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1.2 Short description of project objective and results  
English version: 
The PRO-NET project is fully titled as “PROTECTION OF POWER ELECTRONICALLY 
INTERFACED LV DISTRIBUTED GENERATION NETWORKS”. The project aims to investi-
gate the emerging problems of and develop new solutions to the protection system of 
distribution networks with power-electronic-based DG integration. The main results of 
the project include: understanding of the impacts of DG integration on protection per-
formance, methods to alleviate these impacts (i.e. methods from the protection per-
spective or DG control perspective or the perspective of coordination between protection 
and DG control), control strategies of DG in post-fault stage for stable islanding opera-
tion, effective and reliable communication system to support the protection and control 
methods. 

Danish version: 
Projektet PRO-NETs fulde titel er "PROTECTION OF POWER ELECTRONICALLY 
INTERFACED LV DISTRIBUTED GENERATION NETWORKS". Projektet har til formål at 
undersøge de nye problemer der opstår og udvikle nye løsninger til beskyttelse af di-
stributionsnet med effektelektronisk baseret DG integration. De vigtigste resultater af 
projektet omfatter: Undersøgelse af virkningerne af DG integration på beskyttelsens 
funktion, metoder at afhjælpe disse (eventuelle negative) virkninger (dvs. metoder set 
fra beskyttelsens perspektiv eller DG kontrollens perspektiv eller fra perspektivet af en 
koordinering mellem beskyttelse og DG kontrol), kontrol strategier for DG i post-fejl 
forløbet for overgang til stabil Ø-drift samt et effektivt og pålideligt kommunikations 
system til at understøtte de valgte metoder for beskyttelse og kontrol. 

 

1.3 Executive summary 
The PRO-NET project is fully titled as “PROTECTION OF POWER ELECTRONICALLY 
INTERFACED LV DISTRIBUTED GENERATION NETWORKS”. The partners include the 
Turkish team (TUBITAK UZAY), the Norwegian team (SIMULA Research Laboratory) and 
the Danish team (Aalborg University). TUBITAK, Turkey is the project coordinator. 

Background: 
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The PRO-NET project was proposed based on the background that a large number of 
dispersed generation (DG) units, including renewable energy sources such as wind tur-
bines, PV generators, fuel cells together with Combined Heat and Power (CHP) plants, 
are being integrated into power systems at distribution level, and power electronic con-
verters have gained wide application in the distributed system. Although this brings the 
advantages of flexible onsite generation and low carbon emission, it also presents new 
challenges to the operation of the distribution networks. 

The new characteristics of distribution networks due to integration of renewables and 
application of power electronics include more complicated power flow profiles, changed 
short circuit capacities, stochastic generation, need for communication system in pro-
tection and control, etc. As a result, the performance of the protection system of distri-
bution networks will be deteriorated or even become non-functional if the conventional 
protection schemes were kept unchanged. 

Therefore, the PRO-NET project aims to develop the communication technology en-
hanced intelligent protection and post fault control methods for distribution systems 
with large scale renewable energy generation units and power electronic converters. 
The developed protection and control methods would minimise the risks of losing power 
supply in an abnormal situation by stably operating of a local system in an island mode 
if the power system at a higher level fails, and restoring normal operation as quickly as 
possible. 

Working packages: 
The PRO-NET project is divided into 5 working packages (WPs) as shown in table 1.3.1. 

Table 1.3.1. Working package list 
WP No. WP title Lead participant 

WP1 Project management TUBITAK UZAY 
WP2 Analysis & Protection TUBITAK UZAY 
WP3 DG modelling & Control AAU 
WP4 Communication system SIMULA 
WP5 Dissemination activities All 

 
More specifically, the working tasks are distributed as follows: 

 Study the characteristics of distribution system with large number of renewable 
energy generation units and power electronic interfaced devices, (TUBITAK 
UZAY) 

 Model the distributed generation systems (AAU) 
 Develop the intelligent and adaptive protection methods (TUBITAK UZAY) 
 Establish control methods to stabilising the post-fault islanding system (AAU) 
 Develop cost effective and reliable communication system to support the protec-

tion and control methods (SIMULA) 
 Integrated simulation platform including communication system and power sys-

tem (SIMULA) 
 Overall system performance evaluation (All) 

o Integrated off line Simulations 
o Real Time HIL Simulations 
o Laboratory Scale Tests 

Technical results: 
The technical results of the PRO-NET project include: 

 understanding of the impacts of DG integration on protection performance; 
 methods to alleviate these impacts  

o methods from the protection perspective  
o methods from DG control perspective  
o coordination between protection and DG control); 

 control strategies of DG in post-fault stage for stable islanding operation; 
 effective and reliable communication system to support the protection and con-

trol methods. 
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Utilization: 
These technical results are expected to be beneficial for distribution system operators, 
consumers in LV residential areas and investors, and are expected to be utilized to real-
ize more reliable, sustainable and economical smart distribution networks, with in-
creased renewable integration and reduced green-house gas emission and environmen-
tal impacts. Specifically, the understanding of the impacts of DG integration on protec-
tion performance can be utilized in updating the DG connection regulations of emerging 
distribution systems with dominant renewable power generation (e.g. wind, solar); the 
mitigation methods from the protection perspective (i.e. adaptive protection) can be 
utilized by the protection manufacturers and distribution system operators to build a 
protection system more suitable for the future distribution systems; the control meth-
ods of DG during and after faults can be used by the manufacturers and owners of DGs 
to produce and operate the DGs in a way obeying with the regulations of the future dis-
tribution systems. 

The technical results are also expected to be used as the foundation of further research 
activities and teaching activities related to the topics of distribution system protection, 
distribution generation control and communication technology in power systems. 

 

1.4 Project objectives 
As mentioned in 1.3, the PRO-NET project aims to develop the communication technol-
ogy enhanced intelligent protection and post fault control methods for distribution sys-
tems with large scale renewable energy generation units and power electronic convert-
ers. The main objectives of the PRO-NET project are to: 

 Study the characteristics of emerging distribution system with large number of 
renewable energy generation units and power electronic interfaced devices, 

 Model the distributed generation systems 
 Develop the intelligent and adaptive protection methods 
 Establish control methods to stabilising the post-fault islanding system  
 Determine cost effective and reliable communication system to support the pro-

tection and control methods 
 Evaluate overall system performance 

 
For the work plan, adjustments have been made due to the different time schedules of 
partners. The Norwegian team (SIMULA) received the funding from its agency (RCN) 
from 2012 as originally planned. The Turkish team (TUBITAK UZAY) started receiving 
the funding from its own agency from 2013, which was delayed due to their institution 
reorganization. To synchronize the project with TUBITAK UZAY, the Danish team (AAU) 
started receiving the funding from its own agency (ENERGINET.DK) also from 2013. 
This different time schedule challenged the synchronization of the project. However, 
RCN made a very good suggestion to extend the Norwegian part for one year so that 
the three partners were able to be synchronized in making the results and matches with 
the tasks schedule.  

Each partner in the consortium made good contributions in its own field and the collabo-
ration among partners is close in the project. The PI presented impressive leadership 
and finished the project successfully.  

Three project meetings were held in the process of the PRO-NET project: a kick-off 
meeting in May 2013 (Istanbul, Turkey); the second project meeting in April 2014 (Aal-
borg, Denmark); and the final project meeting in December 2015 (Oslo, Norway). In 
each meeting, all the partners shared results and discussed the collaborative tasks to 
do. In the final meeting, the three partners discussed extensively on producing a very 
high-quality research paper by joining all results.  

For the Danish team, the resources are efficiently used mainly for employing the re-
search employees and travelling for project meetings and conferences.. 
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1.5 Project results and dissemination of results 
1.5.1 Main activities and technical results 

1.5.1.1 Brief description of work task distributions 
As stated in 1.3, the working tasks are distributed in the following way among the three 
partners in the consortium: 

 Study the characteristics of distribution system with large number of renewable 
energy generation units and power electronic interfaced devices, (TUBITAK 
UZAY) 

 Model the distributed generation systems (AAU) 
 Develop the intelligent and adaptive protection methods (TUBITAK UZAY) 
 Establish control methods to stabilising the post-fault islanding system (AAU) 
 Develop cost effective and reliable communication system to support the protec-

tion and control methods (SIMULA) 
 Integrated simulation platform including communication system and power sys-

tem (SIMULA) 
 Overall system performance evaluation (All) 

o Integrated off line Simulations 
o Real Time HIL Simulations 
o Laboratory Scale Tests 

The research activities and technical results by the Danish team (AAU), namely, the 
distributed generation system modelling and the distributed generation control strate-
gies during and after fault, will be described in detail in 1.5.1.2. The research activities 
and technical results by the Turkish team (TUBITAK UZAY) and the Norwegian team 
(SIMULA) will be briefly introduced in 1.5.1.3. 

1.5.1.2 Tasks conducted by AAU 
As assigned in the PRO-NET proposal, the Danish team (AAU) fulfilled the working tasks 
“modelling the distributed generation system” and “DG control strategies to stabilise the 
post fault islanding system”. In addition, some closely relevant work has also been con-
ducted by the AAU team to make the research more systematic, which includes a com-
prehensive literature review on the topic of protection of distribution systems with DG 
integration, short circuit analysis of distribution systems with DG integration (especially 
inverter-based DG), and control strategies of inverter-based DG during a fault for the 
purpose of maintaining proper coordination of protection. These tasks will be described 
in detail in the following subsections. 

1.5.1.2.1 Literature review 
The literature review mainly focuses on the topic of how DG integration influences the 
performance of the protection system in distribution networks, and what solutions are 
there to deal with the influence of DG integration. The major knowledge obtained from 
and summarized in the literature review will be introduced below. 

Impacts of DG integration on protection performance 
There have been quite a few research activities discussing the influence of DG integra-
tion on the distribution system protection performance in the literature. Generally, the 
influence exists in several manners, namely, variable fault current directions and levels, 
loss of protection coordination, possible islanding operation, and distribution system 
transient stability. Some of the main understandings with regard of these different 
manners are summarized in the following bullets.  

 Variable fault current directions and levels 

The traditional distribution system is usually radial in topology and the power flow as 
well as fault currents are single-directional. In such structure, to clear a fault requires 
only to open the source-end of the fault component. However, when DGs are integrat-
ed, the power flow and fault currents become bi-directional [1], while the protection 
system is required to open both ends of the fault component to clear a fault, although 
the topology of the distribution system may be not definitely meshed [2]. 

More discussion has focused on the fault current levels influenced by DG integration [3]. 
Generally, it is commonly agreed that the contribution to fault current from inverter 
based DGs is lower than that from directly-connected generators due to the current 
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limitation of inverters [4][5][6]. Normally, the converter’s current during fault condition 
is restricted up to twice its nominal current [7]; while fault currents from synchronous 
generators can reach up to several times of its nominal value [8].  

An example from [9] is given in Fig.1.5.1 to show the reduction of protection reach due 
to fault current change caused by DG integration. In Fig.1.5.1, the relay senses a small-
er fault current for the same fault after DG is connected. If the settings of the overcur-
rent relay are not changed, the furthest fault which can be detected by the relay would 
be closer than the case without DG. However, the authors of [10], using hard-ware-in-
the-loop simulation studies, found that DG are unlikely to cause protection reach reduc-
tion during phase to phase fault, while for single phase to earth  faults, the DGs even 
increase the sensitivity of the protection. 

Generally, DG integration makes the distribution system more complicated. The influ-
ence of DG integration on the fault current level and the reach of the network protection 
is dependent on many factors, such as distribution system topologies, DG type, loca-
tions and levels of DG integration, fault types, fault location, fault impedance, etc.  

 
Fig.1.5.1. Reduction of protection reach 

 Loss of protection coordination 

If two devices can operate properly in the primary-backup mode when fault occurs, they 
are considered as in coordination [11]. However, when DGs are integrated into the dis-
tribution system, due to the varied fault current level and direction, the coordination 
between protection devices might be lost [7][12]. One example from [12] is given in 
Fig.1.5.2 to show the possibility of lost of the protection coordination. In Fig.1.5.2, no 
matter which occurs, fault 1 or fault 2, the fault current sensed by protection relay in 
bus 1 will be the same as that sensed by protection relay in bus 2. However, for fault 1, 
protection relay in bus 1 is supposed to operate first and protection relay in bus 2 works 
as the backup, while for fault 2, the other way round. This is not possible if there is only 
one time-current-curve setting for each of the relay and the coordination is definitely to 
be lost for one of the two fault cases. 

Utility 
grid

Fault 1 Fault 2

Bus 1 Bus 2
Load

DG

Bus 0 Bus 3

 
Fig.1.5.2. Loss of relay-relay coordination due to DG integration 

 Possible islanding operation 

Although IEEE 1547 standard recommends that once an island is detected, the DGs in 
the island should be disconnected within 2 seconds [13][14], islanding operation with 
DGs energizing the local loads is very likely to be an option in the future due to the reli-
ability and flexibility it introduces [15][7]. However, the islanding operation also leads 
to new challenges to the protection of distribution systems. 

The main cause of this challenge is that the short circuit capability of DGs is generally 
much lower than that can be offered by the utility grid. During islanding operation, only 
DGs are feeding the distribution system, thus the short circuit power and the fault cur-
rents become much lower than the grid-connected operation [16]. In this situation, the 
normal pickup settings of the overcurrent protection will be too high for the protection 
devices to operate timely when faults occur in the island [17][4][18]. 

 Distribution system transient stability 

Transient stability is defined as “the ability of the power system to maintain synchro-
nism among synchronous generators when subjected to a severe transient disturbance 
such as a fault on the facilities” [19]. To maintain transient stability, the protection sys-
tem is required to clear the fault within a short period termed as the critical clearing 
time (CCT). Traditionally, transient stability is only an issue for transmission system, 
but not for distribution system due to its passive property. 
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However, the integration of DGs, e.g. directly connected synchronous generators, will 
add to the distribution system the transient stability problem, which may in turn bring 
the concept of CCT to the protection system. This is new to distribution network and 
would pose extra constraints on the speed of its protection devices [20][21]. 

Solutions from the DG perspective 
To mitigate the influence of DG integration on the distribution system protection, vari-
ous solutions have been proposed in the literature. These solutions can be generally 
categorized into two groups, i.e. the solutions based on the DG technologies and the 
solutions embedded in the distribution network protection system. The solutions from 
the DG perspective are described in the following bulleted points. 

 Limit integration of DG 

This approach includes efforts in both planning and operation stages. 

In the planning stage, the main concern is about how and how much DG should be inte-
grated. 

For the operation stage, solutions suggests that DG be disconnected from the distribu-
tion system during fault condition, so that the DG contribution on the fault currents will 
be eliminated, while the traditional protection schemes can still work without revamping 
the infrastructure [2]. More details about disconnecting DGs from the distribution sys-
tem during fault are given in the IEEE 1547 standard [13][14]. However, as stated in 
[7], the tripping times in the IEEE 1547 standard are likely larger than the modern re-
closer operating time (6 cycles after the fault occurrence), which means the DGs will be 
still connected in the grid and provide fault current during the period when the recloser 
experiences the fault current and operates. In other words, tripping the DGs according 
to this standard won’t help mitigate the impact of DG on protection coordination. Also as 
mentioned in Section I, with the increased level of DG integration, completely cutting 
them off during faults may cause extra problems [2]. Therefore, other alternative solu-
tions are necessary. 

 Application of energy storage units 

The problem caused by islanding operation, i.e. much lower fault currents than grid-
connected operation especially when the islanded distribution system is mainly fed by 
convertor-based DGs, can be solved by introducing energy storage devices which can 
increase fault currents so that the fault can be detected and cleared on time with pro-
tection settings for grid-connected operation [15]. 

The authors of [4] suggested a fly-wheel based energy storage system working together 
with a doubly-fed induction generator (DFIG). This combined DG unit is capable of 
providing sufficient fault current by injecting a controllable exponentially decaying cur-
rent component, and thus the protection settings for grid-connected operation can also 
work properly when the system is operating in islanding mode. 

 Application of fault current limiter (FCL) 

The application of FCL has gained increasing attention in recent years. It is an effective 
method to reduce the fault current in power grid. Under normal condition, the imped-
ance of FCL keeps a low value so that the power flow through it will not be affected, 
while under fault condition the impedance of FCL can be controlled to increase rapidly in 
order to reduce the fault current. In a distribution system with DGs, FCL can be used to 
reduce fault currents provided by the DGs, so as to keep fault current profile in the sys-
tem as if no DG is integrated. Therefore the protection settings for none-DG condition 
can still apply, while the coordination between the protective devices can be maintained 
[22]. 

 Novel control strategy for power-electronic based DG 

As stated in [23], with increasing integration of DG, especially those based on power 
electronic converters, it is important to incorporate the converter’s response to a fault 
into fault analysis, taking into account the control strategy of the converter, the current 
limiting method and the fault type. This means the interaction between protection de-
vice and DG control should be taken into account when designing the power electronic 
converter controller. One idea proposed in [7] to mitigate the impact of inverter-based 
DG on recloser-fuse coordination is to modify the inverter control strategy so that dur-
ing a fault, instead of completely tripping off, the inverter will reduce its output current 
according to its voltage deviation. 
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Solutions from the protection perspective 
The solutions from the protection perspective are described in the following bulleted 
points. 

 Improved overcurrent protection 

First of all, due to bidirectional power flow in modern distribution system caused by DG 
integration, conventional overcurrent protection might not satisfy the requirement, 
while directional overcurrent protection relays should be utilized [24]. 

Other contributions from the literature lie in two main aspects, i.e. the settings of the 
overcurrent protection devices adaptive to different operating conditions and the detec-
tion of different operating conditions. Modern micro-processor based digital protection 
relays allow multiple settings in one device. When multiple settings are installed in each 
overcurrent device, to adapt to both grid-connected and islanded conditions [17][24], 
or different DG integration levels [17][25][26], an appropriate way to identify different 
operating conditions becomes necessary in order to timely switch from one group of 
setting to another. 

 Other types of protection 

Although overcurrent protection is still the most commonly used protection scheme in 
distribution system, it meets some difficulties in identifying the fault if the fault imped-
ance is high [27], and in clearing the fault in a short time if too many directional over-
current relays are needed in a ring structured distribution system [28].  

Therefore, other types of protection relays have been suggested for distribution system 
with DGs. Differential protection is used in [27] in a distribution system to improve the 
capability of identifying faults with low fault currents due to DG integration or high fault 
impedance. Distance protection is used in [28] to provide shorter fault-clearing time 
and it is also less sensitive to the change of fault current level and direction due to DG 
integration. 

Furthermore, some novel protection schemes depend on neither the traditional overcur-
rent relays nor differential or distance relays, but the collective-knowledge based deci-
sion making stations or units. An offline-trained neural network is built in [29] and [30] 
to identify fault type and location, as well as to decide which one to be isolated among 
all those predefined protection zones. While in [31] and [32], two radial basis function 
neural networks were proposed to search for the fault location. The first is used to find 
the distance between the fault and each source; the second is to find the exact faulted 
line. An adaptive method is then proposed to decide which protective device should op-
erate according to the identified fault location. 

Summarize and conclusions 
Modern distribution systems are undergoing increasing penetration of DGs. Embracing 
the advantages that DGs bring, there are also new challenges along with this trend. One 
major challenge lies in the area of distribution system protection. This working task sur-
veys the possible impacts of DG integration on distribution system protection perfor-
mance and reviews the endeavors for mitigating these impacts in the literature.  

The integration of DGs can impact the distribution system protection by causing variable 
fault current direction and level, loss of protection coordination, islanding operation, and 
transient stability issue.  

The suggested solutions in the literature are from either the DG perspective or the pro-
tection system perspective. For the former, limiting DG integration, application of stor-
age and FCL, modified DG control strategies are proposed to maintain the protection 
system performance. More solutions are proposed from the protection perspective, e.g. 
protection based on improved overcurrent settings, protection based on other types of 
relays and protection based on collective knowledge and artificial intelligence. Encoun-
tering so many options, the selection among the solutions should take into account the 
characteristics of the distribution system, the type and location of DG integration, and 
very importantly, the cost. The various solutions to the protection problem of distribution 
systems with DG integration, as described in the previously, are summarized in Table 1.5.1. 

Table 1.5.1 Solutions for protection of distribution system with DG 
Solutions Focused problems Advantages Disadvantages 
Limiting inte-  Loss of protection 

coordination 
 Provide an index for DG 

integration planning 
 Limited utilization of DGs 



 
 

8

gration level 
of DGs 
Disconnection 
of DGs after 
fault 

 Variable fault 
current directions 
and levels 

 No need for updated 
protection system due 
to DG integration 

 Voltage or frequency deviation 
because of  large scale of DG 
cut-off 

 DG disconnection may be not 
fast enough for modern protec-
tion devices 

Application of 
energy stor-
age units 

 Islanding opera-
tion 

 No need for updated 
protection setting for 
islanding operation 

 High cost of energy storage unit 
and its installation 

Application of 
FCL 

 Variable fault 
current directions 
and levels 

 No need for updated 
protection system due 
to DG integration 

 High cost of FCL and its installa-
tion 

Improved 
overcurrent 
protection 

 Variable fault 
current directions 
and levels 

 Loss of protection 
coordination 

 Islanding opera-
tion 

 Can be updated based 
on existing protection 
system 

 Methods using only local meas-
urements may work only for 
small and simple distribution 
system 

 Methods using wide-area meas-
urements may highly depend on 
ICT and thus give rise to high 
cost 

Application of 
differential or 
distance pro-
tection 

 Variable fault 
current directions 
and levels 

 Adaptive to various 
fault current levels, 
high fault impedance 
and ring structured 
distribution system 

 High cost of replacing the total 
protection system 

Application of 
collective-
knowledge 
based decision 
making 

 Loss of protection 
coordination 

 Highly adaptive to 
complicated multiple 
working conditions 

 Difficult to implement 
 Highly depend on ICT and thus 

high cost 

 

One point to note is that, since inverter-based DGs attract more and more applications 
in the distribution system, the coordination between the DG control strategies and the 
protection mechanisms becomes a very important and promising solution. The AAU 
team carried out some research on DG control strategies that can assist maintaining the 
protection coordination during faults, and as well some research on how to cooperative-
ly select the DG control mode and protection settings in a distribution system with mul-
tiple DGs integrated. This will be further discussed in 1.5.1.2.4. 

1.5.1.2.2 Modelling of the distributed generation system 
In the PRO-NET project, the AAU team built several standard test distribution system 
models in DIgSILENT PowerFactory 15.1 or MATLAB for simulations and method valida-
tion. These distribution system models include IEEE 13 bus test system, IEEE 33 bus 
test system and IEEE 34 bus test system. These models are available for the load flow 
calculations and time domain simulations. More details of each test system model will 
be introduced in next subsections where they are used in the corresponding simulations. 

Some necessary modifications have been implemented in these models based on their 
original structure and data, in order to simulate distribution systems with DG integra-
tion. The major modification is the integration of DG unit model. A typical power elec-
tronic based DG unit, i.e. a full converter based wind turbine model, has been built and 
utilized for the integration with those distribution system models. This wind turbine uses 
a permanent magnet synchronous generator (PMSG), which is connected to the grid 
through a back-to-back full-scale PWM voltage source converter. This wind turbine 
model will be described in detail as follows. 

The complete wind turbine model includes the wind speed model, the aerodynamic 
model of the wind turbine, the mechanical model and models of the electrical compo-
nents, namely the PMSG, PWM voltage source converters, transformer, and the control 
system. Fig. 1.5.3 illustrates the main components of the wind turbine as well as the 
control system of the wind turbine. 

Wind speed model 
Wind speed modelling plays an important role in the study of dynamic interactions be-
tween wind farms and the connected power system. However, in small signal stability 
study, different operating points of the system are of concern and in each of these op-
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erating points, the wind speed can be treated as a constant. Thus no detailed wind 
speed model is used in this work, but constant wind speeds are used. 

The aerodynamic model 
The relation between the wind speed and aerodynamic torque is described by (1): 

 3 2 ( , )1

2
P

eq

C
Tw R v

 



                                 (1) 

where Tw is the aerodynamic torque extracted from the wind (Nm);  is the air density 

(kg/m3); R is the wind turbine rotor radius (m); eqv is the equivalent wind speed (m/s); 

 is the pitch angle of the rotor (deg); / eqR v  is the tip speed ratio;  is the wind 
turbine rotor speed (rad/s); and Cp is the aerodynamic efficiency of the rotor. 

Mechanical model 
As for the mechanical model, emphasis is put on the parts of the dynamic structure of 
the wind turbine that contribute to the interaction with the grid. Therefore, only the 
drive train is considered, while the other parts of the wind turbine structure, e.g. tower 
and flap bending modes, are neglected. A two-mass model is applied here to represent 
the drive train. 

Electrical component models 
The PMSG is modelled by the synchronous generator model in DIgSILENT PowerFactory 
library, with a constant excitation current setting. 

Since the study interest is not in the switches of the PWM converter, an average model 
without switches is used instead of a detailed PWM voltage source converter model so 
that the simulation can be carried out with relatively high calculation speed. 
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Fig. 1.5.3.  Structure of the direct-drive-full-convertor-based wind turbine model 

Wind turbine control system model 
For a variable speed wind turbine with a PMSG and a back-to-back full-scale converter, 
it is possible to control the electromagnetic torque at the generator directly, so that the 
speed of the turbine rotor can be varied within certain limits. An advantage of the vari-
able speed wind turbine is that the rotor speed can be adjusted in proportion to the 
wind speed under low to moderate wind speed condition so that the optimal tip speed 
ratio is maintained. At this tip speed ratio the aerodynamic efficiency, CP, is at the max-
imum, which means that the energy conversion is maximized. It is normally referred to 
as the maximum power point tracking (MPPT) [33]. Under high wind speed condition, 
pitch controller as presented in Fig. 1.5.4 is activated to keep the output power at the 
rated value in order not to overload the system. 

Vector control techniques have been well developed for PMSG using back-to-back PWM 
converters [34]. Two vector control schemes are designed respectively for the genera-
tor-side and grid-side PWM converters, as presented respectively in Fig. 1.5.5 and Fig. 
1.5.6.  
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The objective of the vector-control scheme for the grid-side PWM converter is to keep 
the DC-link voltage constant regardless of the magnitude of the generator power, while 
keeping sinusoidal grid currents. It may also be responsible for controlling reactive 
power flow between the grid and the grid-side converter by adjusting _g refQ . The objec-
tive of the vector-control scheme for the generator-side PWM converter is to control the 
optimal power tracking for maximum energy capture from the wind by adjusting the 
speed of the wind turbine. The reference value of the generator active power _s refP  is 
obtained from the rotor speed controller as shown in Fig. 1.5.7. The rotor speed refer-
ence is obtained via a look-up table to enable the optimal tip speed ratio.  

Normally, the reference values of both generator-side and grid-side converters, 
_s refQ and _g refQ  are set to zero to ensure unity power factor operation and reduce cur-

rents of both generator-side and grid-side converters.  



 
Fig. 1.5.4.  Block diagram of the pitch controller 

 

 



 
Fig. 1.5.5.  Block diagram of the generator-side convertor controller 

 

 



 
Fig. 1.5.6.  Block diagram of the grid-side convertor controller 
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Fig. 1.5.7.  Block diagram of the rotor speed controller 

1.5.1.2.3 Short circuit analysis of distribution systems with DG integration 
DG integration may change the pattern of the fault currents in the distribution system 
and as a result bring challenges to the network protection system. This problem has 
been frequently discussed in the literature, but mostly considering only the balanced 
fault situation. In the PRO-NET project, the AAU team presents an investigation on the 
influence of full converter based wind turbine (WT) integration on fault currents during 
both balanced and unbalanced faults. Major factors such as external grid short circuit 
power capacity, WT integration location, connection types of WT integration transformer 
are taken into account. The investigation is based on mathematical analysis and simula-
tion study of a simple test system built in DIgSILENT PowerFactory. The protection is-
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sues as a result of the change of fault current after DG integration are presented as 
well. 

Mathematical analysis 
The test system is shown in Fig.1.5.8, which is a simple system for the purpose of clear-
ly presenting the impacts of DG integration on short circuits during different types of 
faults. This test system includes three buses, namely, the feeder beginning bus which 
interfaces the feeder with the external power grid, the PCC bus where the DG unit is 
integrated, and the load bus. Two protection devices P1 and P2 are installed respective-
ly at the interface bus and the PCC bus. The connection type of the transformer T1 is 
selected as delta-YN (delta at the external grid side). The connection type of the trans-
former T2 has two options in the following study, i.e. YN-YN connection and YN-delta 
connection (delta at the test system side). The basic data of the test feeder is presented 
in Table 1.5.2. 

 

Fig.1.5.8. Test system with wind turbine connected 
 

Table 1.5.2. Basic Data of the Test Feeder 
Nominal voltage (kV)  24.9 

Line resistance (Ω/mile)  1.34 

Line reactance (Ω/mile)  1.33 

Length of line1: beginning to PCC (mile)  7.1 

Length of line2: PCC to load bus (mile)  5.6 

Short circuit capacity of the external grid 

(MVA) 
10 

Load capacity (MW)  1.0 

AC system frequency (Hz)  50 

 

Because of the fact that the single phase to ground short circuit is the most frequent 
type of fault, while the three phase short circuit is considered as the most severe fault 
in the power system, these two types of faults are selected in this study to represent 
respectively unbalanced fault and balanced fault. 

Suppose a three phase short circuit occurs at the load bus in Fig.1.5.8. The equivalent 
circuits during this fault of the test system with and without WT integration are given in 
Fig.1.5.9. 

 
(a) 

 
(b) 

Fig.1.5.9. Equivalent circuits of the test system during three phase short circuit fault: (a) equivalent 
circuit without WT; (b) equivalent circuit with WT 
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In Fig.1.5.9, Zgrid and ZWT are respectively the inner impedance of the external grid and 
the WT unit. For simplicity, an assumption is that VWT equals to Vgrid, which are both 
equal to V. Given Zi= Zgrid + ZT1 + Zline1, Zj= Zline2 + Zfault and Zk= ZWT + ZT2, the currents 
during three phase fault without WT integration are obtained in (2). 

                                               (2) 

While the currents during three phase fault with WT integration are obtained in (3) and 
(4). 

                                                  (3) 

                            (4) 

It can be observed that, when WT is integrated, the total fault current at the fault loca-
tion would increase ((3) compared with (2)), while the fault current from the upstream 
external grid would decrease ((4) compared with (2)).  

Single phase to ground fault is unbalanced, which requires to use symmetrical compo-
nent method to analyze the fault current. Since it is normal to use zero sequence cur-
rent in the ground fault protection during a single phase to ground fault, the zero se-
quence current is the main focus for the analysis of single phase fault. 

The zero sequence total fault current during a single phase to ground fault is given in 
(5) . 

                          (5) 

In (5), Z1Σ, Z2Σ and Z0Σ are respectively the equivalent positive sequence impedance, 
equivalent negative sequence impedance and equivalent zero sequence impedance, 
which can be calculated in corresponding sequence networks [35].  

The positive sequence and the negative sequence networks of the test system are in the 
same pattern as the circuits in Fig. 1.5.9, except for the voltage source which doesn’t 
influence the impedance calculation. Therefore, the equivalent positive sequence im-
pedance Z1Σ and the equivalent negative sequence impedance Z2Σ of the test system 
without and with WT integration are represented by (6) - (9) respectively. 

For test system without WT: 

                         (6) 

                         (7) 

For test system with WT integration: 

                                           (8) 

                                           (9) 

In (6)-(9), the impedances Z1i, Z1j, Z1k and Z2i, Z2j, Z2k are defined in the similar way to 
Zi, Zj, Zk for the three phase fault study. Apparently, the values of Z1Σ and Z2Σ decrease 
when WT is integrated. 

Zero sequence network of the test system is more special, which in the case of WT inte-
gration strongly depends on the type of connection of the interface transformer T2. As 
mentioned previously, two connection types of T2 are considered and compared in this 
paper, i.e. YN-YN connection and YN-delta connection (delta at the system side). The 
equivalent zero sequence network of the test system without WT, with WT (YN-delta) 
and WT (YN-YN) are demonstrated in Fig.1.5.10. 

In Fig. 1.5.10, V0 denotes the equivalent zero sequence voltage source at the fault loca-
tion [35]. Because all the three phase zero sequence currents pass through it, the fault 
impedance is taken as three times the original value in these equivalent circuits. It can 
be observed in Fig.1.5.10 that the zero sequence equivalent circuit with WT (YN-delta) 
is the same as the one without WT. This is due to the fact that zero sequence current 
cannot pass through delta connection. For the same reason (T1 is delta connection at 
the external grid side), the inner impedance of the external grid is not in the zero se-
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quence circuit either. For YN-YN connection, the WT branch is included in the zero se-
quence equivalent circuit. Here define Z0i= Z0T1 + Z0line1, Z0j= Z0line2 + 3*Z0fault and Z0k= 
Z0WT + Z0T2, and the equivalent zero sequence impedance Z0Σ can be obtained by (10) 
and (11). 

 
(a) 

 
(b) 

 
(c) 

Fig.1.5.10. Equivalent zero sequence circuits of the test system during single phase to ground short 
circuit fault: (a) without WT; (b) with WT (YN-delta), (c) with WT (YN-YN) 

 
For test system without WT or with WT (YN-delta): 

                                 (10) 

For test system with WT (YN-YN): 

                               (11) 

Thus with WT integrated, the equivalent zero sequence impedance would keep un-
changed if the WT transformer is YN-delta connection; while the zero sequence imped-
ance would decrease if the WT transformer is YN-YN connection. 

Consequently, according to (5), the total zero sequence fault current i0line2 would in-
crease with WT integrated to the test system, because integration of WT decrease the 
equivalent positive sequence impedance Z1Σ and the equivalent negative sequence im-
pedance Z2Σ. Plus, i0line2 would increase even more if the WT is connected through YN-YN 
transformer, because this connection can lead to decrease of the equivalent zero se-
quence impedance Z0Σ, while YN-delta connection can not. 

For the fault current from the grid side i0line1, it increases identically with the total fault 
current i0line2 if the WT is connected through YN-delta transformer; while it would de-
crease if the WT is connected through YN-YN transformer, because as shown in 
Fig.1.5.10 (c), i0line1 becomes only a fraction of i0line2 in this case. 

Simulation results 
The instantaneous fault current from the external gird side (iline1) and the total fault cur-
rent (iline2) during a three phase short circuit (occurring at 50s) are respectively given in 
Fig.1.5.11 and Fig.1.5.12. 

49.95 50 50.05 50.1 50.15

-0.2

-0.1

0

0.1

0.2

0.3

time (s)

ili
ne

1
 (

kA
)

 

 

no WT
YN-delta
YN-YN

 

Fig.1.5.11. Fault current from the external grid side during a three phase short circuit fault 
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Fig.1.5.12. Total fault current during a three phase short circuit fault 
The different connection types of the WT integration transformer do not cause differ-
ence in the fault currents in Fig.1.5.11 or Fig.1.5.12. During a three phase short circuit 
fault, with WT integrated through either transformer type, the fault current from the 
external grid decreases, and the total fault current increases. This is consistent with the 
mathematical analysis. 

To further validate the mathematical analysis for three phase fault, the change of WT 
location and the change of the external grid SC power are taken into account. The loca-
tion of the WT is changed by varying the length of line1 and line2, while keeping their 
total length at 12.7 miles as given in Table 1.5.1. The SC power is changed within the 
range between 6MVA and 25MVA by varying the value of Zgrid.  

The change of the RMS values of the three phase short circuit fault current with respect 
to the length of line1 is illustrated in Fig.1.5.13 and Fig.1.5.14, respectively the external 
grid side fault current and the total fault current. 
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Fig.1.5.13. RMS value of the external grid side fault current with respect to the distance from the exter-
nal grid to the WT (three phase short circuit fault) 
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Fig.1.5.14. RMS value of the total fault current with respect to the distance from the external grid to the 

WT (three phase short circuit fault) 
The change of the RMS values of the three phase short circuit fault current with respect 
to the external grid SC power is illustrated in Fig.1.5.15 and Fig.1.5.16, respectively the 
external grid side fault current and the total fault current. 
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Fig.1.5.15. RMS value of the external grid side fault current with respect to the SC power of the external 
grid (three phase short circuit fault) 

 



 
 

15 

5 10 15 20 25
0

100

200

300

400

External grid SCpower (MVA)

ili
ne

2
 (

A
)

 

 

no WT
YN-delta
YN-YN

 

Fig.1.5.16. RMS value of the total fault current with respect to the SC power of the external grid (three 
phase short circuit fault) 

From Fig.1.5.13 – Fig.1.5.16, it is apparent that the location of WT integration has mi-
nor influence on either the fault current from the grid side or the total fault current; 
while the external grid SC power has much stronger influence. This is because as show 
in Fig.1.5.9, changing the external grid SC power is to change the value of Zgrid, which 
has a major impact on the total impedance for the short circuit current calculation; 
while changing the location of WT is to change the values of Zline1 and Zline2 but their 
sum keeps unchanged, which has much less impact on the total impedance for the short 
circuit current calculation.  

The instantaneous zero sequence fault current from the external gird side (iline1) and the 
total fault current (iline2) during single phase to ground short circuit fault are respectively 
given in Fig.1.5.17 and Fig.1.5.18. 
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Fig.1.5.17. Zero-sequence fault current from the external grid side during single phase to ground short 

circuit fault 
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Fig.1.5.18. Total zero-sequence fault current during single phase to ground short circuit fault 
In Fig.1.5.18, as expected from the mathematical analysis, the total fault current during 
a single phase to ground fault increases when WT is integrated, and the YN-YN connec-
tion can lead to larger increase than the YN-delta connection. For the fault current from 
the external grid side in Fig.1.5.17, it increases if WT is integrated through YN-delta 
connection, and decreases if WT is integrated through YN-YN connection, which is also 
consistent with the mathematical analysis for single phase fault. 

The change of the RMS values of the zero sequence fault current (during single phase to 
ground fault) with respect to the length of line1 is illustrated in Fig.1.5.19 and 
Fig.1.5.20, respectively the external grid side fault current and the total fault current. 
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Fig.1.5.19. RMS value of the external grid side zero sequence fault current with respect to the distance 

from the external grid to the WT (single phase to ground short circuit fault) 
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Fig.1.5.20. RMS value of the total zero sequence fault current with respect to the distance from the 
external grid to the WT (single phase to ground short circuit fault) 

The change of the RMS values of the zero sequence fault current (during single phase to 
ground fault) with respect to the SC power of the external grid is illustrated in 
Fig.1.5.21 and Fig.1.5.22, respectively the external grid side fault current and the total 
fault current. 
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Fig.1.5.21. RMS value of the external grid side zero sequence fault current with respect to the SC power 

of the external grid (single phase to ground short circuit fault) 
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Fig.1.5.22. RMS value of the total zero sequence fault current with respect to the SC power of the exter-
nal grid (single phase to ground short circuit fault) 

In Fig.1.5.19 and Fig.1.5.20, the location of the WT integration can noticeably influence 
the fault current during single phase to ground fault only when the WT is connected 
through YN-YN type transformer. The explanation is as follows. Firstly, according to the 
mathematical analysis, the change of Zline1 and Zline2 cannot influence any of Z1Σ, Z2Σ and 
Z0Σ when no WT is integrated, because the sum of Zline1 and Zline2 is not changed. If WT 
is connected through YN-delta transformer, Z1Σ and Z2Σ would slightly decrease along 
with the increase of Zline1 and decrease of Zline2; while Z0Σ would not change, so only 
slight increase of fault current can be observed in Fig.1.5.19 and Fig.1.5.20 (the green 
bars). For YN-YN connection, Z1Σ, Z2Σ and Z0Σ all decrease with the increase of Zline1 and 
decrease of Zline2, so the total fault current increases more drastically (blue bars in 
Fig.1.5.20); while the fault current from the external grid side decrease (blue bars in 
Fig.1.5.19) due to the increasing impedance of its circuit branch. 

Regarding the increase of the SC power of the external grid (in other words, decrease of 
Zgrid), no matter WT is integrated or not, it can decrease Z1Σ and Z2Σ while barely influ-
ence Z0Σ, so both fault current from the external grid side and the total fault current 
increase in all cases as shown in Fig.1.5.21 and Fig.1.5.22. 

Over current protection relay and zero sequence over current protection relay are re-
spectively used for the test system protection during three phase short circuit fault and 
single phase to ground short circuit fault. Current time characteristics “IAC Short In-
verse GES7003A” and “IAC Very Inverse GES7002B” in DIgSILENT library are respec-
tively selected for the over current and zero sequence over current protection. 

Fault occurs at the load bus, thus P2 in Fig.1.5.8 serves as the main protection, while P1 
is the backup protection.  

The fault impedance range is selected based on the study in [36]. Specifically, 0-10Ω is 
selected for the three phase fault, and 0-190Ω is selected for the single phase to ground 
fault. Thus, to detect the maximum fault impedance at the load bus, the pickup current 
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and time dial settings of the main and backup protection for both types of faults are 
obtained and listed in Table 1.5.3. 

The protection settings in Table 1.5.3 are selected for the test system without WT inte-
gration. When WT is integrated, since the fault current may be different, the perfor-
mance of the protection device can be influenced. The operation time of the main pro-
tection and the backup protection are obtained for cases with and without WT integra-
tion through time domain simulation in DIgSILENT PowerFactory and listed in Table 
1.5.4 and Table 1.5.5, respectively for three phase fault and single phase to ground 
fault. 

Table 1.5.3. Protection Settings 

 
Three phase fault Single phase fault 
P2(Main) P1(Backup) P2(Main) P1(Backup) 

Pickup 
current 
(A) 

112.5 112.5 30 30 

Time 
dial 

5 2 1 0.5 

Table 1.5.4. Protection Performance during Three Phase Fault 

 No WT WT (YN-delta) WT (YN-YN) 
Zfault (Ω) 0 10 0 10 0 10 
Operation 
time of 
P2 (s) 

0.251 0.306 0.221 0.250 0.221 0.250 

Operation 
time of 
P1(s) 

0.599 0.733 0.606 
No ope-
ration 

0.606s 
No ope-
ration 

Table 1.5.5. Protection Performance during Single Phase Fault 

 No WT WT (YN-delta) WT (YN-YN) 
Zfault (Ω) 0 190 0 190 0 190 
Operation 
time of 
P2 (s) 

0.110 1.46 0.097 0.880 0.091 0.778 

Operation 
time of 
P1(s) 

0.210 2.90 0.191 1.74 0.565s 
No ope-
ration 

Since WT integration increases the total fault current while decreases the fault current 
from the external grid side during three phase fault, the operation time decreases for 
the main protection (P2) but increases for the backup protection (P1). When the fault 
impedance is at the maximum (10Ω), the backup protection cannot detect the fault with 
WT integrated, while the new maximum detectable fault impedance is 8Ω. 

With regard to single phase fault, WT (YN-delta) integration increases both fault cur-
rents, so the operation time of P2 and P1 both decreases, while the new maximum de-
tectable fault impedance is 238Ω. While WT (YN-YN) increases the total fault current 
while drastically decreases the fault current from the external grid, thus the operation 
time decreases for P2 but increases for the P1. When the fault impedance is at the max-
imum (190Ω), the backup protection cannot detect the fault, while the new maximum 
detectable fault impedance is 50Ω. 

In general, for three phase fault, WT integration improves the sensitivity of the down-
stream protection device, while reduce the sensitivity of the upper-stream protection 
device. While for single phase fault, the influence strongly depends on the connection 
type of the WT integration transformer. 

Conclusion 
This study mathematically investigates the influence of WT integration on fault currents 
during two typical types of faults, and two connection types of the integration trans-
former are compared. For three phase fault, the connection type of the WT transformer 
doesn’t matter. Generally, the downstream fault current increases while the upstream 
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fault current decrease. During single phase fault, the influence depends on the WT 
transformer connection type. These conclusions have been validated by fault current 
and protection performance results obtained through time domain simulation in DIg-
SILENT. 

1.5.1.2.4 DG control strategies during fault 
As before mentioned, DG integration in distribution system could change the short cir-
cuit current profile during faults and thus create impacts on the coordination of protec-
tion devices. As a protection measure commonly used in distribution network, recloser-
fuse coordination could suffer from this impact. This problem can be solved by both 
changing the protection settings and changing the DG control mode during faults. In the 
PRO-NET project, the AAU team mainly focuses on the latter. Previous research work 
has been conducted to deal with this problem by modifying the control strategy of the 
DG converters during faults. These solutions generally reduce the current output from 
the converters during faults so as to mitigate the influence on protection coordination. 
However, converter current reduction may not be necessary for all types of faults. In 
the PRO-NET project, the AAU team proposes a converter control which is adaptive to 
different fault types and also non-fault voltage drop events. This control strategy is vali-
dated by simulations in DIgSILENT PowerFactory. 

Problem and previous solution 
In the test feeder shown in Fig.1.5.23, a recloser is installed at the beginning of the 
feeder, while a fuse is installed at a downstream section. A DG unit is integrated at the 
PCC bus between the recloser and the fuse.  

 
Fig.1.5.23. Simplified test system with a recloser and a fuse installed 

With fuse-saving method, if a fault occurs at a location as denoted in Fig. 1.5.23, the 
recloser should trip first and then reclose after a predefined period. If the fault still ex-
ists (i.e. a long term or permanent fault), the fuse should melt, otherwise (i.e. a tempo-
rary fault) the feeder restores its operation. This fuse saving coordination is realized by 
selecting proper time-current curves for the two protection devices. As shown in Fig. 
1.5.24, the maximum fault current when there is no DG is denoted by the red dashed 
line. It can be seen, for any possible fault current value without DG, the fuse curve is 
above the recloser curve, which means the recloser will trip first during faults and the 
protection coordination is achieved. However, if DG is integrated as shown in Fig. 1.5.23, 
the fault current sensed by the recloser will be reduced, while the fault current sensed 
by the fuse will be increased. If a maximum short-circuit fault occurs under this condi-
tion, the recloser operation time can be longer than the fuse melting time as denoted by 
the yellow and green dashed lines in Fig. 1.5.24 (i.e. trecloser>tfuse). In other words, the 
coordination between the recloser and the fuse is collapsed. 
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Fig.1.5.24. Recloser and fuse coordination lost 
To solve this problem, a control strategy of DG convertor has been proposed in [7]. It 
uses the PCC voltage as an indicator. Once the PCC voltage decreases below 0.88p.u, 
the convertor output current is reduced according to (11). In (11), n is a constant that 
determines the sensitivity of the control strategy to the PCC voltage drop during faults; 
while k is determined by (12) after n has been selected. Pdesired is the desired output 
power of the DG. 

                                          (11) 

                                                  (12) 

This method has been proved to be effective in maintaining the coordination of recloser 
and fuse in [7]. However, one fact is that it may not always be necessary to reduce the 
current from DG during a fault. For example, if a high impedance short circuit fault oc-
curs at the location as shown in Fig. 1.5.23, the fault current without DG is denoted by 
the red dashed line in Fig. 1.5.25. In this case, even if DG is integrated, the coordina-
tion of the recloser and the fuse can still be maintained, though the fault current sensed 
by the recloser decreases and the fault current sensed by fuse increases (as denoted by 
the yellow and green lines in Fig. 1.5.25). Therefore, in this case, there is no need to 
decrease the DG current output, although the PCC voltage will very probably decrease 
below 0.88p.u during this high impedance short circuit fault. 

Another issue with this strategy is that some non-fault events (e.g. load event) can also 
lead to a PCC voltage lower than 0.88p.u. Although this is not the case where the out-
put current of the DG should be decreased, this method will activate the current-
reducing control of the DG convertor during the event any way. 

In summary, with only PCC voltage as an indicator to activate the current-reducing con-
trol for DG converters during events may be too conservative. DG integration does not 
necessarily cause recloser-fuse mis-coordination during all low PCC voltage events.  

 
Fig. 1.5.25. Recloser and fuse coordination maintained during high impedance fault 

Proposed solution 
Since PCC voltage is not sufficient to distinguish different events as explained in the 
previous section, the adaptive control strategy proposed in the PRO-NET project by the 
AAU team includes the downstream current (i.e. the current sensed by the fuse) from 
the PCC as the second indicator.  

As shown in Fig.1.5.26, the axis of current is divided into three sections by the two red 
dashed lines.  For all the events with PCC voltage lower than 0.88p.u, if the fuse current 
is higher than i1, it is considered as a low-impedance fault event which presents high 
risk of recloser-fuse mis-coordination; if the fuse current is between i2 and i1, it is con-
sidered as a high-impedance fault event and there is no risk for loss of recloser-fuse 
coordination; while if the fuse current is below i2, the event is considered as a load 
event in no need of protection actions at all. The values of i1 and i2 may vary among 
different distribution feeders, and should be determined by fault calculation and simula-
tion tests. 

Therefore, the control logic of the proposed adaptive control strategy is given in equa-
tion (13). For normal operation (VPCC≥0.88p.u), the converter current is controlled to 
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generate the desired power from the DG. For low impedance fault events, the converter 
current is reduced as in [7], according to the PCC voltage drop, in order to maintain 
coordination between recloser and fuse. For high impedance fault events, the converter 
current is controlled in the same way as the normal operation, because the recloser-
fuse coordination is not threatened by the DG integration. For non-fault load events, 
PCC voltage control should be activated in the DG converter to contribute to the voltage 
support in the distribution network. 

                         (13) 

 
Fig.1.5.26. Use current to decide control strategy 

Case study and simulation results 
The DG unit in the test feeder is modelled as a full converter-based wind turbine which 
has been introduced in 1.5.1.2.2. The control strategy given in [7] and the proposed 
adaptive control strategy are respectively implemented in the grid-side converter con-
troller of the wind turbine. The performance of these two control strategies under vari-
ous conditions are simulated and compared. 

The time current curves presented in Fig. 1.5.27 of the recloser and the fuse are select-
ed. The curves intersect at a point to the right of the maximum fault current so that the 
recloser-fuse coordination can be achieved.  
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Fig.1.5.27. Time-current curves of the recloser and the fuse in the test feeder 

The full-converter based wind turbine is rated at 500kW. Regarding the control strate-
gies discussed in this paper, the grid-side converter controller is on the focus. The dia-
gram of the grid-side converter controller is illustrated in Fig.1.5.28. 

 



 

Fig.1.5.28. Diagram of the grid-side converter controller for the full-converter based wind turbine 
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Vector control schemes are used in the grid-side converter controller, so that the output 
active power and reactive power can be separately controlled. Instead of reactive power 
control as show in Fig.1.5.6, a PCC voltage controller is embedded in the q-axis part of 
the grid-side converter controller as in the red frame in Fig. 1.5.28. 

Three study cases are taken into account:  

Case 1 - the low impedance fault (0Ω) case,  

Case 2 - the high impedance (24+j18Ω) fault case,  

Case 3 - the load increase (0.9MVA ramp in 1s) event with voltage drop (to below 
0.88p.u) case. 

The two control strategies are separately implemented in the module limiter within the 
grid-side converter controller of the wind turbine. For the proposed strategy, the q-axis 
current reference is limited to zero in most situations, so as to maintain a high power 
factor of the converter output; while during the load event with a severe voltage drop, 
the PCC voltage controller is activated and the q-axis current reference can have a val-
ue higher than zero and be limited in combination with the d-axis current reference. The 
rated current of the feeder is 30A, while the values of i1 and i2 are respectively selected 
by tests as 60A (2.0 p.u.) and 150A (5.0 p.u.) for the test feeder in this paper. 

The short-circuit fault events in case 1 and case 2 occur at 35s during the time simula-
tion in the location shown in Fig.1.5.23. The load event in case 3 also occurs at 35s in 
the load model of the feeder. The wind turbine is working at its rated power. 

Case 1 - low impedance fault: 

The currents sensed by the recloser and the fuse in case 1 are respectively presented in 
Fig. 1.5.29 and Fig. 1.5.30. The recloser and the fuse behavior in case 1 are shown in 
Fig. 1.5.31 and Fig. 1.5.32, in which value ‘0’ denotes the tripping state of the protec-
tion device, while value ‘1’ denotes the normal connection.  
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Fig.1.5.29. Recloser current in case 1 
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Fig.1.5.30. Fuse current in case 1 
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Fig.1.5.31. Recloser behaviour in case 1 
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Fig.1.5.32. Fuse behaviour in case 1 

 
Since the event in case 1 is a short circuit with zero fault impedance, the fault current 
without DG is at the maximum value (181A, i.e. around 6.0 p.u.). When the DG is inte-
grated (the dark blue curves), the recloser current decreases and the fuse current in-
creases compared with the none-DG situation (the light blue curves). This is a danger-
ous situation for the recloser-fuse coordination, which is proven so in Fig. 1.5.31 and Fig. 
1.5.32 that the fuse melts before the recloser can act when the DG is integrated. 

When either the control strategy in [7] (the green curves) or the proposed control strat-
egy (the red curves) is implemented in the DG, the recloser current and the fuse cur-
rent can be kept very close to the value without DG, thus the recloser-fuse coordination 
is maintained. As in Fig. 1.5.31 and Fig. 1.5.32, for either of the two control strategies, 
the recloser trips the feeder shortly after the fault occurs, without fuse melting. 

This study case verifies the effectiveness of the two control strategies in mitigating the 
negative influence of DG integration on the recloser-fuse coordination. 

Case 2 - high impedance fault: 

The currents sensed by the recloser and the fuse in case 2 are respectively given in Fig. 
1.5.33 and Fig. 1.5.34. The recloser and the fuse behavior in case 2 are shown in Fig. 
1.5.35 and Fig. 1.5.36.  
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Fig.1.5.33. Recloser current in case 2 
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Fig.1.5.34. Fuse current in case 2 
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Fig.1.5.35. Recloser behaviour in case 2 
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Fig.1.5.36. Fuse behaviour in case 2 

 
The event in case 2 is a high impedance fault. As explained previously, DG integration 
under this situation can rarely devastate the recloser-fuse coordination. Accordingly, as 
indicated by the above figures, although DG integration can decrease the recloser cur-
rent while increase the fuse current, the recloser acts without fuse melting, i.e. the re-
closer-fuse coordination is maintained. 

Comparing the two control strategies, the strategy in [7] takes action during the fault to 
mitigate the contribution of DG on the fault current, because the PCC voltage drops be-
low 0.88 p.u.; while the proposed strategy takes no special action during the fault be-
cause the fuse current is in the range between i1 and i2. Using either strategy, the re-
closer-fuse coordination is maintained, which is also demonstrated in Fig. 1.5.35 and Fig. 
1.5.36.  

However, these two control strategies influence the wind turbine operation during fault 
in different ways. Specifically, as presented in Fig. 1.5.37, the proposed control strategy 
allows smoother wind power generation during fault than the control strategy in [7], 
and thus as presented in Fig. 1.5.38, the wind turbine DC link voltage rise during fault is 
much less than the control strategy in [7]. In other words, the proposed control strate-
gy provides a more tender condition during high-impedance fault for the wind turbine to 
ride through. Note that no special control scheme for fault-ride-through (which is be-
yond the scope of the study) in the generator side convertor and the DC link circuit of 
the wind turbine has been implemented in this study cases, and thus the DC voltage 
increase shown in Fig.1.5.38 represents a possibility instead of the real case. 
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Fig.1.5.37. Wind power generation in case 2 
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Fig.1.5.38. DC link voltage of the wind turbine in case 2 

 
Case 3 - load event: 

The wind power and the PCC voltage in case 3 are presented in Fig. 1.5.39 and Fig. 
1.5.40 respectively. During the load event, the PCC voltage decreases below 0.88 p.u. 
Then the control strategy in [7] reduces the converter output current according to the 
PCC voltage drop. On the contrary, the proposed control strategy increases the output 
active current to keep the output power almost constant (as shown in Fig. 1.5.39), and 
generate a reactive current to support PCC voltage (as shown in Fig. 1.5.40). 
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Fig.1.5.39. Wind power generation in case 3 
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Fig.1.5.40. PCC voltage in case 3 

Conclusions 
DG integration in distribution system can influence the coordination between recloser 
and fuse in fuse-saving practice. To solve this problem, a new control strategy of the 
DG converter during fault is proposed by the AAU team.  

This strategy uses both PCC voltage and current measurements to decide if it is neces-
sary to reduce the output current under a fault condition. In addition, it can also recog-
nize those non-fault events with voltage drop and provide PCC voltage support. Simula-
tion studies of a test feeder with a full-converter based wind turbine are conducted in 
DIgSILENG PowerFactory. The results validate the effectiveness of this new control 
strategy in maintaining recloser-fuse coordination, and its advantage over the previous 
control strategy in avoiding unnecessary interruption to DG generation during high im-
pedance faults and non-fault events. 

This work has been published in a scientific paper titled "An adaptive control strategy of 
converter based DG to maintain protection coordination in distribution system", and 
presented in The 5th IEEE PES Innovative Smart Grid Technologies (ISGT) European 
2014 Conference, 2014. 
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Further research 
The previously described control methods can effectively mitigate the influence of DG 
integration on protection coordination. However, the satisfying performance of this 
method is limited to a distribution system of simply topology, and with very limited 
number of DGs integrated. If the topology of the distribution system is complicated so 
that reconfiguration is inevitable in some scenarios, or if the number of DGs integrated 
into the distribution system is so large that islanding operation is possible, adaptive 
protection settings will be necessary. Under this circumstance, the coordination between 
the selection of protection settings and the selection of DG control modes becomes of 
great research interest. The AAU team co-worked with researchers from Norwegian Uni-
versity of Science and Technology, and developed a multi-agent system based protec-
tion and control scheme which will be briefly described as follows. 

The test system used in this study is a modified version of the IEEE 33 bus test system. 
As shown in Fig. 1.5.41, this test system contains 17 buses, and 3 DGs (including 2 gas 
turbine generators and 1 wind turbine generator) are integrated in the distribution feed-
er. The integration level of DG is sufficient to support all loads in the feeder, which 
means islanding operation of the feeder is possible. In addition, two lines (between bus 
5 and bus 15, and between bus 8 and bus 16) equipped with circuit breakers that are 
open under normal operation, can be used to mesh the feeder for supply reliability un-
der special operation conditions (e.g. islanding operation). Directional overcurrent relays 
are adopted in the feeder, which are denoted as Ri-j, where i and j are respectively the 
number of the beginning bus and the ending bus of the relay’s protection zone as the 
primary protection. 

 
Fig.1.5.41. A test distribution system 

Short circuit analysis (during 3 phase fault) is performed in the test feeder to present 
the impact of DG integration and grid reconfiguration on short circuit currents. The short 
circuit analysis results at the backward relays comparing the cases without wind turbine, 
with wind turbine and with wind turbine using special control mode as described in the 
previous study are given in Fig. 1.5.42. The short circuit analysis results at the forward 
relays comparing the cases without mesh, with grid-connected mesh and with islanded 
mesh are given in Fig. 1.5.43. In these two figures, the normal mode is defined as the 
grid-connected feeder without mesh, connected to a wind turbine without special control. 
In can be observed in Fig. 1.5.43 that when switching between two configurations, pro-
tection system with only one fixed setting may either be oversensitive to large non-fault 
current (i.e. sympathetic tripping) or face difficulty in sensing the real fault currents in 
time (i.e. protection blinding). Moreover, when the protection is too slow to sense the 
fault current, the low-voltage protection of the wind turbine may trip this DG unit unex-
pectedly. In can be observed in Fig.1.5.42 that the proposed current control method of 
wind turbine during faults can effectively mitigate the impact of DG integration on short 
circuit currents. However, since the configuration of the feeder may change in the real 
practice, the setting for the DG controller to activate this special control should change 
accordingly. Therefore, on the one hand, DG controller needs the information of the 
feeder configuration; on the other hand, the protection devices need the information of 
close DG integration (i.e. DG is connected or not, special control can be activated or 
not). A smart coordinative protection and DG control strategy is required. 
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Fig.1.5.42. Short circuit currents for various wind turbine cases 

 
Fig.1.5.43. Short circuit currents for various grid configuration cases 

The team proposed a multi-agent based protection and control system (MPCS) to pre-
vent unexpected relay operation due to grid reconfiguration and DG integration. Three 
control levels are used as shown in Fig.1.5.44, namely, the agent level, the cooperation 
society level and the control center. The agent level includes DG agent (DGA), and relay 
agent (RA). The group of agents with necessary information exchange in between is 
mapped into one cooperation society. A cooperation society is in charge of coordinate 
information and commands among its group agent. The control center collects grid-wide 
information, identifies the configuration and operation mode, and accordingly modifies 
the mapping of agent members into cooperation societies.   

 
Fig.1.5.44. Structure of MPCS 

 

In the proposed MPCS, DGA adopts the proposed DG control method in the previous 
study. It collects voltage and current information of the close relays from the coopera-
tion society it belongs, and decides if the special DG control should be activated. It also 
collects configuration information from the control center to decide what settings should 
be used as the reference for the voltage and current comparison. RA collects DG con-
nection and control mode information of the related DG from the cooperation society it 
belongs, and also information about grid configuration from the control center, and de-
cides what protection setting should be implemented.  

A hardware-in-the-loop (HIL) platform was built and used to validate the proposed 
MPCS. As presented in Fig.1.5.45, this platform is based on opal-RT’s eMEGAsim simu-
lator and ABB RED670 relays. 
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Fig.1.5.45. HIL simulation platform 

One scientific paper titled “A Multi-Agent System Based Protection and Control Scheme 
for Distribution System with Distributed Generation Integration” has been submitted to 
IEEE Transaction on Power Delivery, and at the present is in the second revision. For 
this reason, the details of the proposed method and the simulation results are not given 
here. 

1.5.1.2.5 DG control strategies in post-fault stage 
After a fault, some parts of a distribution system may be islanded. In this situation, the 
DGs in the island may have two options: to disconnect and shut down [2][13][14], or to 
continue operating in an islanded mode [37]. Although islanding operation is expected 
to increase the reliability of power supply to the customers, there are still various issues 
to be solved before islanding operation can be practically implemented. In the PRO-NET 
project, the AAU team mainly focuses on the contribution of PMSG based wind turbines 
to the frequency control and voltage control of an islanded distribution system. The 
scopes and limitations of the study by the AAU team in this subject include: 

 It is assumed that in the islanded distribution system, there are both directly-
connected synchronous generators and power electronic interfaced DGs (e.g. 
PMSG based wind turbines), so that the grid forming [38] task is performed by 
directly-connected synchronous generators while power electronic interfaced 
DGs are controlled to provide frequency and voltage support. 

 The PMSG based wind turbines are assumed to work in an MPPT manner in nor-
mal conditions. Therefore, when islanding occurs, only down-regulation of power 
could be provided by the PMSG based wind turbines to support the frequency if 
the frequency is above the rated value. In other words, no de-load or active 
power reserve is implemented in the PMSG based wind turbines, so that they 
don’t participate in frequency support when the frequency is below the rated 
value (which can be supported by other manners, e.g. load shedding or energy 
storage regulation). 

 A communication-based islanding detection method is assumed to be imple-
mented by the distribution system, so that all the DG units in the islanded grid 
could be aware of the islanding situation in time. 

 It is assumed that the imbalance between the generation of the DGs and the 
consumption of the loads in the distribution system is small at the moment of is-
landing. 

Control methods 
In the PRONET project, the AAU team proposed control methods for the PMSG based 
wind turbines to participate in frequency control and voltage control in an islanded dis-
tribution system, which will be described in this part. 

The frequency controller proposed for the PMSG based wind turbines is shown in Fig. 
1.5.46. The input frequency measurement signal f has a deadband of 0.04Hz, which 
means a frequency deviation smaller than 0.04Hz from the rated frequency won’t be 
treated by this frequency controller. 
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Fig.1.5.46. Proposed frequency controller  

 
Two control loops are used in this controller. The lower control loop is for primary fre-
quency control. The output of this control loop, Sfctrl2 is proportional to the deviation of 
the system frequency from its rated value. Sfctrl2 is sent to the pitch angle controller 
(Fig.1.5.4) and combined into Pitch.  

The upper control loop is used for inertia emulation. The output of this control loop, 
Sfctrl1, is proportional to the rate of change of the frequency in the grid. Two options 
have been considered and compared. The first is to send Sfctrl1 also to the pitch control-
ler (as in Fig.1.5.4), and added into Pitch. The second is to send Sfctrl1 to the grid side 
convertor controller (as in Fig.1.5.6), and added to the DC voltage reference signal.  

Fig. 1.5.47 presents the proposed voltage controller for PMSG based wind turbines.  

The voltage at the wind turbine connection point is measured and its difference from the 
reference voltage value is PI controlled. The output of this controller, Svctrl, is sent to the 
grid-side convertor controller as the reactive power reference.  

 

 PI
-

Vref

V

Svctrl

 
Fig.1.5.47. Proposed voltage controller  

 

Test system 
The IEEE 13-bus system is used as the test system in this study. The original data of 
the system can be found in [39]. Some modifications have been made on the test sys-
tem model in order to use it for islanding operation study. These modifications include 5 
PMSG based wind turbines (0.5MW each) connected respectively at buses 632, 633, 671, 
675 and 692, and a directly-connected synchronous generator (1MW) at bus 680. The 
modified test system is shown in Fig.1.5.48. The total load in the test system is around 
3.5MW.  

 
Fig.1.5.48. Modified IEEE 13-bus test system  



 
 

29 

 

The test system can be islanded by disconnecting bus 650 from the external grid, and at 
the same time an islanding detection signal will be sent to those units and controllers in 
the islanded grid which need to be aware of the islanding condition. 

Both the frequency controller and the voltage controller for PMSG based wind turbines 
are managed by the islanding detection signal, as illustrated in Fig.1.5.49. These two 
controllers are specially used for the islanding operation, which means if an islanding 
situation is detected, these two controllers will be switched on, otherwise they are out of 
service. 

Frequency controllerf

V

Sfctrl1

Sfctrl2

Voltage controller
SVctrl

Islanding detection

 
Fig.1.5.49. Controllers managed by islanding detection signal 

 

Simulation results 
Two study cases will be presented here to show the performance of the controllers. In 
both cases, all the 5 wind turbines are operating with a wind speed of 8m/s, which is 
below the rated wind speed, and all wind turbines generate 221kW of active power. The 
test distribution system is islanded at the time 10s, and the frequency controller and 
voltage controller in the wind turbines are then activated by the islanding detection sig-
nal.  

In the first study case (case 1), a 140kW load drop event occurs in the islanded grid at 
the time 30s, immediately followed by frequency rise in the grid. Four options of the 
wind turbine control strategies are simulated, including the strategy with no frequency 
control in wind turbines (strategy 1), the strategy with only primary frequency control 
in wind turbines (strategy 2), the strategy with both primary frequency control and 
inertia emulation control implemented in pitch controller (strategy 3), and the strategy 
with both primary frequency control and inertia emulation control implemented in DC 
voltage controller (strategy 4). The results of the frequency in the islanded grid and 
the electrical power generated by the wind turbine at bus 632 (the other wind turbines 
have similar performance) are presented in Fig.1.5.50 and Fig.1.5.51 respectively. 
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Fig.1.5.50. Frequency of the islanded distribution system in case 1 
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Fig.1.5.51. Electrical power generated by a wind turbine in case 1 

 

It could be observed in Fig.1.5.50 (a) and Fig.1.5.51 (a) that after the frequency rise 
event occurs in the islanded distribution system, the output electrical power of the wind 
turbine will be reduce if the primary frequency control is applied to support the frequen-
cy regulation, and the steady state frequency with primary control (i.e. the strategies 2, 
3, and 4) is much closer to the rated frequency compared to the red curve with no fre-
quency control (i.e. strategy 1).  

Fig.1.5.50 (b) and Fig.1.5.51 (b) are the partial enlarged drawing of Fig.1.5.50 (a) and 
Fig.1.5.51 (a) respectively, and give more details during the period when the islanded 
system frequency rises. In Fig.1.5.50 (b), it can be observed that during the frequency-
rising period, the red (strategy 1), green (strategy 2) and blue (strategy 3) curves al-
most rise align with each other, while the black curve (strategy 4) is lower than the 
others. This means, using strategy 4, the system presents higher inertia than the other 
three strategies. This could be explained by observations in Fig.1.5.51 (b), in which the 
black curve (strategy 4) presents a drastic power drop during the frequency-rising peri-
od, while the red and green curves (strategies 1 and 2) almost stay flat. The blue curve 
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(strategy 3) also presents certain power drop, but it is small and too slow compared 
with the black curve. However, both strategy 3 and strategy 4 are with inertia emula-
tion control implemented, further explanations will be given next about why strategy 4 
outperforms strategy 3 in improving the system inertia. 

In strategy 3, the inertia emulation is implemented through the pitch angle controller, 
while in strategy 4, the inertia emulation is implemented through the grid side convertor 
controller. It is easy to think the difference in the response speed of the pitch angle 
controller and the DC voltage controller causes the different performance of the two 
strategies in improving system inertia. However, observing the pitch angle response in 
strategy 3 during the frequency-rising period as shown in Fig.1.5.52 and the DC voltage 
response in strategy 4 during the frequency-rising period as shown in Fig.1.5.53, it is 
difficult to say that the pitch angle response is slower, although the rate of change of 
the pitch angle is limited in a practical range (2 degree/s in this study).  
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Fig.1.5.52. Pitch angle response in strategy 3 in case 1 
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Fig.1.5.53. Wind turbine DC link voltage response in strategy 3 in case 1 

 

 

Further study has been conducted in strategy 3 to compare the mechanical power ab-
sorbed by the wind turbine from the wind with the electrical power generated by the 
wind turbine to the grid, which is presented in Fig.1.5.54. It can be observed that the 
mechanical power presents a drastic drop during the frequency-rising period, while the 
electrical power presents very slow drop. This is the reason why strategy 4 outperforms 
strategy 3 in inertia emulation, because in strategy 4 the inertia emulation control di-
rectly effects on the electrical power to the grid, while in strategy 3, the inertia emula-
tion control effects directly on the mechanical power absorbed from the wind, and the 
effects will take time to be seen in the electrical power to the grid (due to the response 
of the intermediate components, e.g. the shaft system, PMSG, generator side convertor) 
that actually has impact on the system frequency.  
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Fig.1.5.54. Mechanical power absorbed by and electrical power generated by a wind turbine in strategy 3 in case 1 

 

In the second study case (case 2), a 400kVAR load rise event occurs in the islanded grid 
at the time 30s, immediately followed by voltage drop in the grid. The wind turbine con-
trol strategies with and without voltage control are simulated, and the results of the 
voltage and the reactive power generated from the wind turbine at bus 632 (the other 
wind turbines have similar performance) are presented in Fig.1.5.55 and Fig.1.5.56 re-
spectively. 
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Fig.1.5.55. Voltage at bus 632 in case 2 
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Fig.1.5.56. Reactive power generated by a wind turbine in case 2 

It could be observed in Fig.1.5.55 and Fig.1.5.56 that when the voltage drop event oc-
curs in the islanded distribution system, the voltage control can increase the reactive 
power generated by the wind turbine to support the voltage regulation, so that the 
steady state voltage in the grid with voltage control is closer to the rated voltage com-
pared to the red curve with no voltage control.  

Conclusion 
The AAU team in the PRONET project develops control strategies for PMSG based wind 
turbine to participate in frequency and voltage control when the connected distribution 
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system is islanded. The frequency control includes two control loops, i.e. the primary 
control loop and the inertia emulation control loop. The primary control loop outputs to 
the pitch controller, and two options of the inertia emulation control loop outputs have 
been implemented, compared and analyzed. The inertia emulation that outputs to the 
DC voltage controller is found to really improve the inertia, while the inertia emulation 
that outputs to the pitch controller doesn’t. The reason is that the former can effect 
directly on the electrical power to the grid, while the latter cannot, and its effect is di-
rectly on the mechanical power which will take time to be seen in the electrical power. 
The voltage control is a PI controller implemented in the grid side convertor controller. 
Simulation results show the effectiveness of these controllers.  
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1.5.1.3 Tasks conducted by other partners 
All three partners in the consortium have made important contributions to the technical 
results in the PRO-NET project. This section (1.5.1.3) will briefly introduce the main 
research activities and technical results by the Turkish team (TUBITAK UZAY) and the 
Norwegian team (SIMULA). 

Research activities and technical results by TUBITAK UZAY 
The Turkish team has analysed the uncertainty of DG systems such as wind and solar 
energy conversion systems. In addition, the integration of DG units to grid leading to 
new local energy sources has been studied. Two main types of control schemes of pow-
er electronics based DG have been considered, namely current control scheme and volt-
age control scheme. Static modelling of the two control schemes for load flow and fault 
analysis has been performed and the results have been submitted to an IEEE journal, 
which is now under review. Such characteristics investigation shows that mis-operations 
and imperfect selectivity of relays can occur within the distribution system. These issues 
call for the need of a bi-directional relay operation.  

The Turkish team then proposed a new adaptive protection scheme for distribution sys-
tems with DG. The contribution of the study is to combine the impacts of availability 
scenarios for multiple DG units with protection schemes in a dynamic structure, which is 
ignored in previous studies that consider static structures without possible operating 
modes related to DG unit’s availability issue. Results on an IEEE 4-node distribution 
system show that the proposed algorithm can perform adaptive relay coordination un-
der various fault conditions. Compared with the conventional protection structure, relay 
coordination of adaptive protection scheme provides fast fault isolation and greater ad-
aptation to different operating modes considering DG units. 

The Turkish team also proposed an adaptive protection strategy for a distribution sys-
tem with DG integration considering both grid-connected and islanded operation modes 
of the distribution system. The proposed strategy considers both grid-connected and 
islanded operating modes while the adaptive operation of the protection is dynamically 
realized considering the availability of DG power production (related to faults or meteor-
ological conditions) in each time step. Besides, the modular structure and fast response 
of the proposed strategy is validated via simulations conducted on the IEEE 13-Node 
Test System.  

Research activities and technical results by SIMULA 
The Norwegian team achieved the objective “determine cost effective and reliable com-
munication system to support the protection and control methods” with three strate-
gies: new Machine-to-Machine (M2M) communications, intelligent demand response 
management, and secure schemes for efficient and reliable smart grid.  

For the advanced communications solution, mainly two key challenges, i.e. quality of 
service (QoS) and energy-efficiency, have been addressed. A new time-division spec-
trum sensing strategy has been presented. The main advantage of this solution is the 
largely reduced control messages overhead with a decentralized architecture. For the 
demand response management, a dependable and reliable smart grid has been pro-
posed. New game-theory based model has been proposed to achieve global optimization 
and end-to-end reliability. For secure schemes, context-aware authentication schemes 
have been proposed to defend cyber-attacks and protect battery-status private infor-
mation. This is able to protect critical Vehicle-to-Grid systems as well as the power grid 
infrastructure. 
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1.5.2 Reflections on the problems stated in the application 
The PRONET project has fulfilled its objectives. The new characteristics of the distribu-
tion system with large number of renewable energy generation units and power elec-
tronic interfaced devices have both been studied in the literature and investigated 
through simulation work based on the models that have been developed in the project 
for the representation of the distribution system, the power electronics-interfaced re-
newable generation units, and the protection system. Communication based adaptive 
methods have been developed for the purpose of mitigating the negative impacts of 
electronics-interfaced renewable generation integration on the performance of protec-
tion in distribution systems, including solutions from the protection perspective, or DG 
control perspective, or the perspective of coordination between protection and DG con-
trol. Control strategies for DGs to support the stability and power quality of a post-fault 
islanded distribution system have also been developed. Cost effective and reliable com-
munication system to support the protection and control methods in distribution system 
has been achieved through three strategies, i.e. new Machine-to-Machine (M2M) com-
munications, intelligent demand response management, and secure schemes for effi-
cient and reliable smart grid. Hardware-in-the-loop platforms have been built to evalu-
ate the performance of the whole system. 

All these investigations and solutions focus on the targets to make the distribution sys-
tem adaptive to more renewable energy integration, and be able to operate with higher 
reliability (including feasibility of islanding operation), which could increase the utiliza-
tion of renewable energy in power systems both in scale and in time. EU countries have 
agreed on some ambitious climate and energy framework (e.g. 2030 Framework for 
climate and energy), while renewable energy penetration in power systems is one of the 
main measures in Europe in order to meet those environmental targets. Therefore, the 
PRONET project has lived up to the expectations in terms of contributions to the Euro-
pean environmental sustainability. 

1.5.3 Dissemination 
Scientific publications in journals and conferences are the major dissemination activities. 
Research papers that have been submitted by the AAU team to scientific journals and 
conferences for publications include:  

[1] Z. Liu, C. Su, H. K. Høidalen and Z. Chen, “A Multi-Agent System Based Protection and 
Control Scheme for Distribution System with Distributed Generation Integration”, sub-
mitted to IEEE Transactions on Power Delivery, accepted. 

[2] Z. Liu, Z. Chen, H. Sun and Y. Hu, “Multiagent System-Based Wide-Area Protection and 
Control Scheme against Cascading Events”, IEEE Trans. Power Del., vol. 30, no. 4, pp. 
1651-1662, Aug. 2015. 

[3] C. Su, Z. Liu, Z. Chen and Y. Hu, “An adaptive control strategy of converter based DG to 
maintain protection coordination in distribution system,” in Proc.  IEEE PES Innovative 
Smart Grid Technologies, Europe (ISGT 2014 Europe), Istanbul, Turkey, Oct 2014. 

[4] C. Su, Z. Liu, Z. Chen and Y. Hu, “Short circuit analysis of distribution system with inte-
gration of DG,” in Proc.  International Conference on Power System Technology 
(POWERCON 2014), Chengdu, China, Oct 2014. 

[5] Z. Liu, Z. Chen and Y. Hu, “Detection of Vulnerable Relays and Sensitive Controllers un-
der Cascading Events Based on Performance Indices,” in Proc.  IEEE PES General Meeting 
2014, Washington, US, 2014. 

[6] M. Wei, Z. Chen, “Fast Control Strategy for Stabilizing Fixed-speed Induction Generator 
Based Wind Turbines in An Islanded Distributed System”, IET Renewable Power Genera-
tion, vol. 7, no. 2, March 2013, pp. 144-162. 

The conference papers [3][4][5] have been successfully presented in ISGT 2014 Europe, 
POWERCON 2014 and IEEE PES General Meeting respectively. 

 
1.6 Utilization of project results 
The technical results of the PRONET project are expected to be utilized by distribution 
system operators (DSOs), DG unit and protection device manufacturers, and communi-
cation system (for distribution system) designers, to build a more reliable, sustainable 
and economical smart distribution networks, particularly for higher penetration of re-
newable energy generations. The investigation results of the new characteristics of the 
distribution systems with large scale of power-electronics-interfaced DGs could be used 
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as a reference for the development and updating of grid codes by DSOs. The solutions 
developed in the PRONET project for adaptive protection methods, and DG control strat-
egies during and after faults, can be used by manufacturers and DG owners to match 
their product and operation manners with the grid requirements without increasing un-
necessary cost. 

The technical results are also expected to be used as the foundation of further research 
activities in collaborations with institutions, and industrial and commercial entities in a 
European or Global level. 

Finally, the knowledge obtained in the PRONET project will be utilized in teaching activi-
ties related to the topics of distribution system protection, distribution generation con-
trol and communication technology in power systems. 

 
1.7 Project conclusion and perspective 
The PRONET project has investigated the new characteristics of the distribution system 
with large number of renewable energy generation units and power electronic interfaced 
devices. The impacts of DG integration on the short circuit current profiles and the pro-
tection performance under both symmetrical and unsymmetrical faults have been stud-
ied. It is found that the connection type of the DG transformers plays an important role 
in these impacts. Various solutions have then been developed in the PRONET project to 
mitigate the negative impacts of DG integration on protection performance. Regarding 
the DG control during fault, an adaptive control method have been developed to reduce 
the short circuit current injected by DGs in selected situations, in order to maintain the 
coordination among the protection devices. Regarding the protection settings, commu-
nication-based adaptive setting methods have been developed considering availability 
scenarios of multiple DG units, and changing operating conditions (i.e. grid-connected 
operation and islanding operation). For more complicated distribution network topolo-
gies and operation conditions, a multi-agent system based protection and control 
scheme, coordinating the DG control during fault and the adaptive setting, have been 
developed and tested in a hardware-in-the-loop platform. Furthermore, control methods 
for power-electronics-interfaced DG to participate in frequency and voltage control in a 
post-fault islanded distribution system have been developed.  

The technical results of the PRONET project are expected to contribute to more reliable, 
sustainable and economical distribution systems with increased renewable integration, 
and to be beneficial for distribution system operators and consumers. These results are 
in line with EU climate and energy frameworks, and will contribute to the European en-
vironmental sustainability. 

From the future perspectives, the results and limitations of the PRONET project can be 
used respectively as the foundation and focused problems for further research activities 
relevant to the topics of distribution system protection, distribution generation control 
and communication technology in power systems. 
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[3]http://vbn.aau.dk/en/publications/an-adaptive-control-strategy-of-converter-based-dg-
to-maintain-protection-coordination-in-distribution-system(aca3bd3a-b5f6-4b18-8205-
77298ee60fd0).html  
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