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Abstract--In some unexpected situations a microgrid may 

become unstable after transition to islanded mode and all DG 
units must be disconnected from microgrid. In case of these events 
a restoration strategy for microgrid blackstart is needed. Also if 
the islanded microgrid is divided into different protection zones in 
case of a fault, fault management strategy with capability of very 
fast operation is needed to maintain stability in the healthy 
section of the islanded microgrid. The control of microgrid 
voltage and frequency during the microgrid blackstart is not 
possible without energy storage unit. In this paper sequence of 
actions for the microgrid blackstart operation as well as control 
principles of some DG units during blackstart are defined and 
simulated with two different microgrid configuratio ns. Also one 
simulation case considering fault management strategy and 
control principles during fault in islanded microgrid is presented. 
Based on the simulations dimensioning principles for the needed 
energy storage and size of simultaneously controlled loads can be 
drawn. 
 

Index Terms—Blackstart, distributed generation, energy 
storage, frequency control, islanding, low voltage network, 
microgrid, stability, voltage control. 

 

I.  INTRODUCTION 

ICROGRIDS can be defined as low voltage (LV) 
distribution systems with distributed generation (DG) 
units, energy storages and controllable loads, which can 

be operated either in interconnected mode, which means that 
the microgrid operates in parallel with the distribution grid, or 
in islanded mode, where the connection to the utility grid is 
switched off. Transition to the islanded mode may take place 
due to faults or intentional switching events. [1], [2] The 
storage units are essential during transition from 
interconnected to islanded mode of operation as well as during 
the microgrid island operation in long term. In some cases the 
microgrid may need to be shut down by disconnecting all DG 
units after transition to islanded mode e.g. due to very deep 
voltage dip before islanding which may result in unstable 
operation of the microgrid in terms of voltage and frequency. 
In case of these situations the microgrid blackstart operation 
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strategy including the load management strategy is needed. At 
the same time if an islanded microgrid is divided into different 
protection zones in case of a fault, the protection must operate 
very rapidly to maintain stability in the healthy section of the 
islanded microgrid. Also for these cases the blackstart 
operation strategy is needed as a backup. Due to possible 
oscillations during blackstart, the settings of the protective 
devices cannot probably be as tight as during the normal island 
operation. 

The control of microgrid voltage and frequency during the 
microgrid blackstart is not possible without energy storage 
unit. In this paper sequence of actions for the microgrid 
blackstart operation as well as control principles of few type of 
DG units during blackstart are defined and simulated with two 
different microgrid configurations. The studied LV network 
based microgrid will consist of three converter and one 
synchronous generator based DG units with passive loads or 
three converter based DG units and one induction motor load 
together with passive loads. Also one simulation considering 
fault management strategy and control principles during fault 
in islanded microgrid is simulated with three converter based 
DG units, permanent magnet generator (PMG) equipped with 
frequency converter and passive loads. In all configurations 
the energy storage (battery) converter with rapid response acts 
as a master unit [3], which has the main responsibility to 
control the voltage and frequency in the microgrid during 
microgrid blackstart and island operation. 

Based on the simulations sizing principles for the needed 
energy storage and size of simultaneously controlled loads can 
be drawn. If the island operation will last for a long time, a 
strategy to reduce power continuously taken from energy 
storage must also be defined. Simulations are done with 
PSCAD simulation software package. 

Section II of the paper discusses briefly about blackstart and 
island operation and Section III about fault management 
operation. Section IV introduces the test system and blackstart 
as well as fault management strategies used in the simulations. 
Simulation results of the study and discussions are presented in 
Section V. Conclusions are stated in Section VI. 

II.  BLACKSTART AND ISLAND OPERATION 

A.  Island Operation 

The whole idea of microgrid is to provide uninterruptible, 
high-quality power to the customers energy efficiently by local 
DG units. In addition, some DG units can also produce heat to 
the microgrid customers. The local production of electricity 
may be based on renewable energy sources e.g. solar, wind 
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energy or biogas, which should be exploited as well as 
possible i.e. disconnection of these unit for voltage control 
purposes is not preferred. Instead energy storages should be 
used within the DG units or as one larger storage in microgrid. 
Also the principle of using loads with different order of 
importance for voltage control purposes does not support the 
basic idea of providing premium power to all microgrid 
customers. Therefore, the usage of energy storages within 
microgrid would be practical. In addition to above mentioned 
reasons, the energy storage is needed for instant voltage 
control because of the challenging dynamic properties of an 
islanded microgrid and slow controllability of some DG units. 

In this paper the master unit with energy storage controls the 
voltage of microgrid during sudden changes and creates the 
frequency reference for other DG units in microgrid (Fig. 1). 
Therefore the active power output of master unit should never 
go under certain percent e.g. 5 % of the total load. The 
configuration of the master unit could also be as the one 
presented in [4]. In case of long duration island operation of 
microgrid the energy storage of the microgrid should be 
capable of being charged through some primary energy source 
e.g. fuel cell (Fig. 1). If large proportion of generating units in 
the microgrid are based on highly varying output power (solar 
or wind energy), then there could also be one other energy 
storage, in addition to the master unit, for power balancing 
purposes (Fig. 1). The microgrid power balance can be 
maintained by charging or discharging the energy storage as 
needed i.e. if control of the master unit can not keep up the 
power balance. 

 

 
Fig. 1. LV network microgrid consisting of e.g. energy storages, DG units, 

loads, DMS and IMB with communication capabilities. 

 
Reasonable co-ordination between DG units and loads 

during island operation needs communication and intelligence. 
The needed intelligence could be located to the breaker of 
microgrid (IMB) with communication capability, so that no 
additional microgrid central controller would not be required 
(Fig.1).  

The islanding decision and re-synchronization after island 
operation is based on the measurements from both sides of the 
IMB. At the moment of islanding IMB has knowledge about 
status, present production or consumption levels of DG units 
and loads. In addition the technical parameters of DG units 
(e.g. rated power, power factor), load groups and energy 
storages (e.g. state of charge) are stored into the database of 
IMB. Based on the stored information, current measurements 
and chosen island operation strategy the IMB gives e.g. 
setpoint values for units capable of active power control 

during island operation. In addition to the island operation 
strategy, the islanding, blackstart, fault management, 
reconnection strategy of microgrid are included into the IMB. 
The transfer to island operation is based either on the 
protective settings and measurements of the IMB or on the 
information received from the distribution management system 
(DMS) (Fig. 1). In conclusion, the basic characteristics 
required from IMB are 1) real-time bi-directional 
communication with DMS and with energy storages, 2) 
information change with DG units and loads e.g. measured 
parameters, status of units and control instructions to units as 
well as 3) intelligence and adaptivity, which means built-in 
strategies for different possible situations. The summary from 
the IMB functions needed is presented in Fig. 2.  

 

 
Fig. 2. Summary about the IMB functions. 

B.  Blackstart Operation 

If an unplanned event occurs in microgrid during transition 
to island operation, the stability of microgrid may possibly be 
lost and all DG units must be disconnected from the microgrid. 
The service restoration is done with the microgrid blackstart 
strategy, which controls the power balance and voltage during 
blackstart. The energy storage based master unit of microgrid 
plays the main role in maintaining the power balance and 
acceptable voltage level in microgrid also during the 
blackstart. The load management could be done in groups with 
advanced automated meter management (AMM) systems (Fig. 
1). Co-ordination between DG units and loads during 
blackstart operation is done by using the IMB. In Fig. 3 basic 
principles for blackstart operation strategy used in the 
simulations of this paper are presented. 

 

 
Fig. 3. Basic principles for blackstart operation strategy. 
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During blackstart one must remember that the calculation of 
the PLL components in the converter based DG units needs to 
be reset back to initial state before the DG unit is reconnected. 
Also the fact that the active power output of the master unit 
should be at least some 5 % percent of the microgrid total load  
must be taken into account, because otherwise the master unit 
is not able to give the frequency reference for other DG units 
to synchronize with. Duration of the blackstart sequence is 
dependent on the load and DG unit types in the microgrid. DG 
units with slow dynamic response as well as rotating machines 
need longer time to reach stable operation after their 
connection and after sudden voltage changes. This is one 
reason why they should be connected at the end of the 
blackstart sequence (Fig. 3). 

Some dimensioning principles for the successful blackstart 
operation can be concluded based on the simulations: 1) Rated 
capacity of the master unit with energy storage should be at 
least equal with largest converter based DG units or motor 
drives and also 1,5-2 times larger than any of the rotating 
machines connected directly to the microgrid, 2) Load groups 
which are connected sequentially should not be larger than the 
capacity of the master unit and large directly connected 
rotating machines must be connected separately from other 
loads. 

The main difference between blackstart operation principles 
presented in this paper when compared to references [5] and 
[6] is the lack of sectionalizing the microgrid into smaller 
islands around microsources, which are then during the 
blackstart synchronized with each other. 

III.  FAULT MANAGEMENT PRINCIPLES 

Fault management operation during islanding of microgrid 
is also important with larger microgrids which are divided into 
protection zones i.e. faulted zone will be disconnected from 
the remaining healthy zones of the microgrid (Fig. 4). Due to 
limited fault current available during islanding, there are relays 
at the LV feeders instead of conventional fuses.  
 

 
Fig. 4. Protection zones of an islanded microgrid. 

 
The fault detection may be based on voltage rms values and 

fault type detection on measured phase voltages. Fault location 
detection could be done with current measurements from 
feeder relays which are in case of a fault sent to IMB. IMB 
detects the faulted protection zone based on these 
measurements and then sends disconnection command to relay 
and DG units of the faulted zone i.e. feeder 1_2 in Fig.4. 
However, in case of faults the DG units should always also 

have their own protection settings as a backup for IMB 
functions which will take into account the fault ride-through 
needs of successful microgrid operation. In Fig. 5 fault 
management operation strategy during islanding of microgrid 
which is used in this paper is shown. Duration of the fault 
management operation is dependent on the fault clearance 
time. In some cases the healthy part of the microgrid may be 
connected back to utility grid before the fault is cleared (Fig. 
5). But if the microgrid remains islanded, then also in the fault 
management operation equally to blackstart operation, the 
rotating machines will be connected last back to microgrid. 
The same dimensioning principles presented in Section II for 
blackstart operation about the capacity of the master unit with 
energy storage apply also for the fault management operation.  
 

 
Fig.5. Fault management operation strategy during islanding of microgrid. 

 
Attention should be paid on the disconnection speed of the 

faulted zone to ensure stability in the rest of the islanded 
microgrid. For this reason the relays of the protection zones 
could have different operation characteristics during normal 
and island operation, which are changed when IMB sends 
islanding notification for microgrid relays, DG units and loads. 

IV.  STUDY SYSTEM 

A.  Studied LV Network Based Microgrid 

The LV network used in this work is shown in Fig. 6. The 
system consists of one 800 kVA MV/LV-transformer which 
normally feeds LV feeders 1_1 and 1_2. In the simulation 
studies the islanded microgrid is disconnected from main 
network by the breaker so that the microgrid consists of 
feeders 1_1 and 1_2 (Fig. 6). At the PCC of the microgrid, 
before the feeders 1_1 and 1_2, there is a storage unit (battery 
120 kVA) equipped with converter 1. At the end of feeder 1_1 
there is a DG Unit 1 (120 kVA) equipped with converter 3. In 
blackstart simulation there at the front-end of the feeder 1_2 is 
a synchronous generator (100 kVA) or induction motor (51 
kW, 34 kVAr). In fault management simulations there is at the 
feeder 1_2 a permanent magnet generator equipped with 
frequency converter (100 kVA). In all simulations there is also 
at the end of the feeder DG Unit 2 (120 kVA) equipped with 
converter 2. 
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The load in the microgrid consists of four passive loads on 
each feeder. The passive  loads can be adjusted so that the 
loading of the transformer (which feeds LV feeders 1_1 and 
1_2) gets some desired value between 0…150 % of the 
transformer ratings. For comparison purposes the blackstart 
simulations are done with SG or with IM. Initially loading of 
the transformer was set to 45 % with SG (power factor 0.98ind) 
and to 30 % with IM (power factor 0.98ind). During blackstart 
load is increased in steps from 0 % to 45 % with SG and from 
0 % to 30 % with IM. In fault management simulations with 
PMG + frequency converter the loading is 60 % (power factor 
0.98ind). 

Simulations are made with LV network line parameters 
shown in Table 1. The fault level and R/X-ratio of the feeding 
utility network (20 kV, 50 Hz) are 200 MVA and 0.1 
respectively. Converter based DG units are space vector 
modulated (SVM) and frequency converter of PMG is pulse 
width modulated (PWM). The dc-link voltage VDC of 
converter is chosen to be 0.65 kV and dc-link is modeled as 
constant dc-voltage source in all converter based DG units, 
except in blackstart simulations the dc-link of the master unit 
is modeled with battery storage + DC/DC-buck-boost 
converter. The converters are modeled as three-phase, three-
leg units with LCL-filters. With all converters the PSCAD’s 
own PLL component was used. Further details and parameters 
about the study system components are listed in Appendix. 

  

 
Fig. 6. Studied LV network based microgrid. 

  
TABLE 1 

RESISTANCE, REACTANCE AND R/X RATIO OF  LV  NETWORK CABLES IN FIG. 6 
 

 R (Ω/km) X (Ω/km) R/X 
AXMK 4x185S 0.164 0.0817 2.01 

B.  Single Master Operation 

During islanding, microgrid is operated in single master 
operation mode, which in this case means that the converter 1 
with battery storage (Fig. 7) will act as the master unit and it 
has the main responsibility to control the voltage and 
frequency in microgrid when islanded. The control system for 
master unit (Battery storage) converter 1 in island operation is 
shown in Fig. 8. All the other DG units can then be operated in 
conventional PQ mode i.e. they do neither take part in 
frequency nor voltage control. 

 

 
Fig. 7. PSCAD simulation model of the master unit with battery storage + dc-

dc buck-boost converter. 

 
Fig. 8.  Control system of master unit converter during islanding. 

C.  Blackstart Simulations 

In this section the sequence of actions from two different 
blackstart cases with different configurations are shown. 
Simulation results are presented in Section V. First, sequence 
of actions from blackstart strategy with three converter based 
DG units and SG is shown in Table 2.  

 
TABLE 2 

BLACKSTART STRATEGY WITH THREE CONVERTER BASED DG UNITS AND SG 
 

Time (s) Sequence of actions 

0 
Islanded operation of microgrid (All DG units and loads are 
disconnected) 

0.15 
Connection of Master Unit (PQC) with Energy Storage 
and connection of passive load (56 kW, 11.5 kVAr) 

1.5 
Connection of DG unit converter 2 on feeder 1_2 (100 kW, 
30 kVAr) and connection of passive load (91 kW, 19 kVAr) 

3.0 
Connection of DG unit converter 3 on feeder 1_1 (100 kW, 
30 kVAr) and connection of passive load (190 kW, 38.5 
kVAr) 

6.0 -> 
Connection of Synchronous generator (SG) on feeder 1_2 
(96 kW, 0 kVAr) and connection of passive load (91 kW, 
19 kVAr) 

6.075 
Synchronized connection of SG when Voltage angle (theta) 
difference is smaller than the chosen limit e.g. 15 degrees 

7.0 Connection of passive load (25 kW, 5 kVAr) 
20 Reconnection of microgrid to utility grid 

 
This sequence of actions begins from the island operation 

with DG units and loads disconnected from microgrid. 
Otherwise the principles presented in Fig. 3 are followed. 
Although, it is worth mentioning that in this case the 
connection of the SG in synchronism is very important for the 
stability of the microgrid. In this case it was also found out that 
improvement of power quality and stability during blackstart 
operation was needed and achieved with adaptive parameters 
in the master unit controller (Fig. 8). Chosen parameters are 
also presented in Appendix.  

The sequence of actions from the another blackstart 
simulation with three converter based DG units and IM is 
presented in Table 3. In this case islanding takes place after 3-
phase fault in utility grid. Due to frequency instability detected 
in microgrid, the blackstart sequence shown in Table 3 is 
started. Also this sequence of actions is based on the priciples 
described in Fig. 3.  
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TABLE 3 
BLACKSTART STRATEGY WITH THREE CONVERTER BASED DG UNITS AND IM 

 
Time (s) Sequence of actions 

4.85 3-phase fault in utility grid 
5 Islanding of microgrid 

5.5 
Disconnection of all DG units and loads due to voltage and 
frequency instability 

7 
Reconnection of Master Unit (PQC) with Energy Storage 
and connection of passive load (56 kW, 11.5 kVAr) 

8.5 
Reconnection of DG unit converter on feeder 1_2 (100 kW, 
30 kVAr) and connection of passive load (91 kW, 19 kVAr) 

10.0 
Reconnection of DG unit converter on feeder 1_1 (100 kW, 
30 kVAr) and connection of passive load (82 kW, 16 kVAr) 

12.0 Connection of induction motor load (51 kW, 34 kVAr) 

15.0 
Torque (and load) increase of induction motor (12 kW, 4.5 
kVAr) 

16.0 Connection of passive load (15 kW, 3 kVAr) 
20 Reconnection of microgrid to utility grid 

D.  Fault Management During Island Operation 

In Table 4 the sequence of actions from the simulated fault 
management operation strategy is presented. Simulation results 
from this case are shown in Section V. This sequence of 
actions is based on the principles described in Fig. 5, so that 
the fault will be cleared during the simulation. In this case the 
relay operating time of the faulted protection zone was 200 ms. 
 

TABLE 4 
FAULT MANAGEMENT STRATEGY WITH THREE CONVERTER BASED DG UNITS 

AND PM GENERATOR WITH FREQUENCY CONVERTER 

 
Time (s) Sequence of actions 

2 Islanding of microgrid 
3 2-phase fault in microgrid (at the end of feeder 1_1) 

3.2 Relay of the feeder 1_1 disconnects the feeder 1_1 

3.5 

DG Unit 1 on faulted feeder 1_1 is disconnected and 
because of the master unit minimum power requirements 
the output power of DG Unit 2 is reduced to 30 kW and 10 
kVAr from 100 kW and 30 kVAr 

4 The fault is cleared 

6.5 
Relay of the feeder 1_1 is closed when fault is removed and 
rest of the microgrid is stable 

6.7 
DG Unit 1 is connected back to microgrid after successful 
connection of feeder 1_1 and it’s loads  

10 End of the simulation 

V.  SIMULATION RESULTS 

A.  Blackstart with Three Converter Based DG Units and 
SG 

In the following Fig. 9-11 the simulation results from 
blackstart simulation case with master unit with energy 
storage, two converter based DG units and one synchronous 
generator are shown. At the beginning of the blackstart (0-3s), 
the microgrid is very sensitive for frequency and voltage 
variations (Fig. 9). But in overall the strategy of connecting 
simultaneously generation and load seems to work reasonably 
well.  

 

 
(a) 

 
(b) 

Fig. 9. Simulation results from the blackstart simulation with the SG: a) 
Frequency and b) Voltage (rms). 

 
In Fig. 10 the active and reactive power of the master unit 

and SG are shown for a comparison. It can be seen that the 
well synchronized connection of the SG does not cause notable 
oscillations in output power of the SG. From Fig.10b) one can 
also see that after the SG reconnection, the slow reactive 
power control of the SG is well compensated with the reactive 
power output of the master unit.  

 

 
(a) 

 
(b) 

Fig. 10. Simulation results from the blackstart simulation with the SG: a) 
Active and b) Reactive Powers of the master unit and SG. 
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The DC-link voltage behaviour of the master unit during the 
blackstart with SG is presented in Fig. 11. It can be seen that 
the connection of other units and load causes transient in the 
DC-link voltage, but the voltage settles very quickly to the 
reference value.  

 

 
Fig. 11. DC-link voltage from the blackstart simulation with the SG. 

 

B.  Blackstart with Three Converter Based DG Units and 
IM 

In Fig. 12-14 the simulation results from blackstart simulation 
case with master unit with energy storage, two converter based 
DG units and induction motor are presented. Similarly to the 
previous simulation (Fig. 9) from Fig. 12 it can be seen that at 
the beginning of the blackstart, the microgrid is more sensitive 
to frequency and voltage disturbances i.e. load changes.  
 

 
(a) 

 
(b) 

Fig. 12. Simulation results from the blackstart simulation with the IM: a) 
Frequency and b) Voltage (rms). 

 
For comparison purposes, the active and reactive power of 

the master unit and IM are presented in Fig. 13. From these 
results one can be see that the connection of the IM directly to 
the islanded microgrid is very challenging in terms of power 

balance and stability. Although in this case the rapid voltage 
control of the master unit helps to stabilize the voltage quite 
rapidly (Fig. 12).  

 

 
(a) 

 
(b) 

Fig. 13. Simulation results from the blackstart simulation with the IM: a) 
Active and b) Reactive Powers of the master unit and IM. 

 
In Fig. 14 the DC-link voltage behaviour of the master unit 

during the blackstart with IM is shown. The longest 
oscillations in the DC voltage are caused by the connection of 
IM. In other changes the following transients are stabilized 
very rapidly.  

 

 
Fig.14. DC-link voltage from the blackstart simulation with the IM. 

 
From both blackstart simulation cases (Section V.A and B) 

it can be seen that the beginning of the blackstart is the most 
challenging in terms of frequency and voltage stability. For 
this reason it is logical to connect the most disturbing loads i.e. 
rotating machines and thyristor rectifiers at the end of the 
blackstart sequence.  
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C.  Fault Management Strategy with Three Converter 
Based DG Units and PMG with Frequency Converter 

In Fig. 15-17 the simulation results from fault management 
simulation case with master unit, two converter based DG 
units and PMG with frequency converter are shown.  
 

 
(a) 

 
(b) 

Fig. 15. Simulation results from the fault management simulation: a) 
Frequency and b) Voltage (rms). 

 

 
(a) 

 
(b) 

Fig. 16. Simulation results from the fault management simulation: a) Active 
and b) Reactive Powers of the master unit and PMG with freq. converter. 

 
Fig.17. DC-link voltages of the PMG with frequency converter during the 

fault management operation. 
 

From the simulation results in Fig. 15-17 it can be seen how 
the fault affects the dc-link voltage of the PMG and also to the 
microgrid voltage. Also the reconnection of the faulted zone 
after fault clearance creates oscillations to to dc-link voltage 
and frequency of the microgrid. For these reasons attention 
should be paid on the control of the dc-link by the the grid-side 
converter, because it also plays important role when stability 
of the microgrid is considered. 

VI.  CONCLUSIONS 

This paper presents strategies to handle some problematic 
situations, like unstability after islanding and fault situations, 
which may occur during the island operation of the microgrid. 
To execute these strategies efficiently some centralized 
intelligence with communication capability will be needed. For 
this purpose new kind of intelligent microgrid breaker, IMB, is 
presented and the function needed for the operation of it are 
derived. in this paper. this responsibility is given for new kind 
of microgrid breaker (IMB). In case of unstability, the 
blackstart operation strategy will be needed and the basic 
principles for the possible implementation of it has been 
shown in Section II. If fault occurs in the islanded microgrid, 
only the faulted protection zone may be disconnected with pre-
defined fault management strategy presented in Section II and 
the stability of the healthy section of the microgrid can be 
maintained.  

In this paper the developed sequence of actions’ needed to 
execute these strategies were also successfully simulated. 
Based on these simulations, dimensioning principles for the 
needed energy storage and size of simultaneously controlled 
loads can were drawn. In addition, during blackstart 
simulations it was found out that it is logical to connect the 
most disturbing loads i.e. rotating machines and thyristor 
rectifiers at the end of the blackstart sequence. Also the 
connection interval between rotating machines should be long 
enough so that the steady state can be reached before next 
event. On the other hand it could be recommended that all the 
larger rotating machines are connected to the microgrid 
through frequency converters. However, during fault 
management simulations it was found out that also when 
rotating machines are connected through frequency converters, 
the oscillations during faults and switching events may be 
considerable due to oscillations in the dc-link of the frequency 
converter. Because of that it should be noted that the 
disconnection speed of the faulted zone is short enough to 
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ensure stability in the rest of the microgrid. From the 
simulations it can also be concluded that the relays of the 
possible protection zones as well as the protections of the DG 
units should probably have different operation characteristics 
during normal and island operation, which are changed when 
IMB sends islanding notification for microgrid relays, DG 
units and loads. In future studies, the operation criteria of the 
microgrid still needs to be studied in overall and also more 
detailly with different fault scenarios to achieve practical and 
fast protection for microgrid in every situation. 

APPENDIX 

System parameters of the test system with different DG 
units, loads and controller parameters are presented in Table 5. 
The solution time step in simulations was 5 µs. 
 

TABLE 5 
STUDY SYSTEM PARAMETERS 

 
 Parameter Value 

Modulation method SVM 

Switching frequency 8 kHz 
DG Unit 

Converters 
(DC/AC) 

Filter L1, Rd, C, L2  
0.4 mH, 0.1 Ω, 10 µF, 0.2 

mH 
Gain Kcurrent  1.5 

Current PI-
controller 

Integrator time 
constant Tc_i  

0.15 ms 

Gain Kp  1* / 2** 
Integrator time 
constant Tp_i  

0.015* / 0.00075** s 
Active Power 
PI-controller 

Sampling rate 4 * / 0.3** kHz 
Gain Kp  0.25 -> 2 

Integrator time 
constant Tp_i  

0.005 -> 0.00075 s 
Active Power 
PI-controller 
(Blackstart) 

Sampling rate 2 -> 0.3 kHz 
Gain KQ  5 

Integrator time 
constant Tq_i  

0.015 s 
Reactive Power 

PI-controller 
Sampling rate 4 kHz 

Reference dc voltage 
VDC 

0.7 kV 

Gain Kdc/dc 0.3 
Integrator time 
constant Tdc/dc_i  

0.06 s 

Sampling rate_dc/dc 1 kHz 

DC-DC 
Buck-boost 
Converter 

DC-link capacitor 5000 µF 
Inertia constant 0.1049 MW/MVA 

Ra / Xp / Air gap f. 0.012 pu / 0.087 pu / 0.8 

Xd / Xd’/ X d’’ 
3.5 pu / 0.128 pu / 0.077 

pu 

Xq / Xq’/ X q’’ 
2.1 pu / 0.128 pu / 0.098 

pu 
Tdo’ / Tdo’’ 2.71 s / 0.02 s 

Synchr. 
Generator 

(SG) 

Tqo’ / Tqo’’ 2.71 s / 0.02 s 
Gain 1.0 Reactive Power 

Control  of SG 
(Input to Exc.) 

Time constant 1.0 s 

Modulation method PWM 

Switching Frequency 6***  / 8 kHz****  

Filter L 2.5 mH 

Permanent 
Magnet (PM) 

Generator with 
Frequency 
Converter DC-link capacitor 12000 µF 

Pn 75 kW 
cosφ 0.93 

Induction motor 
(IM) 

Inertia 6.47 kgm2  
*) In normal operation, **) In island operation 
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