) three-phase PLL and b) single-phase PLL. 

3.5 CONCLUSIONS 

Based on the above analysis it is obvious that the three-phase PLL is very sensitive to 
unsymmetrical and unbalanced faults compared to the single phase one. Since most of the control 
strategies require some transformations between different reference frames they became sensitive to 
the grid voltage magnitude and angle. Therefore, in case of the Uniflex-PM system that should be 
able to withstand to all kind of events in the networks, the PLL is one of the key components. 
Moreover, the information provided by the PLL is used in the supervisory control to select a 
suitable operation mode of the system as well as in taking decision in the control algorithm. 
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4 CONTROL STRATEGIES FOR UNIFLEX-PM SYSTEM 

4.1 SYNCHRONOUS REFERENCE FRAME CONTROL 

The overall control block of the synchronous reference frame control is presented in Fig. 4.1. 
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Fig. 4.1. Diagram of synchronous reference frame Control 

The control scheme for Port 1 is shown in Fig. 4.2. A similar control structure is also used for Port 
2 (Fig. 4.3). A cascaded control structure is selected to implement the control system to regulate the 
power/DC-link voltage and input line currents at the same time: the outer loop is the power/DC-link 
voltage loop while the inner loop is responsible for the current control. 
Two dq frames in positive and negative coordinates are implemented to regulate the supply current 
taking unbalanced supply conditions into consideration [60]-[62]. Instead of a normal PI controller, 
a PI+Resonant controller is used to control the positive and negative dq currents in case of a 
distorted supply voltage [62]. 

The positive and negative signals are extracted via the delay signal cancellation method. Moreover, 
a PLL filter is used to obtain the phase angle that allows generating a rotating frame for voltages 
and currents synchronous with the grid. 

In port 1, the dc-link voltage and reactive power are regulated generating the references for the 
current control. The reactive power and DC link voltage are regulated by PI controller. One PI 
controller is utilized to control the average value of the dc-link voltage. Only positive sequence 
current references are generated at present. The negative sequence currents are set to be zero.  

In port 2, active and reactive powers are controlled. The active power control generates the current 
reference for the positive sequence d-axis current while the reactive power control generates the 
current reference for the positive sequence q-axis current. The negative sequence currents are 
regulated to be zero. 
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Fig. 4.2. Synchronous reference frame control for Port1 in the Uniflex-PM system. 

 
Fig. 4.3. Synchronous reference frame control for Port2 in the Uniflex-PM system. 
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4.2 PREDICTIVE CONTROL 

4.2.1 Overall structure 

The overall block diagram of the Controller is shown in Fig. 4.4, where only for Port 1 side is 
illustrated in detail. For Port 2, a control scheme similar to Port 1, but without the outer DC-link 
control loop, is used. The multi loop structure is selected to design the controller to regulate the 
power/DC-link voltage and input line currents at the same time. The outer loop is the power/DC-
link voltage loop while the inner loop, illustrated, is responsible for the current control.  

PLL
vabc RMS
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*

ma1

mb1
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Converter
1

Converter
2

VDC_A
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VDC_C
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ma2

mb2

mc2

P* Q*

 
Fig. 4.4. Overall block diagram of the predictive control. 

In Port 1, the regulation of active power P is obtained through the DC-link voltage balance, 
performed by a PI controller.  Predictive controller needs the calculation of the amplitude and phase 
of the current references. Active power P contributes to generate only the amplitude of the current 
references while the reactive power Q acts on both the amplitude and phase of the current 
references.  

For Port 2, the controller is similar to that of Port 1 except for active power regulation. In fact, both 
the active and reactive powers are controlled through PI controllers without any interaction of DC-
link voltage. Then, the calculation of the amplitude and phase of the current references, necessary 
for the Predictive controller, is the same. 

A detailed description of the predictive controller is shown in next paragraph. 
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4.2.2 Predictive Controller 

This section describes the application of a predictive current control to the UNIFLEX-PM 
conversion structure to control the system grid currents. Predictive controllers present very fast 
response and are particularly suitable for an easy microprocessor implementation. 

The basic equation of the Predictive control model is obtained starting from the following state 
equation for the input/output filter Lf: 

0

0 0
1( ) ( ) ( )

t

j xj
f t

i t t i t v v dt
L

+ = + −∫       (4.1) 

where j represents the phase A, B or C. Applying a time discretization to (4.1) with a sampling 
period Ts and supposing vxj constant during Ts, the following expression for voltage vxj is obtained:  

1
1( )

k s
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k

t T
f

xj k k j
s s t

L
v i i v dt

T T

+

+= − + ∫       (4.2) 

In order to zero the current error, the control system imposes, at each sampling period, ik+1 equal to 
the reference current. To reduce the effects of the harmonics in the grid voltages, the integral of vj is 
calculated using the method proposed in [63]. 

The block diagram of the Predictive controller employed for Phase a of Port 1 is shown in Fig. 4.5. 

 
Fig. 4.5. Block diagram of Predictive Controller for Phase A Port 1. 

Reference current ia*, necessary to the Predictive controller to zero the error at each sampling 
period, is calculated on the base of the following sinusoidal function: 

* * * *sin sin( )a a a s ai I I Tα θ ω ϕ= = + −       (4.3) 

whose amplitude Ia* and phase α depends on the actual values of active power reference P*, 
reactive power Q* and the output a PI regulator used to control the of DC-link voltage. 

In particular, amplitude Ia* is obtained on the basis of the following relationship: 
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PI
V ϕ

=
⋅

        (4.4) 

where Pa* is the active power reference for Phase a obtained modifying the overall active power 
reference, divided by 3, on the basis of DC-link error on the same phase; VaRMS is the RMS value 
of the grid voltage, provided by a PLL, and necessary in case of distorted grid. 

The phase difference between voltage and current in the PCC ϕa
* is needed to produce the desired 

power factor and is calculated as: 
*

*
*at an a

a
a

Q
P

ϕ =         (4.5) 

To avoid that the systems exceeds the desired apparent power, ϕa
* modifies both the values of Ia* 

and phase α of reference current ia*. 

Phase angle α of reference current ia* is achieved by subtracting from the actual voltage grid angle 
θ, provided by a PLL, angle  ϕa

*; moreover, a term ωTS is added to account that ia* value, 
calculated at the generic sampling instant k, is applied next sampling period k+1. 

Finally, integrative block (1/s) in Fig. 4.5 provides the voltage grid integral necessary to calculate 
the integral term in (4.2). 
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4.3 STATIONARY REFERENCE FRAME CONTROL WITH PR 
CURRENT CONTROLLERS 

The stationary reference frame controller has been chosen as a possible alternative to the “classical” 
synchronous reference frame control due to the fast current control provided by Proportional 
Resonant (PR) controllers. Thus, the Uniflex-PM system can increase its dynamic response under 
different grid events or sudden change in the power flow. 

The overall structure of this control is shown in Fig. 4.6 and it is based on PR current controllers. 
The PR controller has been chosen due to the fact that it gives better performances compare to the 
classical PI. The two well known drawbacks of the PI controller (steady-state errors and poor 
harmonics rejection capability) can be easily overcome by the PR controller. The PR controller is 
able to remove the steady-state error without using voltage feed-forward, which makes it more 
reliable compared with the “classical” synchronous reference frame control. However, a three-
phase PLL (Phase-Locked Loop) system is used to obtain the necessary information about the grid 
voltage magnitude and its angle. 

 
Fig. 4.6. Stationary reference frame control strategy with global DC-link voltage control  

for the UNIFLEX-PM system. 

In order to support the bidirectional power flow through the system, the current reference in d-axis 
is obtained based on the active power set-point and the average voltage (provided by PLL) and a 
correction given by the DC-link voltage control loop. This controller controls the average value of 
the nine DC links of the Uniflex-PM system. The reactive power is controlled using a PI controller 
which provides the current reference in the q-axis. One of the drawbacks of this control is the 
transformation of the control variables from synchronous reference frame to the stationery one. 
Based on the grid voltage angle the current references in synchronous reference frame are 
transformed into the stationary frame and then applied to the PR current controllers. It is also worth 
to notice that this control does not require a neutral connection. 
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4.4 NATURAL REFERENCE FRAME CONTROL WITH PR CURRENT 
CONTROLLERS 

The natural reference frame controller has been chosen in order to give to the Uniflex-PM system 
more flexibility in controlling the currents individually on each phase. Thus, the Uniflex-PM 
system can increase its ride-through capabilities and it can provide a better power flow 
management, especially under unbalance situations. However, the natural reference frame 
controller requires neutral connection. 

As it can be noticed from Fig. 4.7, the natural reference frame control includes an individual PR 
current controller for each phase.  

 
Fig. 4.7. Natural reference frame control strategy with DC control per global. 

The PR controller has been chosen due to the fact that it gives better performances compare to the 
classical PI, as it is demonstrated in [15]. The two well known drawbacks of the PI controller 
(steady-state errors and poor harmonics rejection capability) can be easily overcome by the PR 
controller. The PR controller is able to remove the steady-state error without using voltage feed-
forward, which makes it more reliable. Moreover, the proposed control strategy does not require a 
cross-coupling as the classical synchronous reference frame control. 

The structure presented in Fig. 4.7 includes three independent single-phase PLLs (Phase-Locked 
Loop) based on the second order generalized integrator (SOGI), as presented in [16] and [17]. The 
advantage of using a PLL for each phase is that the voltage amplitude and phase in the Point of 
Common Coupling (PCC) can be provided for every phase of the three-phase system, thus 
improving the ride-through capabilities. 

As shown in Fig. 4.7, the active power is controlled by a DC voltage PI controller which controls 
the DC voltage per global. The reactive power is controlled using a PI controller which provides the 
reactive currents for each phase of the system. The way it is presented, the structure shown in Fig. 
4.7 can not provide active and reactive control for each phase individually. However, the DC and 
the Q controllers can easily be split per each phase leading to a more flexible solution for the 
Uniflex-PM system. 
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5 EVALUATION OF CONTROL STRATEGIES 

5.1 SYSTEM PARAMETERS 

The considered control strategies (§4 ) are evaluated in different grid conditions and situations. The 
basic parameters presented in Table 5.1 are used for the Uniflex-PM model and its control. 

Table 5.1. Parameters for Uniflex-PM system. 

Parameters  Units Val. Obs 
Grid short-circuit power Ssc [MVA] 20  
Rated voltage (line-to-line) Ull [kV] 3.3  
Grid impedance ratio  R/X - 0.1  
Rated apparent power / converter   Snc [kVA] 300  
     
Rated output current / module Inm [A] 52.63  
Input filter reactance [pu] xf [pu] 0.14 16 mH 
DC-link voltage Vdc [V] 1100  
DC-link capacitor C [mF] 6.2 WP4PL_TN_3005.pdf 
     
Switching frequency of H-bridge  fsw [Hz] 300  
Switching frequency for Converter fsw,conv [Hz] 1800  
Deadtime Tdead [μs] - - 
Sampling frequency for control fsampling [kHz] 5  

5.2 STUDY CASES 

In order to evaluate the selected control strategies for the Uniflex-PM system some simulation study 
cases have been designed. A detailed description of these study cases is provided in the following 
paragraphs. 

5.2.1 Harmonic content 
This analysis considers that the power modules deliver 100% active power into the PCC while the 
reactive power is set to zero. The grid voltages are “clean” which means no harmonic content is 
present in the PCC. 
The harmonic spectrum is computed for phase current as follows: 

• 10 fundamental periods are used for the Fast Fourier Transform; 
• The resolution is 512 points per 20 ms fundamental period, thus a 12 kHz bandwidth for 

the spectra is provided. 
• Interharmonics (if any) are removed from the original spectra. 
• Individual harmonics for currents up to 50th harmonic plotted vs. EN 61000-2-4 [10]. 
• Current THD calculated for harmonics up to 50th order are compared with the maximum 

value of 8% permitted in EN 61000-2-4 (Class 2) [10]. 
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It has been selected the standard EN 61000-2-4 because it provides harmonic levels for multiple of 
the 3rd harmonic. The standard EN 50160 does not provide this value. Thus, the control strategies 
that require a neutral connection such as the predictive control can be evaluated even for these 
harmonics. 

5.2.2 Bi-directional power flow 
A bi-directional power flow is simulated with a profile as shown in Fig. 5.1.This corresponds to a 
leading/lagging operation at 0.9 power factor. 

 
Fig. 5.1. Power profile for studying the bi-directional power flow. 

5.2.3 Voltage excursions 

Voltage excursions of 75% and 120% from the rated voltages in the PCC of the Port 1 are 
considered as shown in Fig. 5.2. 

 
Fig. 5.2. Time profile for voltage excursions in Port 1. 

5.2.4 Voltage unbalances 

An unbalance of 3% is considered in the grid voltages at Port 1. This unbalance is defined as the 
ratio between the negative and the positive sequence of the voltage (Vneg/Vpos) in the PCC. During 
the unbalances the active power is reversing through the Uniflex-PM system while the reactive 
power in both ports is kept at zero as shown in Fig. 5.3. 
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Fig. 5.3. Power references in Port 1 during unbalanced voltages. 

5.2.5 Voltage asymmetries/Phase jumps 

The considered control strategies are evaluated for phase jumps of ± 60º in all phases at Port 1 as 
shown in Fig. 5.4. 

 
Fig. 5.4. Time profile for phase jumps in PCC voltages for Port 1. 

It should be noticed here that the phase jump from +60° to -60° is an extreme situation that cannot 
occur in real operation. Typically the phase jumps are from zero to ±60° [13]. However, this case 
has been selected to evaluate the proposed control strategies under extreme conditions. 

5.2.6 Frequency excursions 

The control strategies are evaluated for frequency excursions in Port 1. There is a reverse in active 
power while the reactive power is kept constant at zero during these frequency excursions as 
presented in Fig. 5.5. 

Again, this case can be considered as an extreme one. In normal operation of a power system such 
sudden changes in the grid frequency cannot occur. 
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Fig. 5.5. Profile for frequency excursions in PCC of Port 1. 

5.2.7 Short-Circuits 

All types of short-circuits namely three-phase, two-phase with ground, two-phase without ground 
and single-phase one are studied. The short-circuit resistance is selected so that the voltage dip is 
down to 10% of the rated voltage in the PCC where possible. 

Table 5.2. Specifications for short-circuit analysis 

Short-Circuit Type Acronym Voltage level in PCC 
Three-phase  3-ph SC 0.1 [pu] in phase 

A,B,C 
Two-phase with ground 2-ph gnd SC  0.1 [pu]  in phase A,B 
Two-phase without 
ground 

2-ph SC 0.5 [pu] in phase A 
and B 

Single-phase 1-ph SC 0.1 [pu] in phase A 

These events will occur at the PCC of Port 1. The system is operating at 100% active power and 0% 
reactive power. The voltage dip will have duration of 100 msec as shown in Fig. 5.6. 

 
Fig. 5.6. Voltage profile used in short-circuit analysis. 

Before the event the power converter will operate at 100% active power and 0% reactive power. 
During and after the fault the active power reference is set to zero, while the power converter 
delivers 100% reactive current in the faulted port. 
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5.3 SIMULATION RESULTS 

In this paragraph the simulation results are presented for the following control strategies: 
• Synchronous reference frame dq control as presented in §4.1; 
• Predictive control as presented in §4.2; 
• Stationary reference frame αβ control as presented in §4.3; 
• Natural reference frame abc control as presented in §4.4. 

The simulation results are organized as follows: 
 Synchronous reference frame dq control 

o Voltage and current waveforms in Port 1. 
o Active and reactive power in Port 1. 
o Voltage and current waveforms in Port 2. 
o Active and reactive power in Port 2. 

 Predictive control 
o Voltage and current waveforms in Port 1. 
o Average DC-link voltage in Phase B of the system. 
o Active and reactive power in Port 1. 
o Active and reactive power in Port 2. 

 Stationary reference frame control 
o Reference signals for the considered study case. 
o Currents in Port 1 and Port 2. 
o Average DC-link voltage used in control. 
o Active and reactive power in Port 1 
o Active and reactive power in Port 2 

 Natural reference frame control 
o Reference signals for the considered study case. 
o Currents in Port 1 and Port 2. 
o Average DC-link voltage used in control. 
o Active and reactive power in Port 1 
o Active and reactive power in Port 2 

For each control strategy some conclusions are provided after the study cases. 
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5.3.1 Synchronous reference frame control 

5.3.1.1 Current Harmonic Compatibility Levels 

The current harmonic compatibility levels for the synchronous reference frame control compared 
with the standard are given in Fig. 5.7. 

 
Fig. 5.7. Current harmonic compatibility levels for synchronous reference frame control. 

Most of the current harmonic levels exceed the standard values for harmonic orders greater than the 
27th harmonic. It should be noticed that the switching frequency is around 1.8 kHz that corresponds 
to the 36th harmonic in the spectrum. The current THD is below 4% in this case. 
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5.3.1.2 Bi-directional Power Flow 

 
a)     b) 

Fig. 5.8. Simulation results in Port 1 for bidirectional power flow:  
a) voltage and b) current. 

 
a)      b) 

Fig. 5.9 Simulation results in Port 1 for bidirectional power flow:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.10. Simulation results in Port 2 for bidirectional power flow:  
a) voltage and b) current. 

 
a)      b) 

Fig. 5.11. Simulation results in Port 2 for bidirectional power flow: 
 a) active power and b) reactive power. 
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5.3.1.3 Voltage Excursions 

 
a)       b) 

Fig. 5.12 Simulation results in Port 1 for voltage excursions:  
a) voltage and b) current. 

 
a)      b) 

Fig. 5.13. Simulation results in Port 1 for voltage excursions:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.14. Simulation results in Port 2 for voltage excursions: 
 a) voltages and b) currents. 

 
a)      b) 

Fig. 5.15. Simulation results in Port 2 for voltage excursions:  
a) active power and b) reactive power. 
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5.3.1.4 Voltage unbalances 

 
a)      b) 

Fig. 5.16. Simulation results in Port 1 for voltage unbalances:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.17. Simulation results in Port 1 for voltage unbalances: 
 a) active power and b) reactive power. 
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a)      b) 

Fig. 5.18. Simulation results in Port 2 for voltage unbalances:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.19. Simulation results in Port 2 for voltage unbalances:  
a) active power and b) reactive power. 
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5.3.1.5 Phase jumps 

 
a)      b) 

Fig. 5.20. Simulation results in Port 1 for phase jumps: 
 a) voltages and b) current. 

 
a)      b) 

Fig. 5.21. Simulation results in Port 1 for phase jumps:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.22. Simulation results in Port 2 for phase jumps:  
a) voltages and b) current. 

 
a)      b) 

Fig. 5.23. Simulation results in Port 2 for phase jumps:  
a) active power and b) reactive power. 
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5.3.1.6 Frequency Excursions 

 
a)      b) 

Fig. 5.24. Simulation results in Port 1 for frequency excursions:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.25. Simulation results in Port 1 for frequency excursions: 
 a) active power and b) reactive power. 
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a)      b) 

Fig. 5.26. Simulation results in Port 2 for frequency excursions:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.27. Simulation results in Port 2 for frequency excursions: 
 a) active power and b) reactive power. 
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5.3.1.7 Single-phase short circuit 

 
a)      b) 

Fig. 5.28. Simulation results in Port 1 for single phase short-circuit:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.29. Simulation results in Port 1 for single phase short-circuit:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.30. Simulation results in Port 2 for single phase short-circuit:  
a) voltages and b) currents.  

 
a)      b) 

Fig. 5.31. Simulation results in Port 2 for single phase short-circuit:  
a) active power and b) reactive power. 
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5.3.1.8 Two-phase short-circuit 

 
a)      b) 

Fig. 5.32. Simulation results in Port 1 for two- phase short-circuit:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.33. Simulation results in Port 1 for two- phase short-circuit:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.34. Simulation results in Port 2 for two- phase short-circuit:  
a) voltages and b) currents. 

 
Fig. 5.35. Simulation results in Port 2 for two- phase short-circuit 

 a) active power and b) reactive power. 
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5.3.1.9 Two-phase with ground short-circuit 

 
a)      b) 

Fig. 5.36. Simulation results in Port 1 for two- phase with ground short-circuit:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.37. Simulation results in Port 1 for two- phase with ground short-circuit:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.38. Simulation results in Port 2 for two- phase with ground short-circuit:  
a) voltages and b) currents. 

 
a)      b) 

Fig. 5.39. Simulation results in Port 2 for two- phase with ground short-circuit:  
a) active power and b) reactive. 
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5.3.1.10 Three-phase short-circuit 

 
a)      b) 

Fig. 5.40. Simulation results in Port 1 for three- phase short-circuit:  
a) voltages and b) currents. 

 
Fig. 5.41. Simulation results in Port 1 for three- phase short-circuit:  

a) active power and b) reactive power. 
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a)      b) 

Fig. 5.42. Simulation results in Port 2 for three- phase short-circuit:  
a) voltages and b) currents. 

 
Fig. 5.43. Simulation results in Port 2 for three- phase short-circuit:  

a) active power and b) reactive power. 
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5.3.1.11 Conclusions 

From the above simulation results, the effectiveness of the proposed PI controller-based method in 
dual synchronous reference frame is verified. It allows a good tracking of the active and reactive 
power references under different conditions. However, the reactive power control is not completely 
decoupled of the active power. Thus, transients in the reactive power can be observed when the 
power flow is changed between the two ports in all considered cases. The supply currents are 
essentially sinusoidal even under extreme unbalanced supply conditions.  

Among all the study-cases, the phase excursions are the most difficult to control. Relatively large 
transients in both active and reactive power can be observed in this case especially when the phase 
changes from +60º to -60 º. 

The system performance during short-circuits relies on the angular information, so the PLL is a 
key-element in the control. A reliable and fast PLL is expected to have deep effect on the controller 
bandwidth and reliability. Furthermore the delay signal cancellation method, which allows positive 
and negative signals extraction, also plays an important role to improve the controller bandwidth. 

Thus, the currents in the faulted port exceed the rated values by a factor of two in all cases except 
the three-phase short circuit where this factor is approximately four during the clearance of the 
fault. A 100 Hz component is present in the active and reactive power of the faulted port in all 
cases. Also the active and reactive power are difficult to control during the all types of short-
circuits. 

Further developments must be made in order to improve the grid voltage angle detection as well as 
the extraction of the positive and negative sequences of the grid voltage. 
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5.3.2 Predictive current control 

5.3.2.1 Current Harmonic Compatibility Levels 

A comparison of the current harmonic compatibility levels with the standard is given in Fig. 5.44. 

 
Fig. 5.44. Current harmonic compatibility levels for the predictive control. 

The current harmonic levels are exceeding the standard values for harmonic orders around the 
switching frequency. It should be noticed that a global switching frequency of 1.8 kHz will 
correspond to the 36th harmonic in the spectrum. Important value of the 3rd harmonic is present due 
to the neutral connection required by this control strategy. Also, important values, however in the 
limits, are present for the 5th, 11th and 13th harmonics. Globally, a value of 5.55% is obtained for the 
current THD. 
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5.3.2.2 Bi-directional Power Flow 
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a)      b) 

Fig. 5.45. Simulation results in Port 1 for bi-directional power flow:  
a) voltages and b) currents. 
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a)      b) 

Fig. 5.46. Average DC-link Voltage in Phase B for bi-directional power flow. 
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a)      b) 

Fig. 5.47. Simulation results in Port 1 for bi-directional power flow:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.48. Simulation results in Port 2 for bi-directional power flow:  
a) active power and b) reactive power. 
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5.3.2.3 Voltage Excursions 
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a)       b) 

Fig. 5.49. Simulation results in Port 1 for voltage excursions:  
a) voltages and b) currents. 
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Fig. 5.50. Average DC-link voltage in Phase B for voltage excursions. 
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a)       b) 

Fig. 5.51. Simulation results in Port 1 for voltage excursions:  
a) active power and b) reactive power. 

0.2 0.4 0.6 0.8 1
-1.5

-1

-0.5

0

0.5

1

1.5
Active Power on Port2

Time (s)

P2
 (p

u)
 

0.2 0.4 0.6 0.8 1

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Reactive Power in Port2

Time (s)

Q
2 

(p
u)

 

 
a)      b) 

Fig. 5.52. Simulation results in Port 1 for voltage excursions:  
a) active power and b) reactive power. 
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5.3.2.4 Voltage Unbalances 
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a)      b) 

Fig. 5.53. Simulation results in Port 1 for voltage unbalances:  
a) voltages and b) currents. 
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Fig. 5.54. Average DC-link voltage in Phase B for unbalanced voltages. 
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a)      b) 

Fig. 5.55. Simulation results in Port 1 for voltage unbalances:  
a) active power and b) reactive power. 
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Fig. 5.56. Simulation results in Port 2 for voltage unbalances:  

a) active power and b) reactive power. 
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5.3.2.5 Phase Jumps 
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Fig. 5.57. Simulation results in Port 1 for phase jumps:  
a) voltages and b) currents. 
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Fig. 5.58. Average DC-link voltage in Phase B during phase jumps. 
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Fig. 5.59. Simulation results in Port 1 for phase jumps:  

a) active power and b) reactive power. 
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a)      b) 

Fig. 5.60. Simulation results in Port 2 for phase jumps:  
a) active power and b) reactive power. 
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5.3.2.6 Frequency Excursions 
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Fig. 5.61. Simulation results in Port 1 for frequency excursions:  
a) voltages and b) currents. 
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Fig. 5.62. Average DC-link voltage in Phase B during frequency excursions. 
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a)      b) 

Fig. 5.63. Simulation results in Port 1 for frequency excursions:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.64. Simulation results in Port 2 for frequency excursions:  
a) active power and b) reactive power. 
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5.3.2.7 Single-Phase Short-Circuit 
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a)      b) 

Fig. 5.65. Simulation results in Port 1 for single-phase short-circuit:  
a) voltages and b) current. 
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Fig. 5.66. Average DC-link voltage in Phase B during single-phase short-circuit. 
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a)      b 

Fig. 5.67. Simulation results in Port 1 for single-phase short-circuit:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.68. Simulation results in Port 1 for single-phase short-circuit:  
a) active power and b) reactive power. 
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5.3.2.8 Two-Phase Short-Circuit 
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a)      b) 

Fig. 5.69. Simulation results in Port 1 for two-phase short-circuit:  
a) voltages and b) current. 
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Fig. 5.70. Average DC-link voltage in Phase B during a two-phase short circuit. 
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Fig. 5.71. Simulation results in Port 1 for two-phase short-circuit:  
a) active power and b) reactive power. 
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a)      b) 

Fig. 5.72. Simulation results in Port 2 for two-phase short-circuit:  
a) active power and b) reactive power. 
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5.3.2.9 Two-Phase with ground Short-Circuit 
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a)      b) 

Fig. 5.73. Simulation results in Port 1 for two-phase with ground short-circuit:  
a) voltages and b) current. 
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Fig. 5.74. Average DC-link voltage in Phase B during a two-phase with ground short-circuit. 
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a)      b) 

Fig. 5.75 Simulation results in Port 1 for two-phase with ground short-circuit: 
active power and b) reactive power. 
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a)      b) 

Fig. 5.76. Simulation results in Port 1 for two-phase with ground short-circuit:  
a) active power and b) reactive power. 
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5.3.2.10 Three-Phase Short-Circuit 
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Fig. 5.77. Simulation results in Port 1 for three-phase short-circuit:  
a) voltages and b) current. 
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Fig. 5.78. Simulation results in Port 2 for three-phase short-circuit:  

a) voltages and b) current. 
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a)      b) 

Fig. 5.79. Simulation results in Port 1 for three-phase short-circuit:  
a) active power and b) reactive power. 
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a)     b) 

Fig. 5.80. Simulation results in Port 2 for three-phase short-circuit: 
a) active power and b) reactive power. 
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5.3.2.11 Conclusions 

The effectiveness of the Predictive controller applied to the Uniflex-PM system in dual natural 
reference frame is verified through different study cases. The simulation results have shown that the 
control system present a fast response and can trace the active and reactive power under different 
power reference profiles and grid operating conditions. 

A good decoupling of the active and reactive power control is obtained in all considered cases. The 
supply currents are essential sinusoidal even under extreme unbalanced supply conditions. 

Among all the study-cases, the phase excursions are the most difficult to control. Relatively large 
transients up to 2 times the rated power in both active and reactive power can be observed in this 
case especially when the phase changes from +60º to -60 º. 

The overall system performance relies on the angular information. Thus the PLL is again a key-
element in the control. A reliable and fast PLL is expected to have deep effect on the controller 
bandwidth and reliability. Predictive controller can reject significantly the harmonic distortion in 
the supply voltage without using any additional filter in the control loop; so, the produced currents 
present a good harmonic content. 

The control sensitivity on the grid voltage angle can be observed very well during the short-circuit 
event. Large transients as well as the 100 Hz component are present in both active and reactive 
power especially after the fault clearance. The active power in the faulted port in the case of the 
three-phase short circuit has transients up to four times the rated power, while the currents exceed 
the rated values by a factor of two. Further investigations are needed to reduce the control 
sensitivity to fast grid voltage variations. 

The average DC-link voltage in the considered phase has small variations except the single and the 
two-phase short-circuits where peaks of 10% from the rated value are observed. 
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5.3.3 Stationary reference frame control with PR current controllers 

5.3.3.1 Current Harmonic Compatibility Levels 

The harmonic compatibility levels for the synchronous reference frame control with PR controllers 
are given in Fig. 5.81. 

 
Fig. 5.81. Current harmonic compatibility levels for stationary reference frame control. 

The spectrum up to the 35th harmonic presents very low values below the standard limits. The most 
important harmonic is related with the switching frequency; that is the 35th harmonic. All the 
harmonic levels are below the standard limits except the 49th which is a little higher than the 
standard limit. The current THD is around 3.15%. 
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5.3.3.2 Bi-directional Power Flow 
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Fig. 5.82. Reactive power reference in Port 1. 
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Fig. 5.83. Currents in Port 1 and Port 2 for bi-directional power flow. 
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Fig. 5.84. Average DC-link voltage for bi-directional power flow. 
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Fig. 5.85. Active and reactive power in Port 1 for bi-directional power flow. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

−1

0

1

Active power − Port two

A
ct

iv
e 

po
w

er
 [p

.u
.]

 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
−1

−0.5

0

0.5

1
Reactive power − Port two

Time [s]

R
ea

ct
iv

e 
po

w
er

 [p
.u

.]

 

 

P
ref

P
meas

Q
ref

Q
meas

 
Fig. 5.86. Active and reactive power in Port 2 for bi-directional power flow. 
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5.3.3.3 Voltage Excursions 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
−2

−1

0

1

2
AC Voltages in PCC − Port one

Time [s]

A
C

 V
ol

ta
ge

s 
[p

.u
.]

 
Fig. 5.87. Voltages in Port 1 during voltage excursions. 
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Fig. 5.88. Currents in Port 1 and Port 2 for voltage excursions. 
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Fig. 5.89. Average DC-link voltage for voltage excursions. 
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Fig. 5.90. Active and reactive power in Port 1 during voltage excursions. 
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Fig. 5.91. Active and reactive power in Port 2 during voltage excursions. 
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5.3.3.4 Voltage Unbalances 
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Fig. 5.92. Unbalanced voltages in Port 1.  
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Fig. 5.93. Currents in Port 1 and Port 2 for unbalanced voltages. 
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Fig. 5.94. Average DC-link voltage for unbalanced voltages. 
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Fig. 5.95. Active and reactive power in Port 1 for unbalanced voltages. 
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Fig. 5.96. Active and reactive power in Port 2 for unbalanced voltages. 
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5.3.3.5 Phase Jumps 
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Fig. 5.97. Phase angle reference for voltages in port 1. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
−2

−1

0

1

2
Grid currents − Port one

G
rid

 c
ur

re
nt

s 
[p

.u
.]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
−2

−1

0

1

2
Grid currents − Port two

Time [s]

G
rid

 c
ur

re
nt

s 
[p

.u
.]

 
Fig. 5.98. Currents in Port 1 and Port 2 for phase jumps in Port 1. 
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Fig. 5.99. Average DC-link voltage for phase jumps in Port 1. 
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Fig. 5.100. Active and reactive power in Port 1 during phase jumps. 
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Fig. 5.101. Active and reactive power in Port 2 during phase jumps. 
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5.3.3.6 Frequency Excursions 
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Fig. 5.102. Voltage frequency in Port 1. 
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Fig. 5.103. Currents in Port 1 and Port 2 for frequency excursions in Port 1. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.98

0.99

1

1.01

1.02
DC voltage per total

Time [s]

D
C

 V
ol

ta
ge

 [p
.u

.]

 
Fig. 5.104. Average DC-link voltage during frequency excursions in Port 1. 
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Fig. 5.105. Active and reactive power in Port 1 during frequency excursions in Port 1. 
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Fig. 5.106. Active and reactive power in Port 2 during frequency excursions in Port 1. 



 

EC Contract n°: 019794 (SES6) 
EUROPEAN COMMISSION 

DIRECTORATE J – ENERGY 

 
Page : 124 of 160  
 

 
UNIFLEX-PM REFERENCE W5 AU DV 2001  30/05/08 
Internal partner reference: Filing N° Doc.Type Order N° Rev. N° Date 
_________________________________________________________________________________________________________ 

AREVA – UNOTT – AAU - EPFL – UGDIE – ABB – DSL – EPE 

5.3.3.7 Single-Phase Short-Circuit 
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Fig. 5.107. Voltages in Port 1 during single-phase short-circuit. 
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Fig. 5.108. Currents in Port 1 and Port 2 during single-phase short-circuit. 
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Fig. 5.109. Average DC-link voltage during single-phase short-circuit. 
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Fig. 5.110. Active and reactive power in Port 1 during single-phase short-circuit. 
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Fig. 5.111. Active and reactive power in Port 2 during single-phase short-circuit. 
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5.3.3.8 Two-Phase Short-Circuit 
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Fig. 5.112. Voltages in Port 1 during two-phase short-circuit without ground. 
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Fig. 5.113. Currents in Port 1 and Port 2 during two-phase short-circuit without ground. 
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Fig. 5.114. Average DC-link voltage during two-phase short-circuit without ground. 
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Fig. 5.115. Active and reactive power in Port 1 during two-phase short-circuit without ground. 
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Fig. 5.116. Active and reactive power in Port 2 during two-phase short-circuit without ground. 
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5.3.3.9 Two-Phase with ground Short-Circuit 
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Fig. 5.117. Voltages in Port 1 during a two-phase short-circuit with ground. 
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Fig. 5.118. Currents in Port 1 and Port 2 during a two-phase short-circuit with ground. 
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Fig. 5.119. Average DC-link voltage during a two-phase short-circuit with ground. 
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Fig. 5.120. Active and reactive power in Port 1 during a two-phase short-circuit with ground. 
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Fig. 5.121. Active and reactive power in Port 2 during a two-phase short-circuit with ground 
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5.3.3.10 Three-Phase Short-Circuit 
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Fig. 5.122. Voltages in port 1 during a three-phase short-circuit. 
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Fig. 5.123. Currents in Port 1 and Port 2 during a three-phase short-circuit. 
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Fig. 5.124. Average DC-link voltage during a three-phase short-circuit. 
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Fig. 5.125. Active and reactive power in Port 1 during a three-phase short-circuit. 
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Fig. 5.126. Active and reactive power in Port 1 during a three-phase short-circuit. 
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5.3.3.11 Conclusions 

Based on the above simulation results it can be concluded that the stationary reference frame 
control strategy with PR current controllers gives good results in all considered study cases.  

Very fast reversal of power and a complete decoupling of active and reactive power are obtained. 
The control structure is insensitive to voltage excursions and unbalances being able to track 
accurately the references. The control is able to track the power references even during the phase 
jumps from +60º to -60º, without exceeding the rated currents. The excursions of active and 
reactive power in this case are also within the limits. All types of faults can be handled with good 
performances. The 100 Hz component is present in the active and reactive power output of the 
faulted port for the unsymmetrical faults due to the reference frame transformation for currents. 
However, improvements and different control strategies during the fault shall be investigated. The 
currents in the faulted port does not exceed the rated values in all considered short-circuits. 
Moreover, the currents are sinusoidal even during the fault duration. In all considered study cases 
the average DC-link voltage used in the control has variations below 1%. 

Thus, the PR current controllers gives advantages such as: very fast reversal of power flow, 
robustness to voltage amplitude, phase and frequency excursions, short-circuits, good balancing of 
the DC-link voltages without any additional DC voltage compensators, small DC-link voltage 
overshoot during different disturbances are obtained. 
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5.3.4 Natural reference frame control  

5.3.4.1 Current Harmonic Compatibility Levels 

The current harmonic compatibility levels for the natural reference frame control are presented in 
Fig. 5.127. 

 
Fig. 5.127. Current harmonic compatibility levels in PCC for natural reference frame control. 

Due to the neutral connection required by this control strategy the presence of the multiples of the 
3rd harmonic can be observed in the spectrum. Also, noticeable levels are obtained for the 5th, 7th, 
11th and 13th. The 35th harmonic corresponds to the switching frequency. The current THD is about 
4.5%. 
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5.3.4.2 Bi-directional Power Flow 
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Fig. 5.128. Reactive power reference for bi-directional power flow. 
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Fig. 5.129. Currents in Port 1 and Port 2 for bi-directional power flow. 
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Fig. 5.130. Average DC-link voltage for bi-directional power flow. 
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Fig. 5.131. Active and reactive power in Port 1 for bi-directional power flow. 
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Fig. 5.132. Active and reactive power in Port 2 for bi-directional power flow. 
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5.3.4.3 Voltage Excursions 
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Fig. 5.133.Voltage excursions in Port 1. 
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Fig. 5.134. Currents in Port 1 and Port 2 during voltage excursions. 

0.3 0.35 0.4 0.45 0.5 0.55 0.6
0.98

0.99

1

1.01

1.02
DC voltage per total

Time [s]

D
C

 V
ol

ta
ge

 [p
.u

.]

 
Fig. 5.135. Average DC-link voltage during voltage excursions. 



 

EC Contract n°: 019794 (SES6) 
EUROPEAN COMMISSION 

DIRECTORATE J – ENERGY 

 
Page : 137 of 160  
 

 
UNIFLEX-PM REFERENCE W5 AU DV 2001  30/05/08 
Internal partner reference: Filing N° Doc.Type Order N° Rev. N° Date 
_________________________________________________________________________________________________________ 

AREVA – UNOTT – AAU - EPFL – UGDIE – ABB – DSL – EPE 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

−1

0

1

Active power − Port one

A
ct

iv
e 

po
w

er
 [p

.u
.]

 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
−1

−0.5

0

0.5

1
Reactive power − Port one

Time [s]

R
ea

ct
iv

e 
po

w
er

 [p
.u

.]

 

 

P
ref

P
meas

Q
ref

Q
meas

 
Fig. 5.136. Active and reactive power in Port 1 during voltage excursions. 
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Fig. 5.137. Active and reactive power in Port 2 during voltage excursions. 
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5.3.4.4 Voltage Unbalances 
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Fig. 5.138. Unbalance voltages in Port 1. 
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Fig. 5.139. Currents in Port 1 and Port 2 for voltage unbalances. 
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Fig. 5.140. Average DC-link voltage for voltage unbalances. 
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Fig. 5.141. Active and reactive power in Port 1 for unbalance voltages. 
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Fig. 5.142. Active and reactive power in Port 2 for unbalance voltages. 
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5.3.4.5 Phase Jumps 
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Fig. 5.143. Phase jumps in Port 1. 
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Fig. 5.144. Currents in Port 1 and Port 2 during phase jumps. 
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Fig. 5.145. Average DC-link during phase jumps. 
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Fig. 5.146. Active and reactive power in Port 1 during phase jumps. 
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Fig. 5.147. Active and reactive power in Port 2 during phase jumps. 
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5.3.4.6 Frequency Excursions 
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Fig. 5.148. Frequency excursions in Port 1. 
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Fig. 5.149. Currents in Port 1 and Port 2 during frequency excursions. 
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Fig. 5.150. Average DC-link voltage during frequency excursions. 
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Fig. 5.151. Active and reactive power in Port 1 during frequency excursions. 
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Fig. 5.152. Active and reactive power in Port 2 during frequency excursions. 
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5.3.4.7 Single-Phase Short-Circuit 

0.15 0.2 0.25 0.3 0.35 0.4

−1

−0.5

0

0.5

1

AC Voltages in PCC − Port one

Time [s]

A
C

 V
ol

ta
ge

s 
[p

.u
.]

 
Fig. 5.153. Voltages in Port 1 during a single-phase short-circuit. 
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Fig. 5.154.  Currents in Port 1 and Port 2 during a single-phase short-circuit. 
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Fig. 5.155. Average DC-link voltage during a single-phase short-circuit. 
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Fig. 5.156. Active and reactive power in Port 1 during a single-phase short-circuit. 
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Fig. 5.157. Active and reactive power in Port 2 during a single-phase short-circuit. 
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5.3.4.8 Two-Phase Short-Circuit 
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Fig. 5.158. Voltages in Port 1 during a two-phase short-circuit without ground. 
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Fig. 5.159. Currents in port 1 and Port 2 during a two-phase short-circuit without ground. 
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Fig. 5.160. Average DC-link voltage during a two-phase short-circuit without ground. 
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Fig. 5.161. Active and reactive power in Port 1 during a two-phase short-circuit without ground. 
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Fig. 5.162. Active and reactive power in Port 2 during a two-phase short-circuit without ground. 
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5.3.4.9 Two-Phase with ground Short-Circuit 
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Fig. 5.163. Voltages in Port 1 during a two-phase short-circuit with ground. 
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Fig. 5.164. Currents in Port 1 and Port 2 1 during a two-phase short-circuit with ground. 
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Fig. 5.165. Average DC-link voltage during a two-phase short-circuit with ground. 
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Fig. 5.166. Active and reactive power in port 1 during a two-phase short-circuit with ground. 
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Fig. 5.167. Active and reactive power in port 2 during a two-phase short-circuit with ground. 
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5.3.4.10 Three-Phase Short-Circuit 
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Fig. 5.168. Voltages in Port 1 during a three-phase short-circuit. 
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Fig. 5.169. Currents in Port 1 and Port 2 during a three-phase short-circuit. 
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Fig. 5.170. Average DC-link voltage during a three-phase short-circuit. 
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Fig. 5.171. Active and reactive power in Port 1 during a three-phase short-circuit. 
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Fig. 5.172. Active and reactive power in Port 2 during a three-phase short-circuit 
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5.3.4.11 Conclusions 

Based on the above simulation results it can be concluded that the natural reference frame control 
strategy with PR current controllers gives relatively good results in all considered study cases.  

Very fast reversal of power and a complete decoupling of active and reactive power are obtained. 
The control structure is relatively insensitive to voltage excursions and unbalances being able to 
track the references. The control is able to “survive” the phase jumps from +60º to -60º. However, 
large excursions in the active and reactive power up to two times the rated power can be observed. 
Relatively large transients in the reactive power are obtained during the frequency excursions. All 
types of faults can be handled with good performances. The 100 Hz component is present in the 
active and reactive power output of the faulted port for the single-phase and two-phase without 
ground short-circuit. Also, large excursions in the active power can be observed especially for the 
two-phase without ground fault. The currents in the faulted port does not exceed the limits in all 
considered short-circuits. In all cases the currents in the faulted port are sinusoidal except the two-
phase short-circuit without ground where they are distorted. 

In all considered study cases the average DC-link voltage used in the control has variations below 
1% except the phase-jumps case where the voltage overshoot is about 4%. 
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5.4 SUMMARY  

A comprehensive analysis of four control strategies considered for the Uniflex-PM system was 
presented. Before drawing some conclusions regarding this analysis the following remarks must be 
made: 

• No weighted limiter has been used in calculation of the reference currents; 
• No limitations were imposed to the current controllers; 
• Same parameters were used for the plant model as well as for the PLLs. 

Using current limitations for the controllers as well as weighted limiters for calculation of the 
current references the current overshoot can be decreased for all control strategies. 

Moreover the PLL parameters can be adjust for a better response in each case. 

Based on the harmonic analysis the current THD for the considered control strategies is 
summarized in Fig. 5.173. 

 
Fig. 5.173. Summary of the current THD for the control strategies under analysis. 

Important values for low harmonic orders are present in the spectrum for the control strategies that 
consider a neutral connection i.e. the predictive control and the natural frame control with PR 
current controllers. Therefore, the THD is expected to be higher than the other two control 
strategies. However, considering a special neutral connection as well as harmonic compensation the 
THD is expected to be lower. 

Regarding the control ability as well as the dynamic response under different grid conditions the 
selected control strategies have different performances.  

A summary regarding the simulation studies for the selected control strategies under different grid 
condition is given in Table 5.3. 



 

EC Contract n°: 019794 (SES6) 
EUROPEAN COMMISSION 

DIRECTORATE J – ENERGY 

 
Page : 154 of 160  
 

 
UNIFLEX-PM REFERENCE W5 AU DV 2001  30/05/08 
Internal partner reference: Filing N° Doc.Type Order N° Rev. N° Date 
_________________________________________________________________________________________________________ 

AREVA – UNOTT – AAU - EPFL – UGDIE – ABB – DSL – EPE 

 

Table 5.3. Comparison of the control strategies under investigation. 
Synch Ref Frame Predictive Stationary Ref Frame Natural Ref Frame Study case 
PQ Current PQ Current PQ Current PQ Current 

Power  
flow         

Voltage 
excursion         

Voltage 
unbalances         

Phase 
jumps         

Frequency 
excursions         

Single-phase 
Short-Circuit         

Two-phase 
Short-Circuit         

Two-phase 
SC with gnd         

Three-phase 
Short-Circuit         

 

In general the stationary reference frame (αβ) control has the best behaviour compared with the 
other control strategies while the synchronous reference frame control has the lowest performances 
especially during the faults. 

All control strategies needs further attention especially regarding the tuning of the PLL parameters 
as well as the current limitation and weighting of current controllers; 
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6 CONCLUSIONS AND RECOMMENDATIONS 

The present WP5 report assesses four control strategies for the Uniflex-PM system. These control 
strategies are evaluated under different grid condition and events though different study cases. It 
must be noticed that these study cases were designed to “push” the control to its limits. Most of the 
study cases cannot occur in the real operation of a power converter connected to MV networks. 
Therefore, these study cases must be considered as the “worst case scenario” as well as a 
benchmark of the control strategies. 

It is not in the scope of this analysis to recommend the best control strategy. The main goal here 
was to identify the improvements that can be made so that the Uniflex-PM system can comply with 
any grid code and “survive” to any event into the electrical network. 

Based on the analysis it can be concluded that the synchronous reference frame control needs 
further attention especially on the decomposition of the positive and negative sequences of the grid 
voltage. Also, the reactive power control for the sending end port must be improved. In order to 
comply with the power quality requirements some methods for harmonic cancellation especially for 
multiple of switching frequency must be investigated. 

The predictive control that provides a fast current control on individual phases requires harmonic 
cancellation methods for harmonics up to the switching frequency. Special attention is needed for 
the 5th, 7th, 11th and 13th harmonics as well as for the neutral treatment. Further investigations are 
needed to improve the response when very fast variation of the grid voltage occurs. 

The stationary reference frame control with PR current controllers seems to have the best 
performances compared to the other control strategies. However, harmonic cancelation methods for 
multiples of the switching frequency can be considered.  

The natural reference frame control needs harmonic cancellation methods for harmonics up to the 
switching frequency as well as methods for neutral treatment. This control strategy seems to be very 
promising for separate control of power in each phase. Therefore, further investigations are 
necessary.  

All control strategies needs further attention especially regarding the tuning of the PLL parameters 
as well as the current limitation and weighting of current controllers. 

Handling of faults in the networks shall also be investigated. In the present analysis all control 
strategies provide 100% reactive current during and after the fault. Other control methods such as 
constant power factor, constant active power, etc. must be investigated. 

The validation of the developed models and control strategies for the Uniflex-PM system is 
expected to be done in close cooperation with WP7. 
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