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Summary  
A large-scale integration of wind power will take place in the Swedish grid if 
all proposed wind power projects will be built. In total, there are plans for 
25.000 MW wind power that shall be connected into the Swedish power 
system. If such amount of wind power is installed it will significantly affect the 
power system as the present installed power production capacity is in the 
same range. When Svenska Kraftnät (the Swedish state utility) updated their 
legislations or grid code for production plants the new version also included 
wind power.  

In this report a validation plan for grid-code compliance tests has been 
developed. The validation plan is essential since a good validation plan leaves 
little or no room for different interpretations regarding how each requirement 
in a grid code shall be validated. One intention is that the developed 
validation plan could serve as a basis when discussing or evaluating grid code 
compliance of the Swedish grid code. The second aim of the validation plan is 
to investigate the design and the performance of a voltage source converter 
(VSC) based test equipment for testing single wind turbines. The proposed 
VSC-based test equipment is similar to that of the Tjæreborg HVDC light test 
and demonstration system, and consists of two back-to-back connected VSCs 
that emulate the grid and the grid connection of a single wind turbine 
installation. The VSC-based test equipment is versatile since it has the 
possibility to emulate the grid and vary both the voltage and frequency 
independently.  

The most demanding test, for the VSC based test equipment, is the emulation 
of short circuits leading to voltage dips. This since the test equipment must be 
designed for the fault current provided by the wind turbine. The fault current 
from wind turbines can be several times higher than the rated current of the 
wind turbine. 

Finally, a prototype of the VSC based test equipment has been implemented 
in the power systems laboratory at Chalmers University of Technology. It has 
been shown, experimentally, that the proposed test equipment can be used 
for testing the Swedish grid code by applying different voltages and 
frequencies to the wind turbine. Moreover, the test equipment can apply very 
fast changes in the voltage in order to emulate “short circuits” and thereby 
resemble the low voltages that occur in the grid.  
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Sammanfattning 
En storskalig integrationen av vindkraft kommer att ske i det svenska 
elsystemet och om alla planerade vindkraftsparker blir verklighet kommer den 
installerade vidkraftseffekten att bli 25.000 MW. En sådan utveckling skulle 
innebära att mängden vindkraft effektmässigt kommer att bli av samma 
storleksordning som den installerade effekten i övrig elproduktion. Svenska 
Kraftnät har varit förutseende inför en sådan utveckling och i samband med 
införandet av de produktionstekniska föreskrifterna har även vindkraft 
inkluderats i föreskrifterna.  

I denna rapporten har en valideringsplan, för vindkraft utvecklats som kan 
användas för att visa att föreskrifterna uppfylls. En valideringsplan kan vara 
minst lika betydelsefull för kraftsystemet som själva föreskrifterna då en bra 
valideringsplan lämnar inget eller ett litet utrymmer för olika tolkningar av hur 
kraven i föreskrifterna skall valideras. En tanke är därför att den utvecklade 
valideringsplanen skall kunna användas som ett underlag vid diskussioner och 
utvärderingar av om produktionskällor uppfyller de Svenska föreskrifterna. En 
andra målsättning med den utvecklade valideringsplanen är att den ska kunna 
användas för att utvärdera en testutrustning, baserad på 
frekvensomformarteknik, vid prov på enskilda vindkraftverk. Den föreslagna 
testutrustningen, som påminner om Tjæreborgs HVDC light testanläggning, 
kan användas för att efterlikna det anslutande nätet och individuellt variera 
både spänning och frekvens. 

För en testutrustning, baserad på frekvensomformarteknik, är det mest 
påfrestande provet att efterlikna kortslutningar som leder till 
spänningssänkningar. Detta eftersom testutrustningen då måste vara 
dimensionerad för att hantera vindkraftverkens felströmmar. Felströmmarna 
från vindkraftverk kan vara flera gånger större än vindkraftverkens 
märkström.  

Slutligen har en prototyp av testutrustningen byggts i ett laboratorium vid 
Chalmers tekniska högskola. Vid användandet av denna prototyp har det 
visats att det finns möjlighet att testa i enlighet med de svenska 
föreskriftskraven genom att applicera olika typer av spänningsprofiler där 
både spänning och frekvens varieras. Vidare kan testutrustningen applicera 
snabba förändringar i både spänning och frekvens för att efterlikna de 
spänningssänkningar som uppstår vid kortslutningar i elnätet. 
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1 Introduction 

In Sweden there are plans for large-scale integration of wind power [20]. If all 
plans for wind power will be commercial projects the amount of installed wind 
power in the Swedish grid will increase to 25.000 MW. This amount of wind 
power is in the same range as the current installed capacity in other 
production sources in Sweden. From a power system point of view, this 
amount of wind power will have a significant impact on the power system. 
This is one of the reasons why Svenska Kraftnät (the Swedish state utility) 
has updated its legislations or grid code for production plants. In the previous 
part of this project other European countries that have introduced grid codes 
related to wind power have been studied. Special attention has been on 
studying which types of verification methods that are used [18]. According to 
this investigation, Germany is one of the few countries that utilize a clear 
verification plan. A validation plan for the grid code may be as important as 
the code it selves, since a good validation plan leaves little or no room for free 
interpretations regarding how each requirement in the grid code shall be 
validated. This ensures that the grid code requirements are satisfied. It is also 
of importance to stress that in other European verification plans the 
responsibilities related to how and by whom the required tests shall be 
performed are clearly stated. However, this is still an open issue in Sweden. It 
is believed by the authors of this report that this is a very important topic that 
needs to be further discussed. However, this is out of the scope of this project 
and for this reason it will not be treated further in this report. 

An aim of this report is to further develop the initial version of the validation 
plan derived in a previous Vindforsk project [18]. One intention is that the 
validation plan should serve as a basis for discussing or evaluating grid code 
compliance of the Swedish grid code.  

As already mentioned, verification methods are a key issue. Another aim of 
the validation plan is therefore to investigate the design considerations and 
the performance of a voltage source converter (VSC) based test equipment, 
here proposed, for testing single wind turbines. The proposed VSC-based test 
equipment is similar to that of the Tjæreborg HVDC light test and 
demonstration system [2]. The VSC-based test equipment is versatile since it 
has the possibility to emulate the grid and vary both the voltage and 
frequency independently.  

This report is organized as follows. First, in Chapter 2, a brief overview of law 
requirements and standards that is considered relevant for wind turbines 
(WTs) are presented. Then, in Chapter 3, aspects of the test equipment and 
its design are analysed. In Chapter 4 the control of the proposed VSC-based 
equipment is presented and in Chapter 5 experimental results showing the 
performance of the proposed test equipment are shown. Finally, at the end of 
this report the developed validation plan is presented. 
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2 Grid codes 

In a previous Vindforsk project, grid codes and relevant standards were 
discussed in detail [18]. Moreover, different European grid codes and 
verification plans were also presented. Further, in [18] a first draft of a 
verification plan to be used for the Swedish grid code was introduced. In 
Chapter 9 in this report the proposed validation plan has been further 
developed. Therefore, this chapter only gives a brief overview of law 
requirements and standards that are considered relevant for wind turbines 
(WTs). Issues related to grid code verification are presented.  

In the Swedish requirements or grid code [21], which is issued by the 
Swedish transmission system operator Svenska Kraftnät, there are 
requirements on production plants in the following areas: 

 Ability to withstand disturbances (in voltage and frequency); 

 Voltage control; 

 Active power control; 

 Outage and start after lack of external voltage; 

 Communication and controllability; 

 Verification and documentation. 

Other requirements, not included in the Swedish grid code, which also might 
be of interest to validate are  

 Frequency control;  

 Validation of simulation model; 

 Flicker and other power quality phenomenon. 

These other requirements can be demands in other countries, standards or 
technical specifications. 

2.1 Verification of grid code compliance 
The ability of the production plants to fulfil the Swedish grid code should be 
verified [21]. Moreover, the construction of the production facility and its 
components should be documented. Documentation of the ability to fulfill the 
grid code shall be supplied, on demand, to Svenska Kraftnät [21]. Verification 
of grid code compliance can be performed through full-scale tests or by 
simulations and calculations, whereas full-scale tests are the preferred one.   

When verifying grid code compliance it is important to present, at least, the 
following quantities: 

 Voltage; 

 Frequency; 

 Active power; 
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 Reactive power. 

When presenting the above mentioned quantities it should be stated how they 
are measured or how they are determined or calculated from other measured 
quantities. For example, rms values of voltages and current can be 
determined and low-pass filtered in a numerous of different ways. Therefore, 
it is always recommended to record the instantaneous values of the three-
phase voltages and current at the terminal of the test object, with sufficiently 
high bandwidth. These quantities should be saved in COMTRADE (IEEE 
Standard C37.111) format, in order to be easily imported in commercial 
mathematical software (Excel, Matlab, etc.). As an example, consider Figure 
1, where the same three-phase voltages are shown using different 
representation (three-phase instantaneous values, rms value, space-vector 
amplitude). 
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Figure 1: Voltages presented in different ways. Top: Instantaneous values of 
the three-phase voltage. Middle: Phase A rms value. Bottom: Amplitude of the 
three-phase voltages space vector. 

 

When studying fast transients, such as voltage dips caused by short circuits in 
the system, it is important to be careful when presenting results from 
measurements. As illustrated in Figure 1, the rms value of the phase voltage 
will be delayed due to the required calculation time (at least half a cycle). 
Further, low-pass filtering might be needed in order to remove the noise that 
is normally present in the measured quantities the amplitude of the space 
vector gives a fast response. However, for unsymmetrical three-phase 
voltages, as seen in Figure 1, the amplitude of the space vector includes the 
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negative sequence, which will appear as an oscillation at double the grid 
frequency (100 Hz in Europe). There are methods to separate the positive and 
negative sequences of the space vector, though the methods will cause a 
delay [5]. 

2.2 Verification plan 
In this project, a verification plan has been developed and it is presented in 
Section 9. One aim of the verification plan is to serve as a basis for how WTs 
can be verified, to show compliance with the grid code. Further, the 
verification plan is here used to show how the developed test equipment can 
be used for testing WTs. Generally, the intention in the verification plan is to 
use the Swedish grid codes as the requirement-setting document. However, in 
some cases other requirement setting documents are used. This has been 
done to show the flexibility of the proposed test equipment. However, it is of 
importance to observe that the proposed validation plan only assumes that a 
controllable voltage is applied to the WT terminal. This makes the validation 
plan independent from the utilized test equipment. 

The verification plan in Section 9 focus on the following requirements: 

 Voltage and frequency requirements; 

 Voltage control; 

 Frequency control; 

 Active power control; 

 Reactive power control; 

 Voltage disturbances; 

 Impact of unsuccessful re-closure; 

 Phase-angle jump; 

 Reconnection time; 

 Temporary overvoltages. 
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3 Test equipment for grid-codes 
verification 

This chapter will give a brief description of test equipments that are already 
available in the market. In particular, the GAMESA Eolica test equipment is 
described [4]. This test equipment is successfully applied in Spain and in 
Germany to perform full-scale voltage dips at the terminals of a single WT. 
The advantages and the limitations of this method will be discussed in this 
chapter. Furthermore, a novel full-scale test equipment for wind turbines will 
be presented. Based on a back-to-back converter, the proposed system allows 
full controllability (in amplitude, phase and frequency) of the voltage imposed 
at single WT terminals. 

The design of the test equipment will depend on the tested object, i.e., the 
WT. The maximum voltage and, especially, the maximum current required by 
the test object are critical for the test equipments design. Therefore, this 
chapter will include a short description of the main types of WTs and their 
fault current contribution. 

3.1 Verifying wind power plants 
A wind power plant can be constituted by either a single WT or several WTs, 
i.e. a wind park. A wind park may also include other objects such as capacitor 
banks, a Static Var Compensator (SVC) and a common park controller. Figure 
2 shows a layout of a single WT and a wind park connected to the grid. 

 
Figure 2: Single wind turbine versus wind park grid connection. 
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For a single wind turbine connected to the grid, all functionality of the power 
plant is within the single wind turbine. However, for a wind park only a part of 
the power plant’s functionality may be within the single WT’s. This means that 
the other part of the power plants functionality may be in other objects, e.g., 
in the central wind park controller or SVC, of the wind park. From this short 
description it is possible to understand that it is not obvious that a test 
method to verify grid code compliance is applicable for both a single wind 
turbine and a wind park installation. It is essential that a verification plan and 
a test equipment do not put any restrictions on how the power plant is 
configured to comply with the grid code. 

In this report the investigated full-scale test equipment, to verify grid code 
compliance, are limited to test only one wind turbine with all functionality of 
the power plant in the turbine. In order to verify grid code compliance of wind 
farms the test method requires further development and research, which is 
out of the scope of this project. So far, no wind-park test equipment is 
available. 

3.2 Wind turbines 
In this section a short introduction to the electrical system of the different 
types of WTs will be provided. WTs can either rely upon fixed-speed or 
variable-speed operation. For fixed-speed WT the induction generator is 
directly connected to the grid while for variable-speed WTs the generator is 
controlled by means of power electronic equipment.  

3.2.1 Fixed-speed wind turbines 
For a fixed-speed WT, an induction generator (IG) is usually directly 
connected to the electrical grid, as depicted in Figure 3. The rotor speed of a 
fixed-speed WT is, in principle, determined by the grid frequency, the gearbox 
ratio and the pole-pair number of the generator. In order to increase the 
aerodynamic efficiency the “fixed-speed” WT system can in practice often 
operate at two different rotor speeds. For example, this can be achieved with 
two generators that have different ratings and different number of pole pairs 
[19]. In order to limit the power input, the blades of a fixed-speed WT are 
normally designed to stall above a certain wind speed [6]. 

 

Figure 3: Fixed-speed wind turbine with an induction generator. 

 



 

7 
 

A fixed-speed system normally uses a capacitor bank for compensation of the 
no-load reactive power consumption and a soft starter for smoother 
connection of the generator to the grid, as depicted in Figure 3. 
Unfortunately, a standard fixed-speed pitch-controlled WT has relatively large 
variations in the active power output. Figure 4 shows an improved “fixed-
speed” system, which uses transistor-controlled resistors connected to the 
rotor. This setup allows for the rotor resistance to be varied, which means 
that it is possible to temporarily vary the rotor speed and thereby decrease 
the active power variations due to wind gusts.  

 
Figure 4: Fixed-speed wind turbine with an induction generator with variable 
slip achieved by a controllable rotor resistance. 

 

3.2.2 Variable-speed wind turbines 
Modern variable-speed WTs more or less exclusively rely upon pitch control 
rather than stall control. With variable speed, the rotor is allowed to speed up 
during wind gusts, which considerably reduces variations in the active power 
output. This eliminates one of the main drawbacks of pitch control and due to 
lower thrust forces compared to stall control, pitch control is normally the 
preferred choice in modern variable-speed WTs.  

In addition to less variation in the active power production, a variable-speed 
WT has several additional advantages as compared to a fixed-speed system. 
For instance, a variable-speed WT can reduce the stresses placed on the 
mechanical structure, the acoustic noise at low wind speeds will be less 
severe and the reactive power can be controlled at the grid connection [6]. 

Figure 5 shows a variable-speed WT with a full-power converter and a 
multiple-pole synchronous generator (SG).  

Gear-
box 

Soft 
starter IG 

Capacitor bank 

Transformer 
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Figure 5: Variable-speed wind turbine with a full-power converter. 

 

Figure 6 shows a common variable-speed WT variant that uses a doubly-fed 
induction generator (DFIG). In a DFIG system, the stator is directly connected 
to the grid while the rotor winding is connected via slip rings to a converter. 
Since a variable-speed WT typically operates within a limited speed range—
±30 % of the synchronous speed is often sufficient—the DFIG can be an 
interesting solution, since the power electronic converter only has to handle a 
fraction (30%) of the total power. This reduces both the converter ratings and 
the initial system cost. In addition, the losses in the power-electronic 
converter can be reduced as compared to a full-power configuration, since a 
full-power converter has to process the nominal power of the WT.  

 

Figure 6: Variable-speed wind turbine with a doubly-fed induction generator. 

 

Since the converter of the DFIG system only handles a fraction of the total 
power there are some severe cases, i.e., short circuits in the grid leading to 
deep voltage dips, where the valves of the converter needs to be protected. 
This protection can be done by a “crowbar” that short-circuits the rotor circuit 
of the DFIG. When the valves of the converter are protected the controller 
temporarily loose control of the generator and “high” currents may be 
produced. 
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However, the static and dynamic performances of the two above described 
variable-speed systems are generally more or less similar and most WT 
manufactures appear to prefer one of these variable-speed configurations 
when developing turbines in the 3-to-5-MW range [3]. Fixed-speed stall 
controlled WTs with IGs appear to gain less interest since they appear to be 
regarded as unfeasible for such large WTs [3]. 

3.2.3 Fault-current contribution of wind turbines 
When designing a test equipment for verifying WTs performance it is 
important to determine the maximum current that can be expected from the 
test object, i.e. for the different types of WTs. Figure 7 shows a small test 
network used to calculate the maximum fault current from a fixed-speed WT. 
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Figure 7: Test network for calculating maximum fault current for a fixed-
speed wind turbine. 

 

An example of the fault current contribution for a fixed-speed WT is shown in 
Figure 8. As seen in the figure, the current from the fixed-speed wind turbine 
becomes high due to the applied short circuit. It can also be seen that the 
current stays rather high for several periods after the voltage dip. The high-
frequency components that can be seen in the voltages and currents are due 
to resonance caused in combination with the capacitor bank (needed for 
reactive power compensation). 
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Figure 8: Example of the fault current contribution for a fixed-speed wind 
turbine. The voltage and current are scaled according to the amplitude. 

By varying the fault impedance in the test network voltage, dips with different 
remaining voltages can be generated. In Figure 9 an illustration of the 
maximum fault current of different types of WTs as a function of the 
remaining voltage due to a short circuit can be seen for the fixed-speed WTs. 
For comparison, similar results are also presented in the figure for the DFIG 
and the full-power converter WTs. The fault current from a wind turbine will 
depend of the type, i.e., fixed-speed, DFIG or full-power converter type. Since 
the fixed-speed WT consists of a IG, the fault current from this type of WT will 
to a large extent be dictated by the IG generator dynamics (a maximum fault 
current in the range of 5 to 8 pu). For DFIG WTs the converter is rated for 
approximately 30 % of the rated power of the WT. This implies that during 
severe disturbances such as large voltage dips the IGBTs of the converter 
needs to be protected for a short period of time. During this short period of 
time the wind turbine may produce fault currents that are higher than the 
rated current. An example of a typical maximal fault current from a DFIG WT 
is 5 pu [13]. The fault current from the fixed speed system and DFIG system 
will depend on the remaining voltage, i.e. lower remaining voltages implies a 
higher fault current. For WTs with a full-power converter the maximum power 
that can be delivered to the grid is reduced in proportion to the voltage sag. 
Moreover, since a power-electronic converter is the interface to the grid the 
maximum current (also during faulty conditions in the grid) will not exceed 
the rated current of the converter. Note that the rated current of the 
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converter will be higher than the rated current of the wind turbine; a typical 
value is 1.4 pu [13]. 
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Figure 9 Illustration of maximum fault current contribution for different types 
of wind turbines as a function of the remaining voltage.  

 
It must be noted that the fault current contribution of the DFIG and the full-
power conversion system depends on the system design. Moreover, the pre-
fault operating condition of the WT can also play an important factor to the 
fault current contribution. This means that the fault current of a system may 
vary from manufacturer to manufacturer even for similar system layouts.  

This means that, unless full-power converter WT are used, the test equipment 
must be designed to be able to handle currents that are much higher (at least 
five to eight times higher) than the rated WT current, even if it is only for a 
short time.  

3.3 The GAMESA test equipment 
The GAMESA Eolica test equipment is a test unit that has been designed to 
provoke voltage dips at the WT terminals, while the network conditions 
remain unchanged for the rest of the connected turbines and network users 
[4]. In order to obtain a realistic result, the unit is designed to reproduce all 
kind of symmetrical and unsymmetrical faults. Especially significant is the 
behaviour of the WT for negative sequence components of the imposed 
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voltage, originated from unsymmetrical voltage dips. These kinds of tests are 
required in several grid codes, measurement and assessments standards. 

The test equipment is installed between the grid and the WT to be tested. 
Figure 10 shows the single-line diagram of the GAMESA Eolica test unit. The 
voltage dip test is performed at the low-voltage side of the turbine 
transformer (typically, 690 V). In order to see the balancing effect of the 
turbine transformer, a D/Y 690/690 V additional transformer is also included 
in the scheme.  

 

G
Zgrid

Zfault

GAMESA Eolica system
Grid

 

Figure 10. Single-line diagram of GAMESA Eolica test unit. 

As shown in the figure, this system is mainly constituted by two impedances: 
one grid-side impedance, denoted in the figure as gridZ , designed to limit the 

grid short-circuit current at the fault point, and one fault impedance, faultZ , 

designed to reproduce the effect of a fault in the power network. When 
closing the fault breaker, the PCC voltage will be given by the voltage divider 
formed by the grid side and the fault impedance. Thus, by proper selection of 
the fault impedance, amplitude and phase of the voltage dip can be 
controlled.  

One of the main features of this test equipment is its flexibility in the design 
with the objective of reproducing all kind of voltage dips. Furthermore, the 
bypass function (not shown in Figure 10 for the clarity of the figure) allows 
operating the turbine under test-free periods, without the need of 
dismounting the test equipment. 

However, the GAMESA Eolica system presents two main drawbacks: 

1) At first, the grid where the system is connected must be strong enough 
to accommodate the WT and to be able to feed the needed amount of 
power in order to reproduce the dip (fault current).  

2) Further, this type of system can be used to investigate voltage dips 
only. Although voltage dips represents one of the most stringent 
problem when installing a WT in the power network, it has previously 
been mentioned that voltage dips represent only one of the adverse 
events that can influence the dynamic performance of a wind 
turbine/farm. 

33:0.69 kV 0.69:0.69 kV 
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For this reason, the focus in this project has been directed in trying to develop 
a new concept for testing WTs, similar to the Tjæreborg HVDC light system 
[2]. The main goal has been to design a test equipment system that is 
capable of performing all kinds of tests required to fulfil the grid connection 
codes for WTs. This system is presented in the previous section 

3.4 Proposed test equipment 
The test equipment proposed in this report is based on a grid emulator, 
constituted by a voltage source converter (VSC), as shown in Figure 11. The 
VSC is connected to the tested WT through a low-pass filter, constituted by a 
reactor and a capacitor. The filter has two main objectives: 

 Filter out high-frequency harmonics due to the VSC valves switching; 

 Reduce the stress over the VSC valves and WT transformer;  

Observe that, a difference as compared with the GAMESA Eolica test 
equipment, the VSC-based test equipment is connected on the high-voltage 
side of the WT transformer, in order to reduce the current ratings of the 
converter. Furthermore, the presence of the leakage reactance of the 
transformer will create an LCL-type filter for the test equipment. 

 
Figure 11. Single-line diagram of proposed test equipment. 

 

Although it is more expensive as compared with the GAMESA Eolica system, 
the investigated test equipment is, of course, more flexible and presents 
some interesting features. These have already been discussed in a previous 
Vindforsk project that has been carried out by Gothia Power [18]. Below is a 
summary of the features of the proposed VSC-based test equipment: 

 Can emulate different grids characterized by different short-circuit 
powers; 

 Can be used to emulate short/long duration voltage and frequency 
excursions; 

 Can be used to emulate not only voltage dips but also voltage swells 
and overvoltages; 
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 Can be used to vary the frequency for the turbine. This feature can be 
of particular interest also if frequency-scanning analysis is of 
importance; 

 Can be used to emulate a simulated or recorded voltage and frequency 
profile. 

 

3.5 Hardware and software design of the test equipment 
Several factors will decide the design of the different parts of the VSC-based 
test equipment. The following is a guideline for the design of the major 
components that constitutes the proposed test equipment. 

3.5.1 Dc-link capacitor and chopper 
Since no energy storage requirements apply for the dc link, the dc-link 
capacitors have been designed for a discharge time constant that is equal to 2 
ms at rated current. This is a typical value used for a VSC-HVDC application 
[1].  

When a VSC is connected to the ac grid, one of the most critical problems is 
its protection against voltage swells. If an overvoltage occurs in the grid and 
the voltage on the ac side of the VSC becomes higher than the voltage on the 
dc side, the exceeding energy will be pumped from the grid to the dc link and 
(especially if the VSC is blocked) the IGBTs can be destroyed. To prevent such 
a problem one option is to use a dc chopper connected to the dc side of the 
VSC, see Figure 12. The dc chopper dissipates the excess energy in a 
damping resistor, denoted in the figure by chopperR . 

 

 
Figure 12: Main circuit of voltage source converter and dc-link chopper. 

In the design of the dc chopper and in particular its resistor, the following 
requirements must be considered: 

• The dc capacitors should be discharged as fast as possible; 
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• The initial discharge current should not exceed the maximum current 
allowed through the IGBT of the chopper. 

 

3.5.2 Size of the test equipment 
One of the most important issues is related to the current and voltage ratings 
of the VSC system. The power rating of the VSC will be determined from the 
maximum current and maximum voltage handled by the VSC. Generally, the 
valves of the power-electronic equipments are very sensitive to high currents 
as compared to passive components. Therefore, the VSC-based test 
equipment must be designed to be able to handle the overcurrents that will 
be experienced from the WT when it is exposed to a voltage dip. In this 
frame, the type of WT (fixed speed, DFIG or full-power converter type) is a 
decisive factor to select the ratings of the device. Figure 13 shows a single 
line diagram of the test equipment. 

 
Figure 13: Single line diagram of the test equipment. 

 

In general, the components of the VSC-based test equipment have been 
selected according with the ordinary design of the components for a VSC-
based HVDC. From Figure 13, the steady-state relationship between the VSC 
voltage, VSCV , and the capacitor voltage (or the test equipment output 

voltage), CV , is found as: 

CffVSC VILjV += ω , (1) 

where fL  represents the filter inductance and fI  represents the filter 

inductance current. The resistance of the filter reactor is here neglected. As 
shown in Section 3.2.3, the test objects (i.e. the WTs) may generate high 
fault currents due to voltage dips. Therefore, the test equipment must be 
designed in order to withstand the fault currents (can also refer to Section 
3.2.3). This means that the test equipment must be designed to be able to 
handle a current of about 6 to 10 pu (if a reasonable safety margin is 
considered), where 1.0 pu corresponds to the rated power of the test object. 
Below, different design aspects, related to the high fault currents, will be 
discussed.  

VSC 
fLVSCV

CV

fC
Test object 

Test equipment 

fI
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Figure 14 shows the VSC voltage, VSCV , as a function of the filter inductance 

for different currents. The VSC voltage has been calculated using (1) with the 
assumption that the capacitor voltage, CV , and the inductor current equals 

1.0 pu.  
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Figure 14: VSC voltage as a function of the converter size at a capacitor 
(output) voltage of 1 pu and a filter inductor current of 1 pu. Note that the 
per unit (pu) is scaled according to the test object. The filter inductance is set 
to 0.2 pu on converter base (note that the relationship between the converter 
base and the base of the test object is the converter size).  

 

A typical value for the filter inductance used for ABB’s HVDC light is 0.15 pu 
[1]. A filter inductance in the range of 0.15 to 0.2 pu will require a high VSC 
voltage as indicated in Figure 14 for currents that are very high. For example, 
given a filter inductance of 0.17 pu and 10 pu current, with the capacitor 
voltage equals 1.0 pu, will require approximately 2.0 pu VSC voltage. This 
means that the test equipment, in this example, needs to be rated at least 
twenty times the test object. If the maximum current and rated capacitor 
voltage does not occur at the same time instant the converter size may be 
reduced. However, this requires very good knowledge of the objects that 
should be tested. One of the main objectives of the LC low-pass filter is to 
suppress the switching ripple caused by the VSC. From Figure 13 it is possible 
to determine the transfer function from VSCV  to fI  as: 
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fVSC

f

sLsV
sI

sG 1
)(

)(
)(1 == . (2) 

Then the switching ripple in the filter inductor current is damped 
1.0)2.050/(1/1)(1 =⋅== fLjG ωω  pu for a switching frequency of 2500 Hz 

(2500/50 = 50 pu) and a filter inductance of 0.2 pu. However, if it is desired 
to have the same damping with a filter inductance of 0.1 pu the switching 
frequency has to be increased (to 5000 Hz) accordingly. The filter capacitor, 

fC , is set to provide adequate attenuation for harmonics in the 

neighbourhood of the switching frequency. Moreover, the transfer function of 
the low-pass filter, from VSCV  to CV , can be found as: 

ffffffVSC

C

CLsCLCLssV
sV

sG
/1
11

1
1

)(
)(

)( 222 +
=

+
== . (3) 

The cut-off frequency of the low-pass filter can be determined as 

ff CL/1offcut =−ω  or the filter capacitor can be set to ( )2
offcut/1 −= ωff LC  for 

a desired cut-off frequency. Here, the cut-off frequency of the LC-filter 
connected at the output of the VSC is selected approximately 10 times below 
the selected switching frequency. The selection of the switching frequency is a 
trade-off between losses and quality of the output voltage. For the test 
equipment investigated here, a switching frequency of 2500 Hz has been 
considered appropriate. Figure 15 shows a Bode diagram of the low-pass filter 
in (3) with a cut-off frequency tuned for 260 Hz and 510 Hz.  
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Figure 15: Bode diagram of the LC-filter tuned for a cut-off frequency of 260 
Hz and 510 Hz. 

 

The reactive power of the filter inductor and capacitor as a function of the 
filter inductor is shown in Figure 16. The filter capacitor is tuned for a cut-off 
frequency of 260 Hz and 510 Hz. As seen in Figure 14, it is beneficial from a 
VSC voltage point of view to have a low value of the filter inductor. However, 
assuming that the cut-off frequency of the filter should be kept, it can be 
observed from Figure 16 the filter capacitor will generate a high amount of 
reactive power, at nominal voltage, that needs to be taken care of by the 
VSC, if the cut-off frequency of the LC-filter should be kept. One option would 
be to increase the cut-off frequency, but then the switching frequency has to 
be increased if the damping should be maintained. However, the switching 
losses are increased with the switching frequency of the VSC. 
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Figure 16: Reactive power of the LC-filter. Capacitor design for two different 
cut off frequencies. 

 

In order to summarize, the design on the test equipment depend on many 
factors such as: 

 Desired dynamic performance; 

 Loss optimization; 

 Filter design; 

 Size; 

 Cost. 

It is not obvious how the test equipment should be designed. However, it has 
been shown in this section that there are many factors to consider when 
designing the test equipment. Some of these factors are contradictive to each 
other implying that the design may have to be optimized. 

3.5.3 Reduced size VSC 
As discussed in the previous sections, the test equipment may need to be 
designed to handle very high currents. There may be means to reduce the 
size of the test equipment. One first possibility is to block the IGBTs of the 
VSC in case of very high currents. By blocking the IGBTs, the valves stops to 
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switch and the VSC will then behave as a diode rectifier. For a given current 
rating, diodes are cheaper as compared with IGBTs. However, the dc-link 
must be designed accordingly, in order to avoid dc link over voltages, see also 
Section 3.5.1. Blocking the VSC implies that the control of the test equipment 
is temporarily lost, which will have an impact of the output voltage and some 
of the test equipments performance is lost. Worth mentioning, ABB’s HVDC 
light use blocking as a part of the protection system [1].  

The second option may be to utilize a power-electronic ac chopper which short 
circuit the output voltage of the test equipment providing an alternative path 
for the high fault current. Of course, an ac chopper will also have an impact of 
the test equipments performance. 

The Swedish grid code states that the wind power units shall withstand short 
circuits that occur in the meshed transmission system (400/220 kV). 
However, the wind turbines are not directly connected to the transmission 
system and a typical description of the connection of a wind turbine can be 
found in Figure 17. If a short circuit occurs in the transmission system the 
remaining voltage on the wind turbine units will not go down to zero as there 
will be a voltage drop over several transformers. As the remaining voltage is 
not zero the over currents from the generators will be much less as also can 
be seen in Figure 9.  

 
Figure 17 Typical connection of wind turbines to the grid. 

 
Although interesting, these three options are not further considered in this 
study, since this would require an extensive investigation and this is not 
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included in this project. The aim of this project is to show the performance of 
a VSC based test equipment. Though, these options are important to consider 
in the future development of a “commercial” test equipment. 

3.5.4 Grid impact comparison 
As discussed in Section 3.3 the GAMESA Eolica test equipment needs a grid 
which is strong enough to accommodate the WT and to be able to feed the 
needed amount of power in order to reproduce the dip (fault current). The 
VSC-based test equipment should be designed not to impact the grid more 
than the WT during normal operation. In order to demonstrate this, a test 
circuit has been set up with a GAMESA Eolica type system, as seen in Figure 
18. 
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Figure 18: GAMESA Eolica type system. 

 

The test system in Figure 18 consists of a grid-side impedance (Llimit) that 
limits the grid short-circuit current at the fault point, and one fault impedance 
(Rfault and Lfault), designed to reproduce the effect of a fault in the power 
network. An example of a voltage profile generated with a GAMESA Eolica 
system can be seen in Figure 19. In the figure the short-circuit ratio (SCR) of 
the grid is 100, i.e. the short-circuit power of the grid is 100 times higher 
than the rated power of the test object. 
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Figure 19: Grid voltage and test object voltage due to a short circuit with the 
GAMESA Eolica test equipment. The grid short circuit ratio is 100 and the 
grid-side impedance corresponds to a short circuit ratio of 5. The short circuit 
is tuned for a remaining voltage of 0.25 pu. 

 

For the system investigated in Figure 19 the grid voltage drops less than 5 %. 
Figure 20 shows the grid voltage when using the GAMESA Eolica test 
equipment for different SCRs of the grid. The grid-side impedance is in the 
figure designed for a short-circuit ratio of 2.5 and 5. 
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Figure 20: Minimum grid voltage due to a short circuit as a function of the 
connecting grid short-circuit ratio (SCR). The short circuit is tuned for a 
remaining voltage of 0.25 pu. 

 

As is seen in Figure 20 it is essential that the grid has a relatively high SCR in 
order to stay more or less unaffected by the GAMESA Eolica test equipment. 
Moreover, it is also demonstrated that the size of the grid-side impedance is 
of importance. For higher values of the grid-side impedance and thereby also 
lower SCR for the test object the grid is less affected. However, the SCR must 
not be so low that it is influencing the performance of the test object. 

3.5.5 Control board  
The control board is a key component for the investigated test equipment. 
However, several different factors will impact the selection of the control 
board, such as 

• number of quantities to be measured; 

• selected sampling and switching frequencies; 

• amount of processing needed at each sampling period. 

For this reason, it is difficult to provide an exact design for the control board 
to be used. This section is meant to give the reader an insight on the key 
requirements for the control board. As it will be explained in Section 5.1, for 
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the laboratory setup used in this project a dSpace DS1103 PPC control board 
has been used to control the switching pattern of the VSC. The board has four 
parallel A/D-converters with 16-bit resolution and 4 µs sampling time, which 
can be multiplexed to four channels each, and four parallel single-channel 
A/D-converters with 12 bit resolution and 800 ns sampling time. This gives a 
total of 20 analog inputs available. Further, the board is equipped with a 32-
bit downcounter (with reload register and 30 ns resolution) and a 32-bit 
upcounter (with compare register and 60 ns resolution). Additional 
information can be found in [23]. Although typically used for small laboratory 
setups, several control boards with analogous characteristics can be found on 
the market.  

The board can be programmed either using Matlab or directly using C-code, 
by the aid of the compiler provided with the system. It is important to 
remember that the majority of the control board that today is available on the 
market are supplied with the needed compiler, which allows to easily 
implement the control algorithm by using well known programming languages 
such as C-code. 
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4 Control of proposed test equipment 

This chapter presents the control of the VSC-based test equipment for 
verification of grid codes. In order to evaluate the dynamic performance of 
the investigated system the simulation package PSCAD/EMTDC is used. 
PSCAD/EMTDC is a powerful tool in evaluating dynamic performances of 
electrical power systems [14], [15].  

Figure 21 shows the single-line diagram of the proposed test equipment. In 
the figure, also the control and the measured signals are depicted. As shown 
in the figure, the test equipment is constitutes of two VSCs connected back-
to-back. The left-hand side converter, denoted in the figure as VSC 1, delivers 
active power to the strong grid and is used to control the dc-link voltage of 
the system (thus, this VSC will be used as an inverter). While the right-hand 
side converter, denoted as VSC 2, is used to control the voltage across the 
filter capacitor (VSC used as a rectifier). The filter-capacitor voltage is 
controlled in amplitude, phase and frequency to resemble the voltage imposed 
at the terminals of the tested WT. Observe that in Figure 21 only the 
components that are needed for the derivation of the control algorithms are 
shown, for clarity of the figure. 
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Figure 21: Single-line diagram of the proposed test equipment. Control and 
measured signals are shown.  

 

In the following sections, the control algorithms for the VSC 1 and the VSC 2 
will be described in detail.  

4.1 Control of turbine-side VSC 
In this section, the control scheme for the inverter denoted as VSC 2 in Figure 
21 will be investigated. Two control algorithms, one based on a closed-loop 
control of the filter capacitor voltage and one based on an open-loop 
controller, will be described. Advantages and disadvantages of the two 
methods will be discussed. 
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4.1.1 Closed-loop control of VSC 2 
Closed-loop control typically offers high control performances and ensures 
that the actual signal can follow the reference one without steady-state error.  
Figure 22 shows the scheme of the control system adopted for the VSC 2 
when closed-loop control is adopted. As shown, the controller constitutes of 
two controllers, an inner current controller (denoted in the figure as CC) and 
an outer voltage controller (VC) connected in cascade. To be able to use 
integrators in the control system, the controller is implemented in the rotating 
dq-coordinate system. The transformation angle is obtained from the 
integration of the desired grid frequency *ω , which will be imposed to the WT 
by the VSC. The controller also includes current and voltage limitations, not 
shown in the figure for clarity, and back-calculations [9] to avoid integrator 
windup in case of limitation of the calculated quantities. In the following, 
these two controllers are described in detail. 
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Figure 22: Block diagram of control system for VSC 2. Closed-loop control is 
described. 

 

Current controller 
The objective of the current controller is to control the current fi  that flows in 

the filter reactor. It is here assumed that the VSC operates in its linear range, 

meaning that it behaves as a linear amplifier ( *
22 vscvsc uu = ). With the signal 

reference given in Figure 21 and applying the Kirchhoff voltage law to the 
system, the following equation can be written: 

)()()()(*
2 tiRti

dt
dLtetu ffffcvsc +=− . (4) 
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The law that governs the current controller, expressed in the dq-system, is 
given in the frequency domain by: 

)()()()()( )(,)(
,

)()(*)(
2 s

s
K

sKsiLjsesu dq
i

ccidq
iccp

dq
ff

dq
c

dq
vsc εεω +++= , (5) 

where the term εi represents the current error and is given by ffi ii −= *ε . 

Several methods can be used to determine the proportional and the integral 
gains of the control system. In this report, Internal Model Control (IMC) [9] 
strategy has been used. When IMC is used, the closed-loop transfer function 
of the system is modeled as a low-pass filter. Calling αi the desired bandwidth 
of the current controller, the controller gains are given by: 

ficcificcp RKLK αα == ,,      , . (6) 

As shown in Figure 22, the reference current 
*
fi  is calculated from the outer 

voltage controller, which will be described in the following section. 

 

Voltage controller 
The objective of the voltage controller is to control the voltage across the 
filter capacitor according to the requirements for the tested WT that is 
investigated. In particular, output of the voltage controller is the reference 
current for the current controller. The voltage must be controlled in 
amplitude, phase and frequency. Applying Kirchhoff current law and assuming 
that the filter capacitor is ideal (lossless capacitor), the following relation 
holds: 

)()()()()()( tite
dt
dCtititite

dt
dC tcfftfcf +=⇒−= . (7) 

As for the current controller, applying the IMC method the law governing the 
voltage controller, expressed in the rotating dq-coordinate system, is given 
by: 

)()()()()( )()()()(*)( s
s
KsKseCjsisi dq

v
idq

vp
dq
cf

dq
t

dq
f εεω +++= , (8) 

where αv is the bandwidth of the voltage controller, the proportional gain of 
the controller is given by Kp= αvCf. The term εv represents the voltage error 

and is given by ccv ee −= *ε . Observe that, since here the filter capacitor is 
assumed lossless, the IMC method leads to a proportional controller only. 
However, a small integral term is often needed to be able to remove steady-
state impact of mismatch between the actual and the modeled system. The 
integral gain in (8) can be written as ipi TKK /= , with Ti the integrator time 

constant. 

The selection of the controller bandwidth is dependent on the bandwidth of 
the inner current controller. A basic rule for selecting the parameters of a 
cascade controller is that the inner loop should be much faster than the outer 
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one (αi>>αv). Typically, the ratio between the bandwidth of the inner 
controller and that of the outer controller should be at least 5 [22].  

One particular mention should be made for the feed-forward term in the 
voltage controller in (8). In particular, it is of importance to mention the 
current that will flows through the WT’s transformer, denoted in the figure as 

ti . To ensure the stability of the closed-loop system, the dynamics of this 

term must be much slower as compared with the dynamics of the controlled 
voltage. The dynamics of this current is related to the size of the leakage 
inductance of the step-up transformer of the WT. However, the size of the 
transformers leakage inductance is typically dictated by other design criteria. 
Therefore might the transformers leakage inductance might be inadequate. 
For this reason, it is convenient to apply a low-pass filtering stage to this 
term, in order to slow-down its dynamics during transients. The filtering stage 
is applied directly in the rotating dq-coordinate system, in order not to 
influence the phase of the current during steady state. Therefore, the 
modified control law for the voltage controller is given by 
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KsKseCjsi

s
si dq
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idq

vp
dq
cf

dq
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f

fdq
f εεω

α
α

+++
+

= . (9) 

The bandwidth of the low-pass filter, αf, is a trade-off between the speed of 
response of the controller and its ability to reject disturbances in the 
measured transformer current; here, αf is set equal to αv, as suggested in [8]. 

 

Dynamic performance of control for VSC 2 
In this section, obtained simulation results for the VSC 2 with the investigated 
cascade controller will be presented. As mentioned earlier in this chapter, the 
system has been tested using the simulation program PSCAD/EMTDC. The 
control system has been implemented using FORTRAN language.  

To show the ability of the investigated cascade controller to vary the filter-

capacitor voltage steps in the reference voltage 
*
ce  have been applied. 

Further, the reference frequency *ω  imposed by the test equipment has been 
changed. As a result, Figure 23 shows the measured filter capacitor voltage. 
As shown, at t=2 s, a reduction from 1 to 0.2 pu in the reference voltage as 
been applied. Thus, after 100 ms, the reference voltage was stepped up to 
1.2 pu and then back to 1 pu. Finally, at t=2.5 s, the reference frequency was 
changed from 50 to 20 Hz. As it can be observed from Figure 23, the control 
algorithm works properly and the actual voltage accurately follows its 
reference. A detail of the dynamic performance of the controller can be 
observed in Figure 24, where the reference d-voltage (blue curve) and the 
actual d-voltage (green curve) are depicted in the same plot. It can be 
noticed that there is a small overshoot in the actual capacitor voltage, mainly 
due to the dynamics of the transformer current ti .    
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Figure 23: Transient performance of control for VSC 2. Simulated three-phase 
filter capacitor voltages.   
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Figure 24: Transient performance of control system for VSC 2. Simulated d- 
(top) and q-component (bottom) of filter capacitor voltages. Dashed blue 
curve: reference voltage; solid green curve: actual voltage. Detail of step 
response of control algorithm. 
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4.1.2 Short-circuit impedance emulation 
As mentioned earlier, the proposed test equipment can also be used to 
emulate different short-circuit impedances of the network at the PCC. To 
achieve this goal, the reference capacitor voltage must be modified. Call Rsc 
and Xsc the real and imaginary part, respectively, of the short-circuit 
impedance to be emulated. One simple way to emulate the short-circuit 
impedance is to apply static compensation to the calculated reference voltage. 
In this case, the applied reference voltage expressed in the rotating dq-plane 
will be given by 

.
)()(*)(

,
*)( )()( dq

fsc
dq
fsc

dq
ibc

dq
c ijXiRsese −−=  (10) 

with *)(
,
dq
ibce  the desired capacitor voltage at a fictitious infinite bus (voltage 

behind the short-circuit impedance). Although this compensation will lead to 
correct results in steady-state conditions, a mismatch between the calculated 
and the desired voltage will be experienced due to the absence in the 
previous equation of the contribution of the current derivative. For this 
reason, (10) can be improved by including the contribution of the variation of 
the current that flows in the inductance. It is of importance to remember that 
the derivative function is extremely sensitive to variations in its input. For this 
reason, in [11] it is suggested to approximate the derivative with a first-order 
low-pass filter as 

. 
)()()(*)(

,
*)( )()( dq

f
dev

devscdq
fsc

dq
fsc

dq
ibc

dq
c i

s
XijXiRsese

α
α

ω +
−−−=  (11) 

The bandwidth αdev of the low-pass filter is a trade-off between the speed of 
response of the system (high bandwidth) and its ability to reject disturbances 
(low bandwidth). In order to demonstrate the performance of the short-circuit 
impedance emulation an example simulation has been implemented in PSCAD 
as seen in Figure 25.  
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Figure 25. PSCAD Print screen 

In the simulation the suggested method for emulation of the grid impedance 
(dynamic compensation) is compared with the static compensation described 
in (10) and with the actual voltage (reference system in the figure). At t=1 s, 
a step in the infinite bus voltage is applied. As a result, the load voltage will 
be affected by a voltage dip, as shown in Figure 26, where the load voltage 
obtained when using the reference system is depicted.  
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Figure 26. Simulated load voltage. Reference system voltage is shown. 

Due to the voltage variation, also the load current will be affected by sudden 
reduction, as it can be seen from Figure 27.  
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Figure 27. Simulated load current. Reference system is used. 

Figure 28 shows the comparison between the emulated load voltages when 
using static and dynamic compensation. Note that phase b voltage only is 
depicted for clarity of the figure. As shown, during steady-state operations the 
two models give exactly the same results and the emulated voltages agree 
very well with the reference ones. However, during the transient, there is a 
mismatch between the emulated and the actual voltages. Observe that when 
dynamic compensation is used, the voltage emulation is more accurate. 
Similar behaviour can be observed at the end of the voltage disturbance. 
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Figure 28. Comparison between load voltages (phase b) when using reference 
system (blue), static compensation (red) and dynamic compensation (green). 
Load-voltage response to infinite bus voltage step. 
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The beneficial impact of the current derivative when emulating the short-
circuit impedance of the grid is even more evident in Figure 29, where the 
obtained load voltages resulting from a load variation are shown. 
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Figure 29. Comparison between load voltages (phase b) when using reference 
system (blue), static compensation (red) and dynamic compensation (green). 
Load-voltage response to load impedance step. 

 

4.1.3 Limitations of closed-loop controller 
In the previous section, the closed-loop control system for the VSC2 has been 
derived. However, it is of importance to consider that the derived control law 
does not take into account the mechanical dynamics (thus, the induced back-
electromagnetic force, back emf) in the induction generator of the WT. To 
investigate the impact of the mechanical dynamics on the control law, 
consider a two mass model to represent the mechanical system of the WT 
(see Figure 30). As shown, the two rotating masses (representing the turbine 
mass, JT, and the generator mass, JG) are connected by an elastic shaft 
section, represented in the figure by a spring coefficient KTG, and a mutual 
damping term DTG. Further, to take into account the braking torque due to 
windage and friction that is naturally present in a rotating mass, a self-
damping term (denoted in the figure as DT and DG for the turbine and the 
generator, respectively) has also been introduced.    
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Figure 30. Mechanical model of induction generator. 

 
Figure 31 shows the frequency response of the mechanical system depicted in 
the figure above. The transfer function considered in the figure is from the 
electrical torque Te to the rotor speed ωr. For the analysis, the inertia constant 
of the turbine, HT, is set to 2.7 s while the generators inertia constant, HG, is 
set to 0.3 s. The spring constant is selected such that the un-damped system 
has a resonance frequency at 1.7 Hz. The damping constant is tuned such 
that the logarithmic decrement, due to a step response, between two 
adjacent amplitude peaks equals 7.5 %. 
From the figure, it is possible to observe that, with the selected parameters, 
the mechanical system is characterized by a resonant peak having 
characteristic frequency of 1.7 Hz. Further, the frequency response presents a 
notch at 0.55 Hz, due to a zero in the investigated transfer function. With the 
selected parameters, it has been found that this zero is poorly damped, 
characterized by a damping factor of 0.0045 (which leads to an overshoot of 
98.6%). This is due to the fact that the real part of the zero is constituted by 
the damping terms only (typically very small in an actual system), while its 
imaginary part is mainly dependent on the inertia of the turbine (high for wind 
power units) and on the elastic spring constant: 
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The controller described in the previous section, imposes a voltage and a 
frequency at the WT terminals. The presence of the zero in the transfer 
function for the mechanical system has a big impact on the stability of the 
investigated system. To understand this phenomenon, it is of importance to 
investigate the transfer function from the grid angular frequency ωg to Te (see 
Figure 32). This transfer function includes both the mechanical and the 
electrical system for the induction generator. As shown in the figure, the zero 
appears as a pole (resonant peak) in this transfer function. In the figure, the 
peak presents one amplitude slightly higher than 1 pu, meaning that if a 
disturbance occurs at this frequency, the disturbance will be amplified.  
From this brief description, it is possible to conclude that carefulness must be 
taken when designing cascade controller depicted in Figure 22. In particular, 
it is of importance to ensure that the overall system is sufficiently damped at 
all critical frequencies of the mechanical system. As shown, it is of importance 
to consider the characteristic frequencies of both zeros and poles in the 
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transfer function for the mechanical system (see Figure 32). If oscillations are 
triggered, the controller might not be able to react. In this case, due to the 
presence of the feed-forward terms in the control law, the converter might 
simply reflect these frequency components and then inject them into the 
system, leading to instability. This can be even more troublesome when 
considering a non-tight connection between the generator and the turbine (for 
example, when including also a model for the gearbox).  
For this reason, in some cases it can be convenient to adopt an open-loop 
control strategy. This will be described in the following section.  
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Figure 31. Frequency response of investigated mechanical system. Transfer 
function from electrical torque Te to rotor speed ωr. 
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Figure 32. Frequency response of investigated induction generator. Transfer 
function from grid angular frequency ωg to electrical torque Te. 

 

4.1.4 Open-loop control of VSC 2 
Figure 33 shows the block diagram describing the open-loop control strategy 
for the VSC2. As shown, the voltage imposed at the VSC terminals is directly 
calculated from the reference voltage. Further, a static compensation of the 
voltage drop over the filter inductor has been added.  
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Figure 33. Block diagram of control system for VSC 2. Open-loop control is 
here described. 

 
This kind of control system is suggested in case of inaccurate knowledge of 
the mechanical system of the WT to be tested. 
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4.2 Control of grid-side VSC 
Figure 34 shows the block-diagram of the control system for the converter 
connected to the strong grid and denoted as VSC 1 in Figure 21. As already 
mentioned in the introduction of this chapter, the aim of this control system is 

to keep the dc-link voltage of the test equipment to the desired value *
dcu . 

Again, the controller constitutes of two controllers connected in cascade: an 
inner current controller (similar to the one described in the previous section) 
and an outer dc-link voltage controller (denoted as DCVC in the figure). As a 
difference compared with the control system for the VSC 2, the 
transformation angle )(tgθ  is estimated through a phase-locked loop (PLL) 

[10], to ensure proper synchronization to the grid and control of active and 
reactive power. Here, a voltage-oriented system (grid-voltage vector aligned 
with the d-axis) is used. Therefore, the d-component of the current 
represents the active current, while the q-component represents the reactive 
current. Observe that, since the scope of this controller is to control the dc-
link voltage only, the d-component of the reference current output of the dc-
link voltage controller is sent to the current controller to calculate the VSC 
voltage, while the reactive current reference is equal to zero. As for the 
control system for the VSC 2, the controller also includes current and voltage 
limitations and back-calculations to avoid integrator windup. 
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Figure 34: Block diagram of control system for VSC 1. 

 

Dc-link voltage controller 
In this section, the dc-link voltage controller for the test equipment will be 
derived. The problem of controlling the voltage of the dc link of the system 
can be reformulated as controlling the active power flowing from the strong 
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grid to the dc side of the VSC 1 in Figure 21. Calling ig the current that flows 

in the grid, objective of this controller is to calculate a voltage *
1vscu  at 

fundamental frequency of appropriate amplitude that is in phase with the 
current. Assuming that the dc-link capacitor Cdc is constant in time, the power 
flowing into the dc link (pdc) must be equal to the energy stored in the dc 
capacitor, wc, yielding: 

( ) 2

2
1)( dcdccdc u

dt
dCtw

dt
dtp ==  (12) 

For the derivation of the dc-link voltage controller, it is assumed that the VSC 
is lossless, yielding )()()()( titetptp d

g
d
ggdc ==  in steady state. Therefore, with 

the signals reference given in Figure 21, (12) can be rewritten as: 
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or, expressed in small signals as: 
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with udc,0 the operating point of the dc voltage. As shown, the closed-loop 
dynamics depend on the operating point. This inconvenient can be avoided by 
using the square of the dc voltage when deriving the controller law, as also 
suggested in [12]. As for the current and the voltage controllers described in 
the previous sections, the dc-link voltage controller can be shaped as a first-
order low-pass filter by using IMC. As for the voltage controller for the VSC 2, 
the assumption of a lossless capacitor in the dc link yields to a proportional 
controller: 

[ ])()()( 22** susuKsi dcdcpdc
d
g −= , (15) 

where αdc is the bandwidth of the dc-link voltage controller and the 
proportional gain is given by  

dcdq
g

dc
pdc

e
CK α

)(2
−= . (16) 

Again, a small integral term can be added in the control system in order to be 
able to remove steady-state impact of mismatch between the actual and the 
modeled system. 

 

Dynamic performance of control for VSC 1 
As for the control system for the VSC 2, the dynamic performance of the 
proposed control system for VSC 1 has been tested using PSCAD/EMTDC. 
Figure 35 shows the transient response of the investigated control system to 
steps applied to it reference signal. In the figure, the blue curve represents 
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the reference signal *
dcu , while the green curve is the actual voltage. As 

shown, the controller works properly and the actual voltage follows its 
reference with the desired response. 
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Figure 35: Transient performance of control system for VSC 1. Simulated dc-
link voltage. Dashed blue curve: reference voltage; solid green curve: actual 
voltage 
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5 Experimental results 

The purpose of this chapter is to show how the proposed test equipment can 
be used to verify that a production plant complies with the grid code. A scale 
model of the test equipment is used in combination with an induction 
generator acting as a WT. Some of the most critical tests in the verification 
plan are used to demonstrate the performance of the test equipment. Observe 
that, although the test equipment is used for testing single turbines, in this 
chapter the most demanding tests are performed, even if they are related to 
large plants (i.e. wind parks). This further shows the high flexibility of the 
investigated test equipment to reproduce any kind of voltage waveform. 

5.1 Laboratory setup 
In the laboratory setup, which was build at Chalmers University of 
Technology, the test equipment consists of a VSC, LC filter, control computer, 
measurement boxes and a dc machine supplying the dc-link of the VSC, as 
depicted in Figure 36.  

 
Figure 36. Single-line diagram of laboratory setup. 

 
It should be noted that the test equipment used in the laboratory setup has 
been build using existing components available in the laboratory. This means 
that the design of the laboratory test equipment is not optimized for any of its 
purposes and therefore there have been some restrictions when performing 
the tests (e.g. the voltage has not been lowered to 0 V during the voltage dip 
for large plants). In Figure 37 a picture of the laboratory setup and the VSC 
are shown. 
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Figure 37. Laboratory setup (left) and the VSC (right). 

 
The VSC of the laboratory test equipment uses Semikron 342GDI120-314CTV 
valves that are rated for 1200 V / 300 A. The control of the test equipment 
and the VSC is implemented in Matlab/Simulink and downloaded to the 
DSpace (DS1103) computer. Moreover, since perfect knowledge of the test 
object is not known the output voltage is controlled in an open-loop manner. 
The dc-link of the VSC system is set to 650 V during the experiments.  

5.1.1 Test object, induction generator 
The test object, emulating a WT, consists of a 4 kW four-pole ∆-connected 
induction generator. In order to emulate a turbine, a dc machine is connected 
to the induction generator as seen in Figure 38. As discussed in [18], a scaled 
model of wind turbines are not fully representative of the dynamical behaviour 
of a full scale system. However, the aim of this chapter is to show the concept 
and ability of the proposed test equipment. Therefore, fully representative 
scale models are not here required. 

 

 
Figure 38. Induction generator (left) and loading dc machine (right). 
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During the experiments, the dc machine is controlled by a thyristor rectifier to 
produce constant torque acting on the induction generator. The ratings of the 
induction generator are provided in Table 1. 
 

Table 1. Ratings of the induction machine. 

Power 4 kW 
Speed 1435 rpm 
Voltage 230 V ∆ 
Current 15.8 A 
Power factor 0.8 
 

5.2 Dimensioning voltage and frequency tests 
As described in the validation plan (see Section 9.1), there are several tests in 
order to verify the dimensioning voltage and frequency requirements. In 
Figure 39 shows the requirements in terms of voltages and frequency. 

 
Figure 39: Dimensioning voltage and frequency requirements with the applied 
reference frequency as a function of the reference voltage. 

 
During the test, the verification was limited to only a part of TEST F. The line 
“ref” in Figure 39 shows how the test equipment is controlled in order to 
change the operating condition from one point to another. This means that in 
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this test the grid voltage and frequency will be changed with the same rate. 
Figure 40 shows the voltage, frequency and power during the change of 
operating condition of TEST F in the validation plan. The frequency in Figure 
40 has been estimated through a phase-locked loop (PLL), with a bandwidth 
of 10 Hz, acting on the applied voltage (voltage across the filter capacitor). 
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Figure 40: Voltage, frequency and power during a part of TEST F 
(dimensioning voltage and frequency compliance test) of the validation plan 
(Section 9.1). 

 
As seen in Figure 40, the voltage and frequency of the test equipment follows 
the references. During the change of operating condition, the active power 
production is more or less constant while the reactive power consumption of 
the induction generator is increased. This is in accordance with the theory, as 
the mechanical torque from the dc machine is not affected whereas the 
reactive power will be changed due to change in voltage and frequency. 
 

5.3 Voltage disturbance tests 
As discussed in Section 3 the voltage disturbance tests or voltage dip tests 
might be the most critical for the test equipment, since very high currents 
may be produced from the test object. In this section, the test object will be 
subjected to the two voltage profiles, as recommended in the grid code (see 
also Figure 55 and Figure 56 in the validation plan). The minimum voltage in 
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the test for the voltage profile for large power plants was increased from 0 to 
0.2 pu, due to limitations in the laboratory setup. However, keep in mind that 
no step-up transformer is used in the laboratory setup, which in reality would 
increase the voltage on the turbine side of the transformer.  

5.3.1 Required voltage profile for large plants 
Figure 41 shows the voltage and power during a test with the voltage profile 
for large power plants. This voltage profile is of course not valid for single 
WTs since WTs have much smaller ratings. However, this test shows the 
capability of the test equipment to perform all kinds of voltage profiles. 
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Figure 41: Voltage and power during a test with the voltage profile of large 
power plants. The minimum reference voltage in the test was increased to 0.2 
pu, due to limitations in the used laboratory setup. 

 
As seen in Figure 41 the output voltage of the test equipment manages to 
follow the reference voltage. In Figure 42 the output three-phase voltages 
and the phase currents of the test object are presented. When the voltage 
drops, it can be seen that the test object (induction generator) produces high 
currents, which is up to six times higher than the pre-fault currents. From the 
bottom figure it is possible to see that poorly damped, low-frequency 
oscillations (in the range of 2 Hz), due to the dynamics in the mechanical 
system of the tested object, will be experienced in the stator current directly 
at the beginning of the voltage disturbance. 
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Figure 42: Three phase voltages and currents of the test object during the 
test. 

 

5.3.2 Required voltage profile for small plants 
Figure 43 presents the results of TEST A of the voltage-disturbance 
compliance test of the validation plan. Again, the voltage and power at the 
terminals of the test object are shown. 
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Figure 43: Voltage and power during TEST A of the voltage-disturbance 
compliance test of the validation plan. 

 
 
The three-phase voltages and currents at the terminal of the test object 
(induction generator) during the voltage dip are shown in Figure 44. As seen 
in the figure the currents of the induction generator are quite high at the 
beginning and at the end of the voltage dip. The currents are higher at the 
end of the dip than in the beginning.  
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Figure 44: Three phase voltages and currents of the test object during the 
test. 

 

5.3.3 Power-electronic controlled test object 
In previous sections, all tests have been performed using an induction 
generator as a test object. However, as discussed in Section 3.2.3, power-
electronic controlled WTs may behave differently to power-system faults that 
lead to voltage dips. Therefore, for reasons of comparison, results from 
measurements with a power-electronic controlled test object will be presented 
in this section. Figure 45 shows a picture of the laboratory setup for the 
power-electronic controlled test object. 
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Figure 45: Laboratory setup for the power-electronic converter system. 

 
Figure 46 shows the voltage and power during a test with the voltage profile 
for small power plants. However, in order to simplify the control and the 
protection of the test object the voltage was only reduced to 0.5 pu and the 
power production was also set to 0.5 pu. This means that the power 
production could be kept constant throughout the test and, hence, there were 
no need to reduce the power production during the voltage dip.  
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Figure 46: Voltage and power during the voltage-disturbance compliance test 
for a full-power converter system. 

 
As seen in Figure 46 the active power output of the tested object is kept 
constant during the voltage dip. This means, of course, that the current 
output has to be increased with the same ratio as the voltage has dropped in 
order to have a constant output power. At the time instant of the voltage drop 
and voltage recovery a transient can be seen in the active power. The time 
constant of this transient depends on the closed-loop time constant of the dc-
link voltage control loop of the power-electronic converter. Moreover, the 
three-phase voltages and currents at the terminal of the test object (power-
electronic converter) during the voltage dip are shown in Figure 47. As seen in 
the figure the currents of the power-electronic converter are “slowly” 
increased, during the beginning of the voltage dip, in order to supply the grid 
with constant power. After the voltage dip, the currents are reduced back to 
the pre-fault current. The dc-link voltage of the test object (power-electronic 
converter) is also shown in the figure. If studying the dc-link voltage in 
combination with the currents it can be seen, as already mentioned, that the 
current (and power) is changed with the time constant of the closed-loop 
system of the dc-link. 
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Figure 47: Dc-link voltage, three phase voltages and currents of the test 
object (full-power converter) during the test. 

 

5.4 Conclusion 
In this chapter it has been shown through experimental validation that the 
test equipment can be used to apply different voltages and frequencies to the 
test object. Moreover, it has also been demonstrated that the test equipment 
can apply very fast changes in voltage in order to emulate the “short circuits” 
leading to the voltage profiles in the grid code. However, it is important the 
test equipment is design properly so it can handle the fault current of the test 
object. 
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6 Additional test equipment 
applications 

As already discussed in this report, the main purpose of the test equipment is 
to verify grid code compliance of WTs. However, thanks to the flexibility of the 
VSC-based test equipment, other type of tests can also be performed. This 
can increase the knowledge of the dynamic behavior of the WT. Thus, this 
extra feature might increase the cost-effectiveness of the proposed test 
equipment. In this chapter, some of the potential additional features of the 
test equipment will be briefly described. It is of importance to stress that the 
aim of this chapter is only to illustrate a set of additional tests that are 
considered significant. In case of practical implementation of the test 
equipment, additional investigations might be needed. 

6.1 Verification of simulation models 
When performing dynamic simulations, in PSCAD, PSS/E or Simpow, of the 
power system it is essential to have representative computer models of all 
components in the power system. The test equipment can be used to verify 
the performance of power-system components computer models, such as a 
WT model. 

For example, in order to verify the performance of a simulation model of a 
WT, the following tests may be applied: 

 Small voltage steps; 

 Sinusoidal voltage perturbations; 

 Voltage dips; 

 Voltage and frequency excursions; 

 

This means, for instance, that the test equipment can be used to apply typical 
disturbances on the WT in order to verify simulation models of the WT. This 
means a grid simulation program, such as PSS/E, can be used to generate 
voltage profiles due to different kind of dimensioning faults in the grid. These 
voltage profiles can then be used to verify the simulation model performance. 
An example of a voltage profile determined from a simulation program can be 
seen in Figure 48. 
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Figure 48: Example of a voltage profile due to a short circuit. 

 

With the test equipment, the voltage profile in Figure 48 can be applied on the 
WT and the response can be compared with the result from the simulation 
model. 

6.2 Frequency scanning 
Frequency scanning is a powerful tool that can be used to sweep the system 
behavior at different frequencies and estimate the damping provided by the 
wind power unit at various frequencies. Of particular interest are frequencies 
below the fundamental (sub-synchronous frequencies), especially if the wind 
power unit is a part of a wind farm that must be connected to a series-
compensated line. To perform this test, the test equipment will be controlled 
as a frequency-dependent voltage source. The voltage output of the test 
equipment is constituted by two-frequency components as: 

 tj
sub

tj
fout

subf eEeEe ωω += , 

where Ef and ωf are the amplitude and the frequency of the fundamental 
voltage component, respectively. Esub and ωsub are the amplitude and the 
frequency of the sub-synchronous voltage component, respectively. For each 
investigated frequency, calling Te the electrical torque, the damping D(jω) 
can be found as: 

 ⎥⎦
⎤

⎢⎣
⎡=

ω
ω

ω
)(Re)( jTjD e . 
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Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment. For each sub-synchronous frequency, voltages and currents 
at the machine terminals as well as the active power produced by the wind 
power unit are continuously measured. The obtained damping should be 
normalized and plotted as a function of the frequency, as in Figure 49. 

 

D [puTorque/pu speed]

frequency [Hz]20 25 30 35 40 45 505 10 15

 

Figure 49: Example of graph for trend of damping as a function of 
perturbation frequency. 

 

6.2.1 Mutual oscillations 
There is a common concern of a possible risk of mutual oscillation between 
many local wind-power units located “electrically close” in the power system. 
Directly after a disturbance (for example, a fault), the mechanical system of 
the wind power unit will swing with its natural frequency. If two wind power 
units are located “electrically close” in the power system and if they are 
characterized by the same electrical and mechanical quantities, most likely 
they will oscillate in phase with the same frequency, but not against each 
other. 

A different scenario can occur if the wind power units are characterized by 
different electrical and, in particular, mechanical quantities. In this case, the 
shaft-system of the two wind power units will be characterized by different 
natural frequencies and mutual oscillations might be experienced.  

Observe that the frequency scanning gives information about the damping of 
the wind power unit at the natural frequency of the shaft system. It is of 
importance to consider that the mechanical system is typically characterized 
by sharp resonant points. Therefore, to perform this investigation it is 
sufficient to consider a narrow range of frequencies around the natural 
frequency of the tested wind power unit (ca ±1 Hz). Furthermore, to test the 
risk of mutual oscillations, the test equipment can be programmed to behave, 
for example, as a fixed-speed wind power unit. The mechanical system of the 
turbine can be emulated with an ad-hoc control system and can be 
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characterized by different natural frequencies close to, but not equal to, the 
natural frequency of the tested unit.  

6.3 Check of protection settings 
In order to create a protection system with high reliability it is essential that 
the protection of the WT is coordinated with the protection in the connecting 
grid [13].  

There might be a possibility to use the test equipment to verify and test some 
of the protection functions, such as: 

 Under and over voltage; 

 Under and over frequency; 

 Unsymmetrical voltage; 

 Unwanted island protection (see next section); 

 Back-up power; 

 

6.4 Test of island operation protection 
In many cases, island operation of WTs is an unwanted situation since the 
relay-protection systems often are not dimensioned to handle fault currents 
from all directions. Therefore, it is common, in Sweden that the grid owners 
require frequency derivative protection in order to protect against unwanted 
island operation [13]. Selecting the settings for a frequency derivative 
protection is not obvious, since the protection should only protect against 
unwanted islanding. However, relatively high frequency derivatives may also 
occur when production plants are lost in the grid or HVDC links are 
disconnected. In Figure 50 the frequency derivative (or rate of change of 
frequency, ROCOF) at some different time instances, between 2004-09-30 
and 2005-11-04, in the Swedish grid at larger losses of production facilities. 
As illustrated in the figure the frequency derivative can be up 0.15 Hz/s in 
some cases. In collapse scenarios, such as during the Swedish blackout in 
1983, frequency derivatives of several Hz/s can be obtained. 
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Figure 50: Frequency derivative (rate of change of frequency, ROCOF) in the 
Swedish grid at loss of larger production facilities. 

 

The test equipment can be used in order to evaluate the performance of the 
unwanted islanding protection function. Moreover, another application may be 
to use the test equipment to study how WTs behave when entering island 
operation. Especially, it is interesting to study the conditions where the “local” 
grid or the test equipment is consumes active power, which is close to the 
WT. Using, the test equipment to study islanding phenomena would require 
further development of the control system of the test equipment.  
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7 Conclusions  

In this report, a validation plan for grid-code compliance tests for wind turbine 
installations has been developed. The validation plan serves also as a basis for 
showing the performance of a proposed test equipment. For this reason, the 
validation plan covers more requirements than covered by the Swedish grid 
code. The test equipment consists of two back-to-back connected voltage 
source converters (VSCs) that emulate the grid and the grid connection of a 
single wind turbine installation.  

One of the most critical factors when designing the VSC based test equipment 
is the maximum voltage and current that the equipment has to handle. For 
this reason, short-circuit test leading to voltage dip is the most demanding 
test, since the VSC based test equipment need to be designed for the fault 
current provided by the wind turbine. The fault current from wind turbines can 
be several times higher the rated current of the wind turbine. 

Finally, a prototype of the VSC based test equipment has been implemented 
in the power systems laboratory at Chalmers University of Technology. It has 
been shown experimentally that the proposed test equipment can be used to 
apply different voltages and frequencies to the wind turbine. Moreover, the 
test equipment can apply very fast changes in voltage in order to emulate 
“short circuits” leading to the voltage profiles specified in the grid code. 
However, it is important that the test equipment is designed properly in order 
to handle the fault current of the test object. 

7.1 Future work 
There are two topics suggested for future work. The first topic is to make an 
estimation of the cost to develop and build a test equipment of different 
ratings. The second topic is related to the fact that the verification plan and 
test equipment developed in this project focus on a single wind turbine. 
However, the project plans for wind power in Sweden indicates that in many 
cases several wind turbines will be connected together to form a wind farm or 
a power production unit. This power production unit may also include cables, 
transformers, capacitor banks, Static Var Compensators and other 
components. Furthermore, the wind farm may also have a supervisory wind 
park controller that for instance can control voltage, reactive power or active 
power of the wind park. This means that it may not be enough to verify the 
performance of a single wind turbine in order to draw conclusions of the 
performance of a complete wind farm. Therefore it is suggested that suitable 
verification methods to verify grid code compliance of wind parks should be 
investigated further in a future project. 



 

57 
 

8 References 

[1] ABB, “It’s time to connect - Technical description of HVDC Light 
technology,” Brochure, www.abb.com/hvdc, December 2008. 

[2] ABB, “Tjæreborg HVDC Light project, Enge-Tjæreborg, Denmark,” 
Brochure, www.abb.com/hvdc, January 2009. 

[3] T. Ackermann and L. Söder, “An overview of wind energy-status 
2002,” Renew. Sustain. Energy Rev., vol. 6, no. 1–2, pp. 67–128, 
Feb./Apr. 2002. 

[4] J. C. Ausin, D. N. Gevers and B. Andresen, “Gamesa Eolica Voltage 
Ride through Capability test Unit,” in Proc. Nordic Wind Power Conf., 
Espoo, Finland, May, 22-23, 2006.  

[5] M. Bongiorno, “Control of Voltage Source Converters for Voltage Dip 
Mitigation in Shunt and Series Configurations,” Lic. Thesis, Dept. of 
Energy and Environ., Chalmers Univ. of Technol., Göteborg, Sweden 
2004. 

[6] T. Burton, D. Sharpe, N. Jenkins and E. Bossanyi, Wind Energy 
Handbook, Chichester: John Wiley & Sons, 2001. 

[7] Elkraft System and Eltra, “Vindmøller tilsluttet net med spændinger 
over 100kV,” Teknisk forskrift 3.2.5, 2004. 

[8] L. Harnefors, M. Bongiorno, and S. Lundberg, “Input-Admittance 
Calculation and Shaping for Controlled Voltage-Source Converters,” 
IEEE Trans. Ind. Electron., vol. 54, no. 6, pp. 3323–3334, Dec. 2007. 

[9] L. Harnefors and H.-P. Nee, “Model-based current control of ac 
machines using the internal model control method,” IEEE Trans. Ind. 
Applicat., vol. 34, no. 1, pp. 133–141, Jan./Feb. 1998. 

[10] L. Harnefors and H.-P. Nee, “A general algorithm for speed and 
position estimation of ac motors,” IEEE Trans. Ind. Electron., vol. 47, 
no. 1, pp. 77–83, Feb. 2000. 

[11] L. Harnefors, Control of Variable-Speed Drives. Västeras, Sweden: 
Applied Signal Processing and Control, Dept. of Electronics, 
Mälardalen University, 2002. 

[12] N. Hur, J. Jung, and K. Nam, “A fast dynamic dc-link power-
balancing scheme for a PWM converter–inverter system,” IEEE Trans. 
Ind. Electron., vol. 48, no. 4, pp. 794–803, Aug. 2001. 

[13] Å. Larsson and R. Larsson, “ASP – Anslutning av större 
produktionsanläggningar till elnätet,” (in Swedish) Elforsk rapport 
06:79, Stockholm, Sweden 2006. 

[14] Manitoba HVDC Research Centre, ”EMTDC, Transient analysis for 
PSCAD Power System Simulation”, User guide, 2002. 



 

58 
 

[15] Manitoba HVDC Research Centre, ”PSCAD, Electromagnetic 
Transients”, User guide, 2003. 

[16] National Grid Electricity Transmission, “The Grid Code,” Issue 3, Rev. 
32, Dec., 2008. 

[17] NORDEL, “Nordic Grid Code 2007 (Nordic collection of rules),” 
Nordel, www.nordel.org. 

[18] R. Ottersten, A. Petersson and L. Messing, “Framtagning av metod 
för att prova vindkraftverks förmåga att uppfylla svenska 
nätanslutningskrav,” (in Swedish) Elforsk rapport 07:41, Stockholm, 
Sweden 2007. 

[19] A. Petersson, “Analysis, Modeling and Control of Doubly-Fed 
Induction Generators for Wind Turbines,” Ph.D. dissertation, Dept. of 
Energy and Environ., Chalmers Univ. of Technol., Göteborg, Sweden 
2005. 

[20] Svensk Vindenergi homepage, www.svenskvindenergi.org  

[21] Svenska Kraftnät, ”Affärsverket Svenska Kraftnäts föreskrifter och 
allmänna råd om driftsäkerhetsteknisk utformning av 
produktionsanläggningar”, SvKFS 2005:2, dec. 2005, www.svk.se  

[22] K. J. Åström and T. Hägglund, PID Controllers, 2nd Edition. United 
States of America: Instrument Society of America, 1994. 

[23] dSPACE, Solutions for Control. [Online]. Available at: 
http:/www.dspace.de/ww/en/pub/home.htm 

 



 

59 
 

9 Verification Plan 

The main purpose of this chapter is to develop a verification plan for the 
Swedish Grid Code for wind power units/farms. In particular, it is here 
assumed that full control of the voltage applied to the wind power unit/farm is 
achievable. Observe that the proposed validation plan only assumes that a 
controllable voltage is applied to the WT terminal. This makes the validation 
plan independent from the utilized test equipment. An important goal is that, 
with small changes, the proposed compliance tests should be applicable also 
to actual wind turbine installations, both in the factory and on-site. It is here 
assumed that all tests are performed in the factory, meaning that it is 
possible to control the torque applied to the generator, thus the active power 
production. For on-site tests, it is of importance to take note of the wind 
conditions and of the produced active power. 

Note that, as already mentioned in Section 3.1, in this report the investigated 
full-scale test equipment, to verify grid code compliance, are limited to test 
only one single wind turbine with all functionality of the power plant in the 
turbine.  

9.1 Dimensioning voltage and frequency requirements 
 

Summary 

The ability of the wind power unit to cope with variations in the grid voltage 
and frequency at the connection point is described in the Grid Code SvK 
2005:2 [21] and is recalled in the Nordel 2007 [17]. The Grid Code is 
intended for wind power plants. However, tests can be carried out on wind 
power units in order to verify the simulation models. In particular, the Grid 
Code requires that the wind power unit should be capable to meet specific 
operating conditions, as depicted in Figure 51.  
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Figure 51: Performance requirements in relation of voltage and frequency 
(Nordel Nordic Grid Code). 

 

When the voltage and the frequency are within the rectangles represented in 
the figure, the following requirements apply: 

A. This condition resembles the continuous operation mode. The wind 
power unit must be able to operate within this range with no 
variations in the active and reactive power capability. 

B. In these operating conditions, the wind power unit shall be able to 
operate continuously for at least 30 minutes. Active power reduction 
is allowed. In particular, the active output power can decrease as a 
linear function of the frequency from zero (49 Hz) to 15% (47.5 Hz). 

C. In these operating conditions, the wind power unit shall be able to 
operate continuously for at least 60 minutes. Active power reduction 
of 10% is allowed. 

D. In these operating conditions, the wind power unit shall be able to 
operate continuously for at least 60 minutes. Active power reduction 
of 10% is allowed. 

E. In these operating conditions, the wind power unit shall be able to 
operate continuously for at least 30 minutes. The Grid Code does not 
specify the percentage of reduction allowed, but just mentions a 
“slight reduction”. 

 

F. In these operating conditions, the wind power unit shall be able to 
operate continuously for at least 3 minutes. Active power can be 
reduced at any level, but the wind power unit must be able to remain 
connected. 

 

Dimensioning voltage and frequency compliance tests 
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The purpose of these tests is to determine the limit of operation of the wind 
power unit for specific ranges of voltage and frequency. At the end of these 
tests, the results should indicate the steady-state deviations in voltage and 
frequency that the tested unit can withstand. Observe that, according with the 
Grid Code SvK 2005:2 for large- and medium-size wind turbines, the voltage 
indicated in Figure 51 is intended as the rated voltage of the generator, 
referred to the high-voltage side of the generator transformer. During the 
conversion, the voltage drop across the transformer in case of maximum 
active power output must be taken into account. In the following, this voltage 
will be taken as a base quantity (1 pu). 

 

Test description 

Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment.  

 

 

TEST A 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. 

3. Hold the system until conditions stabilize. 

4. Vary the frequency output of the test equipment from 50 to 50.3 Hz 
with a rate of change of 0.01 Hz/s. 

5. Hold the system until conditions stabilize.  

6. With the frequency equal to 50.3 Hz, vary the voltage output of the 
test equipment from 1 to 0.9 pu with a rate of change of 0.0001 pu/s. 

7. Hold the system until conditions stabilize. 

8. Hold the voltage and vary the frequency from 50.3 to 49 Hz with a 
rate of change of 0.01 Hz/s. 

9. Hold the system until conditions stabilize. 

10. Hold the frequency and vary the output voltage from 0.9 to 1.05 pu 
with a rate of change of 0.0001 pu/s. 

11. Hold the system until conditions stabilize. 

12. Hold the voltage and vary the frequency from 49 to 50.3 Hz with a 
rate of change of 0.01 Hz/s. 

13. Hold the system until conditions stabilize. 

14. Hold the frequency and vary the output voltage from 1.05 to 1 pu 
with a rate of change of 0.0001 pu/s. 
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TEST B.1 

This test is used to verify that the wind power unit is able to operate in the 
rectangular area “B” in Figure 51. As mentioned earlier, in these operating 
conditions the wind power unit shall be able to deliver power continuously for 
at least 30 minutes. In order to ensure a proper operation of the tested unit, 
it is of importance to select accurately the rate of change for the frequency 
output of the test equipment so that the frequency derivative protection (if 
present) is not triggered. 

1. The voltage and the frequency imposed by the test equipment are 
0.95 pu and 49 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. 

3. Hold the system until conditions stabilize. 

4. Linearly decrease the frequency output of the test equipment from 49 
to 47.5 Hz. The voltage changes accordingly from 0.95 to 1.05 pu. 

5. Hold the system for 30 minutes. During the test, the power output of 
the tested unit is continuously measured. 

6. With the same rate of change used in point 4, restore the system 
conditions as in point 1. 

7. Hold the system until conditions stabilize. 

8. Hold the frequency output of the test equipment and set the output 
voltage to 1.05 pu. 

9. Hold the system until conditions stabilize. 

10. Linearly decrease the frequency output of the test equipment from 49 
to 47.5 Hz. The voltage changes accordingly from 1.05 to 0.95 pu. 

11. Hold the system for 30 minutes. During the test, the power output of 
the tested unit is continuously measured. 

12. With the same rate of change used in point 10, restore the system 
conditions as in point 1. 

13. Hold the system unit conditions stabilize. 

14. Check the measured output power and verify that in both tests it as 
decreased as a linear function of the frequency. In particular, check 
that the power variation for the lowest value of the imposed 
frequency (47.5 Hz) is less than, or equal to, 15%. 

15. If the unit passes the test, proceed to TEST C.1. Proceed to TEST B.2 
otherwise. 

 

TEST B.2 

Repeat the test in order to determine, for a grid voltage of 0.95 and 1.05 pu, 
the minimum frequency that the tested wind power unit can withstand for 30 
minutes that ensures a maximum active power reduction of 15%.  

TEST C.1 
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This test is used to verify that the wind power unit is able to operate in the 
rectangular area “C” in Figure 51 according with the requirements mentioned 
earlier.  

1. The voltage and the frequency imposed by the test equipment are 
1.05 pu and 50.3 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. 

3. Hold the system until conditions stabilize. 

4. Linearly decrease the frequency output of the test equipment from 
50.3 to 49.7 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 1.05 to 1.10 pu. 

5. Hold the system for 60 minutes. During the test, the power output of 
the tested unit is continuously measured. 

6. With the same rate of change used in point 4, restore the system 
conditions as in point 1. 

7. Hold the system until conditions stabilize. 

8. Hold the voltage output of the test equipment and decrease the 
frequency to 49.7 Hz with a rate of change of 0.01 Hz/s. 

9. Hold the system until conditions stabilize. 

10. Linearly increase the frequency output of the test equipment from 
49.7 to 50.3 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 1.05 to 1.10 pu. 

11. Hold the system for 60 minutes. During the test, the power output of 
the tested unit is continuously measured. 

12. With the same rate of change used in point 10, restore the system 
conditions as in point 1. 

13. Hold the system until conditions stabilize. 

14. Check the measured output power and verify that in both tests it as 
decreased as a linear function of the frequency. In particular, check 
that the maximum power deviation is less than, or equal to, 10%. 

15. If the unit passes the test, proceed to TEST D.1. Proceed to TEST C.2 
otherwise. 

 

TEST C.2 

Repeat the test in order to determine, for a grid frequency of 50.3 and 49.7 
Hz, the maximum voltage that the tested wind power unit can withstand for 
60 minutes that ensures a maximum active power deviation of 10%.  

 

TEST D.1 
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This test is used to verify that the wind power unit is able to operate in the 
rectangular area “D” in Figure 51 according with the requirements mentioned 
earlier.  

1. The voltage and the frequency imposed by the test equipment are 0.9 
pu and 50.3 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. 

3. Hold the system until conditions stabilize. 

4. Linearly decrease the frequency output of the test equipment from 
50.3 to 49.7 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 0.9 to 0.85 pu. 

5. Hold the system for 60 minutes. During the test, the power output of 
the tested unit is continuously measured. 

6. With the same rate of change used in point 4, restore the system 
conditions as in point 1. 

7. Hold the system until conditions stabilize. 

8. Hold the voltage output of the test equipment and decrease the 
frequency to 49.7 Hz with a rate of change of 0.01 Hz/s. 

9. Hold the system until conditions stabilize. 

10. Linearly increase the frequency output of the test equipment from 
49.7 to 50.3 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 0.9 to 0.85 pu. 

11. Hold the system for 60 minutes. During the test, the power output of 
the tested unit is continuously measured. 

12. With the same rate of change used in point 10, restore the system 
conditions as in point 1. 

13. Hold the system until conditions stabilize. 

14. Check the measured output power and verify that in both tests it as 
decreased as a linear function of the frequency. In particular, check 
that the maximum power deviation is less than, or equal to, 10%. 

15. If the unit passes the test, proceed to TEST E. Proceed to TEST D.2 
otherwise. 

 

TEST D.2 

Repeat the test in order to determine, for a grid frequency of 50.3 and 49.7 
Hz, the minimum voltage that the tested wind power unit can withstand for 60 
minutes that ensures a maximum active power reduction of 10%.  

 

TEST E 
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This test is used to verify that the wind power unit is able to operate in the 
rectangular area “E” in Figure 51 according with the requirements mentioned 
earlier.  

1. The voltage and the frequency imposed by the test equipment are 0.9 
pu and 50.3 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. 

3. Hold the system until conditions stabilize. 

4. Linearly increase the frequency output of the test equipment from 
50.3 to 51 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 0.9 to 1.05 pu. 

5. Hold the system for 30 minutes. During the test, the power output of 
the tested unit is continuously measured. 

6. With the same rate of change used in point 4, restore the system 
conditions as in point 1. 

7. Hold the system until conditions stabilize. 

8. Hold the frequency output of the test equipment and increase the 
voltage to 1.05 pu. 

9. Hold the system until conditions stabilize. 

10. Linearly increase the frequency output of the test equipment from 
50.3 to 51 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 1.05 to 0.9 pu. 

11. Hold the system for 30 minutes. During the test, the power output of 
the tested unit is continuously measured. 

12. With the same rate of change used in point 10, restore the system 
conditions as in point 1. 

13. Hold the system until conditions stabilize. 

14. Check the measured output power and verify that in both tests it as 
decreased as a linear function of the frequency. Include in the 
documentation the maximum percentage of reduction and the 
corresponding operating conditions. 

 

TEST F 

This test is used to verify that the wind power unit is able to operate in the 
rectangular area “F” in Figure 51 according with the requirements mentioned 
earlier.  

1. The voltage and the frequency imposed by the test equipment are 
0.95 pu and 50.3 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. 

3. Hold the system until conditions stabilize. 
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4. Linearly increase the frequency output of the test equipment from 
50.3 to 53 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 0.95 to 1.05 pu. 

5. Hold the system for 3 minutes. During the test, the power output of 
the tested unit is continuously measured. 

6. With the same rate of change used in point 4, restore the system 
conditions as in point 1. 

7. Hold the system until conditions stabilize. 

8. Hold the frequency and increase the voltage output of the test 
equipment to 1.05 pu. 

9. Linearly increase the frequency output of the test equipment from 
50.3 to 53 Hz, ensuring that the frequency derivative protection of 
the tested wind power unit (if present) is not triggered. The voltage 
changes accordingly from 1.05 to 0.95 pu. 

10. Hold the system for 3 minutes. During the test, the power output of 
the tested unit is continuously measured. 

11. With the same rate of change used in point 9, restore the system 
conditions as in point 1. 

12. Hold the system until conditions stabilize. 

13. Check the measured output power and verify that in both tests it as 
decreased as a linear function of the frequency. Include in the 
documentation the maximum percentage of reduction and the 
corresponding operating conditions. 

 

9.2 Voltage control 
 

Summary 

In the fourth chapter of the Grid Code SvK 2005:2 it is mentioned that all 
plants must be equipped with a voltage control system. Furthermore, it is 
mentioned in the Grid Code that for large and medium-sized plants the 
voltage must be adjustable within at least ±5% of the plant’s nominal 
voltage. The voltage control must be capable of working with a characteristic 
(reactive droop expressed in Mvar/kV). However, the Swedish Grid Code lacks 
of information regarding the minimum requirements of dynamical 
performance of the voltage control for wind farms and wind power units. For 
this reason, the English Grid Code is taken here as a reference [16]. In 
particular, the test for the voltage control of the wind power unit is here 
divided into two sections: application of a voltage step in the reference 
voltage input of the voltage controller of the wind power unit (reference signal 
step) and application of a voltage step in the test equipment (disturbance 
step). 
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Voltage control compliance tests 

The purpose of these tests is to verify that the investigated wind power unit is 
equipped with a continuously acting automatic voltage control. The tests 
require the application of voltage steps in the wind power unit through a 
change in the reference voltage input to the controller or through voltage 
steps in the voltage output of the test equipment. This last test resembles the 
presence of an external upstream transformer equipped with tap-changer. 

 

Test description 

Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment.  

 

 

TEST A 

The purpose of this test, and the following one, is to evaluate the 
effectiveness of the voltage controller in the wind power unit when a step in 
the reference voltage is applied.  

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. The wind power unit is in voltage control mode. 

3. Set the power output of the wind power unit to 1 pu with unity power 
factor. 

4. Hold the system until conditions stabilize. 

5. Apply a step in the reference voltage equal to Y, with Y the voltage 
value required to produce a change of 100% in reactive capability. 

6. Hold the system until conditions stabilize. 

7. Remove the voltage step. 

8. Hold the system until conditions stabilize. 

9. Apply a step in the reference voltage equal to -Y. 

10. Hold the system until conditions stabilize. 

11. Remove the voltage step. 

12. Apply a step in the reference voltage equal to 0.5 Y. 

13. Hold the system until conditions stabilize. 

14. Remove the voltage step. 

15. Apply a step in the reference voltage equal to -0.5 Y. 

16. Hold the system until conditions stabilize. 
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17. Remove the voltage step. 

18. Hold the system until conditions stabilize. 

 

It can be of importance to add to the test results the used value of Y. 

 

TEST B 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. The wind power unit is in voltage control mode. 

3. Set the power output of the wind power unit 1 pu with unity power 
factor. 

4. Hold the system until conditions stabilize. 

5. Apply the step series depicted in Figure 52 to the reference voltage of 
the wind power unit voltage controller. Repeat the series five times. 

6. Remove the voltage steps. 

7. Hold the system until conditions stabilize. 

 

During this test, the reactive power output of the wind power unit should be 
recorded. It must be verified that, after a voltage step, the reactive output 
has achieved a steady state on the voltage slope characteristic before the 
following step is applied. If steady state has not been reached, repeat the test 
by increasing the duration of the applied voltage step. 

 

Reference voltage

time

10 s

1%

2%

 
Figure 52: Steps applied to reference voltage of wind power unit voltage 
controller. 

 

TEST C 



 

69 
 

The purpose of this test is to evaluate the effectiveness of the voltage 
controller in the wind power unit when a disturbance is applied to the voltage 
controller. In several European Grid Codes, this is performed by using an 
external tap changer. Here, the grid voltage steps are applied directly using 
the test equipment. To perform this test, it is here suggested to use a series 
of positive and negative steps, as shown in Figure 53. It is of importance to 
observe that the purpose of this test is not to evaluate the performance of the 
wind power against fast voltage variations (voltage dips). For this reason, at 
least 10 s should be considered between two subsequent steps, in order to 
allow the system to reach steady state. 

 

Voltage

time

10 s

1%

 

Figure 53: Voltage steps applied by test equipment. 

 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. The wind power unit is in voltage control mode. 

3. Set the power output of the wind power unit to its maximum 
(typically > 65% of rated MW) and unity power factor. 

4. Hold the system until conditions stabilize. 

5. Apply the step series depicted Figure 53. Repeat the series five times. 

6. Remove the voltage steps. 

7. Hold the system until conditions stabilize.   

 

During this test, the reactive power output of the wind power unit should be 
recorded. It must be verified that, after a voltage step, the reactive output 
has achieved a steady state on the voltage slope characteristic before the 
following step is applied. If steady state has not been reached, repeat the test 
by increasing the time interval between two subsequent voltage steps. 
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9.3 Frequency control 
 

Summary 

The fourth chapter of the Grid Code SvK 2005:2 deals with frequency control. 
In particular, it is mentioned that large and medium-size plants must 
contribute to the frequency control of the power system with specific control 
strength. The wind farms are not included in this regulation. However, 
information regarding frequency control can be found in other Grid Codes, 
such as the English one [16]. For this reason, it is believed that it can be 
advantageous to use the test equipment also for this purpose.  

Here, the system will be tested by applying variations in the system 
frequency. Thus, the active power output of the test equipment will be 
measured, as an index of the contribution of the tested wind power unit to the 
frequency control. Furthermore, the effectiveness (i.e., the steady state and 
the dynamic performance) of the frequency controller will be tested by 
applying a ramp signal to the reference frequency input to the control system. 

 

Frequency-control compliance tests 

The purpose of these tests is to verify that the investigated wind power unit is 
equipped with a continuously acting automatic frequency control. The tests 
require the application of frequency variations in the wind power unit through 
a change in the reference frequency input to the controller or through 
frequency steps in the frequency imposed by the test equipment. 

 

Test description 

Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment.  

TEST A 

The purpose of this test is to evaluate the effectiveness of the frequency 
controller in the wind power unit when a ramp signal in the reference 
frequency is applied. Carefulness must be taken if a frequency derivative 
protection is installed in the tested wind power unit. 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. The wind power unit is in voltage control mode. 

3. Set the power output of the wind power unit to 0.5 pu and unity 
power factor. 

4. Hold the system until conditions stabilize. 

5. Increase the reference frequency input to the frequency controller 
from 50 to 51 Hz with a rate of change of 0.01 Hz/s. 

6. Hold the system until conditions stabilize. 



 

71 
 

7. Decrease the reference frequency from 51 to 50 Hz with a rate of 
change of 0.01 Hz/s. 

8. Hold the system until conditions stabilize. 

9. Apply a step in the reference frequency of -0.2 Hz (step from 50 to 
49.8 Hz). 

10. Hold the system until conditions stabilize. 

11. Remove the frequency step. 

12. Apply a step in the reference frequency of 0.2 Hz (from 49.8 to 50 
Hz). 

13. Hold the system until conditions stabilize. 

14. Remove the frequency step.  

 

During this test, the active power injected by the wind power unit as well as 
the reference signal must be recorded and used to evaluate the performance 
of the frequency controller. 

 

TEST B 

The purpose of this test is to evaluate the effectiveness of the wind power unit 
in contributing to the frequency control of the system. In particular, this test 
is used to evaluate the control strength as output/Hz.  

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit to 0.5 pu and unity 
power factor. 

3. Hold the system until conditions stabilize. 

4. Step the frequency imposed by the test equipment from 50 to 49.8 
Hz. 

5. Hold the system until conditions stabilize. 

6. Remove the frequency step. 

7. Hold the system until conditions stabilize. 

8. Step the frequency imposed by the test equipment from 50 to 50.2 
Hz. 

9. Hold the system until conditions stabilize. 

10. Remove the frequency step. 

11. Hold the system until conditions stabilize. 

  

During this test, the active power output of the wind power unit should be 
continuously recorded. The frequency control strength must be reported as 
MW/Hz. 
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9.4 Active power control 
 

Summary 

The NORDEL Connection Code for wind turbines specifies that it must be 
possible to control the active power production from a wind power unit. The 
unit must be able to operate in ramp-rate limitation mode. Further, the wind 
power unit must be equipped with a fast down regulation, which allows 
regulating the active power from 1 to 0.2 pu within 5 seconds.  

 

 

Active-power controller compliance tests 

Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment.  

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit to 1 pu with unity power 
factor. 

3. Hold the system until conditions stabilize. 

4. Step down the reference signal input to the active power controller 
from 1 to 0.2 pu. 

5. Hold the system until conditions stabilize. 

6. Repeat the test three times. 

 

When the test is completed, compare the actual and the reference active 
power and measure the time needed for the active power to follow its 
reference. 

 

9.5 Reactive power control 
 

Summary 

Both the NORDEL Connection Code and the IEC61400-21 give guidelines for 
the reactive power control. In particular, it is recommended to verify the 
reactive power capability of the investigated wind power unit and the set-
point control.  

 

Reactive-power capability compliance tests 
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This set of tests is carried out to measure the capability of the wind power 
unit concerning the maximum inductive and capacitive reactive power (i.e., 
maximum under-excitation and maximum over-excitation conditions). 

Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment.  

The following test is performed to measure the maximum inductive power of 
the wind turbine as a function of the active power. A similar test should be 
carried out to measure the maximum capacitive reactive power. 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit to 0 pu. 

3. Hold the system until conditions stabilize. 

4. Increase the reactive power output of the wind power unit up to 
maximum value. 

5. Hold the system until conditions stabilize. 

6. Measure active and reactive power at point of connection for at least 
10 minutes. 

7. Increase the power output of the wind power unit to 0.1 pu. 

8. Hold the system until conditions stabilize. 

9. Increase the reactive power output of the wind power unit up to 
maximum value. 

10. Hold the system until conditions stabilize. 

11. Measure active and reactive power at point of connection for at least 
10 minutes. 

12. Repeat the test from point 7 to point 11 increasing the power output 
of the wind power unit of 0.1 pu at time until 1 pu output power is 
reached. 

 

When the test is completed, the obtained reactive power shall be specified in 
a table as 10 minutes average as a function of the 10 minutes average output 
power. 

 

Reactive power control compliance tests 

The reactive power output of the wind power unit must be controllable. 
Furthermore, the unit shall be able to control the reactive exchange with the 
system in order to minimize the exchange of reactive power at all active 
power production levels.  

To be able to test the transient performance of the reactive power controller 
installed in the wind power unit, the following procedure should be followed 
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1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit to 0.5 pu. The reactive 
power is set equal to zero. 

3. Hold the system until conditions stabilize. 

4. Apply a negative set in the reference reactive power signal, as shown 
in Figure 54. The value of Qmax has been found in the previous test. 

5. Hold the system for 1 minute. 

6. Remove the step. 

7. Hold the system until conditions stabilize. 

 

Reference reactive power

time

1 min

Qmax

 

Figure 54: Reference reactive power signal for reactive power control test. 
Negative reactive power = inductive reactive power. 

 

To evaluate the capability of the investigated wind power unit to minimize the 
reactive power exchange, similar tests must be carried out when the reactive 
set point value is set to zero. The active power output of the wind power unit 
is increased from 0 to 1 pu in steps of 0.1 pu. Active and reactive power at 
the connection point must be measured. 

 

9.6 Voltage disturbances 
 

Summary 

The ability of the wind power unit to cope with fast variations in voltage at the 
connection point is described in the Grid Code SvK 2005:2. The Grid Code 
requires that the wind power unit should be capable to handle a specific 
variation in the voltage without disconnecting from the mains. The voltage 
variation can occur in one or more phases in the connecting meshed 
transmission grid. In particular, two voltage profiles are given in the Grid 
Code, depending on the size of the investigated plant. If large plants are 
considered, the network voltage is supposed to go from 1 pu down to 0 for 
0.25 seconds, followed by a jump of 0.25 pu and then linearly increasing 
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voltage for 0.5 seconds up to 90% of the rated value. This value will then 
persist. This requirement is illustrated in Figure 55.  

In case of medium-size and small plants, as well as in case of wind turbine 
units, the unit must be able to cope with voltage variations where the voltage 
goes down from 1 to 0.25 pu for 0.25 seconds and then up to 90% of the 
rated value. This value will then persist. This requirement is illustrated in 
Figure 56. 

Voltage [pu]

time [s]
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Figure 55: Voltage profile for voltage dip test. Large plants. 
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Figure 56: Voltage profile for voltage dip test. Medium- and small-size plants. 

 

It is of importance to observe that the specified magnitude, duration and 
shape are for the voltage variation occurring when the wind turbine under test 
is not connected to the mains.   

In the Grid Code SvK 2005:2, it is not mentioned the set point for active and 
reactive power of the wind power unit before the voltage dip.  

Note that if a VSC-based test equipment is used, the control system can also 
be used to emulate the short-circuit impedance of the grid at the connection 
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point. As an example, it is mentioned in the Danish Grid Code [7] that, when 
testing via simulation a wind power unit against voltage dips, the power 
system at the connection point should have a short-circuit power equal to 10 
times the rated power of the tested turbine. It is further specified that the R/X 
ratio for the short circuit impedance must be equal to 0.1. This condition can 
be easily reproduced also with the proposed test equipment. 

 

Voltage disturbances compliance tests 

The purpose of these tests is to determine the limit of operation of the wind 
power unit for retained voltage. At the end of these tests, the results should 
indicate the level of voltage dip that the unit can withstand for a specified 
time. As mentioned earlier, the SvK 2005:2 does not clarify the set point for 
active and reactive power of the wind power unit before the voltage dip 
occurs. However, the International Standard IEC 61400-21 suggests 
considering two set points: 100% and 20% of rated power. These values have 
been considered for the suggested test procedure.  

Wind power units can include additional features, such as crowbar thyristor 
protection, to enable them to meet the ride-through requirements. It should 
be additionally indicated for each test whether the crowbar or other protection 
modes were active. 

 

Test description 

Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment.  

 

TEST A 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit equal to 0.2 pu. The 
reactive power is set to 0 pu. 

3. Hold the system until conditions stabilize. 

4. Apply a three-phase balanced voltage dip according with the profile 
shown in Figure 56. 

5. Allow the voltage to recover to nominal value. 

6. Hold the system until conditions stabilize. 

7. If the unit passes the test, proceed to TEST C. Proceed to TEST B 
otherwise. 

 

TEST B 

Repeat the TEST in order to determine the minimum retained voltage that the 
unit can withstand without tripping for a period of 0.25 s. 
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TEST C 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the active power output of the power park unit equal to 1 pu. The 
reactive power is set to 0 pu. 

3. Hold the system until conditions stabilize. 

4. Apply a three-phase balanced voltage dip according with the profile 
shown in Figure 56. 

5. Allow the voltage to recover to nominal value. 

6. Hold the system until conditions stabilize. 

7. If the unit passes the test, proceed to TEST D. Proceed to TEST B 
otherwise. 

 

TEST D 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit equal to 0.2 pu. The 
reactive power is set to 0 pu. 

3. Hold the system until conditions stabilize. 

4. Apply a two-phase voltage dip by setting the voltage profile in phases 
a and b as in Figure 56. 

5. Allow the voltage to recover to nominal value. 

6. Hold the system until conditions stabilize. 

7. If the unit passes the test, proceed to TEST E. Otherwise, proceed to 
TEST B otherwise. 

 

TEST E 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. The 
reactive power is set to 0 pu. 

3. Hold the system until conditions stabilize. 

4. Apply a two-phase voltage dip by setting the voltage profile in phases 
a and b as in Figure 56. 

5. Allow the voltage to recover to nominal value. 

6. Hold the system until conditions stabilize. 

7. If the unit passes the test, proceed to TEST F. Proceed to TEST B 
otherwise. 

 

TEST F 
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1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit equal to 0.2 pu. The 
reactive power is set to 0 pu. 

3. Hold the system until conditions stabilize. 

4. Apply a single-phase voltage dip by setting the voltage profile in 
phase a as in Figure 56. 

5. Allow the voltage to recover to nominal value. 

6. Hold the system until conditions stabilize. 

7. If the unit passes the test, proceed to TEST G. Proceed to TEST B 
otherwise. 

 

TEST G 

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit equal to 1 pu. The 
reactive power is set to 0 pu. 

3. Hold the system until conditions stabilize. 

4. Apply a single-phase voltage dip by setting the voltage profile in 
phase a as in Figure 56. 

5. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

6. Allow the voltage to recover to nominal value. 

7. Hold the system until conditions stabilize. 

8. If the unit does not pass the TEST, proceed to TEST B. 

 

Impact of voltage controller during voltage disturbances 

It is mentioned in the Grid Code SvK 2005:2 that the wind power unit must 
be equipped with an automatic voltage control and that the unit must 
contribute to the stabilization of the voltage under disturbed conditions. 
However, the Grid Code does not give constraints on the controller strength. 
This type of information can be found, for example, in the German Grid Code, 
where the voltage control strength, expressed as percentage of reactive 
current as a function of percentage voltage drop/rise, is give (see Figure 57). 
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Figure 57: Principle of voltage support during voltage disturbances (E-ON). 

 

For this reason, it can be of interest to measure the voltage control strength 
for the investigated wind power unit. In particular, TEST A can be repeated for 
voltage dips characterized by a retained voltage of 20, 30, 40 and 50% of the 
rated system voltage. Thus, the reactive power injected by the wind power 
unit during the disturbance can be plotted as a function of the voltage drop. 

 

9.7 Impact of unsuccessful re-closure 
 

The Swedish Grid Code does not take into account the case of unsuccessful 
re-closure procedure after a voltage dip. This condition is instead considered 
in the Danish Grid Code [7]. In particular, according with the Danish Grid 
Code the investigated wind power unit must be able to withstand two-phase 
and single-phase voltage dips with unsuccessful re-closure, as depicted in 
Figure 58.  
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Figure 58: Voltage profile for two-phase fault (left) and single-phase fault 
(right). 

 

This type of investigation can be of interest both to investigate the dynamic 
performance of the tested wind power unit to the N-2 criteria and to verify the 
battery reserve of the auxiliary system. For this reason, Tests D and F can be 
repeated by applying a voltage profile as the one shown in Figure 58.   

 

9.8 Phase-angle jump 
 

Summary 

Although not mentioned in the international standards, it is of importance to 
test the dynamic performance of the tested wind power unit against phase-
angle jumps. This because a sudden variation in the grid voltage can be 
troublesome for the control system of the wind power unit, since the 
controller must be able to quickly track the new phase angle in order to 
ensure the intended production of active and reactive power. Typically, phase-
angle jumps are associated to voltage dips, since the new phase angle during 
the dip is dictated by the X/R ratio of the impedance upstream the connection 
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point and the fault impedance. However, here the problem of phase-angle 
jump is investigated separately, in order to test only the effectiveness of the 
phase tracking algorithm. As an example, Figure 59 shows one of the phase 
voltages output of the test equipment in case of a phase-angle jump. In the 
figure, a phase-angle jump of 45° has been considered, since this is 
considered as an upper limit (from a probabilistic point of view) for phase-
angle jumps due to faults.  

In addition to the test proposed in this section, an additional test can be 
carried out considering also a reduction in voltage (voltage dip) of reasonable 
magnitude (50%, for example). 

 

 

Figure 59: Voltage output of the test equipment. Blue curve: undisturbed 
voltage; red curve: voltage affected by -45° phase-angle jump; green curve: 
voltage affected by 45° phase-angle jump. 

 

Phase-angle jump compliance tests 

Before each test, it is of importance to energize the test equipment and to 
verify that the voltage across the filter capacitor is equal to the desired level. 
Thus, it is possible to synchronize the wind power unit and connect it to the 
test equipment.  

1. The voltage and the frequency imposed by the test equipment are 1 
pu and 50 Hz, respectively. 

2. Set the power output of the wind power unit to a value greater than 
0.5 pu with unity power factor. 

3. Hold the system until conditions stabilize. 

4. Apply a 45° phase-angle jump to all phase voltages output of the test 
equipment (i.e. balanced conditions are kept). 

5. Hold the system until conditions stabilize. 

6. Apply a -45° phase-angle jump to all phase voltages output of the 
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test equipment. 

7. Hold the system until conditions stabilize. 

 

For the all duration of the test, the active and reactive power produced by the 
wind power unit is continuously measured. 

 

9.9 Temporary overvoltages 
 

Summary 

The Swedish Grid Code lacks of regulations regarding overvoltages. One 
interesting condition can occur when the wind farm has to operate suddenly in 
islanding conditions with a part of the power system. This situation is taken 
into account in the Danish Grid Code [7]. Under these conditions, the wind 
farm shall not give rise to overvoltages in order to prevent damage of 
equipment in the power system. This condition is even more undesirable when 
industrial loads having sensitive equipment in their production process are 
included in the portion of power system supplied by the wind farm. According 
with the IEC-60071-1, the temporary overvoltage due to the islanding 
situation shall be limited to 1.3 pu of the output voltage and be reduced to 
1.2 pu of the output voltage after 100 ms. These voltages are the 
fundamental (50 Hz) component, that is, without deformation due to 
harmonics from saturation in components.  

Although this regulation is intended for a wind farm, it can be of interest to 
investigate the behavior of a single unit under these circumstances. The 
advantage of using the VSC based test equipment is that, by adequate 
programming of the control system, it is possible to emulate the power 
system and then a sudden loss of a part of it. As an example, Figure 60 shows 
the single-line diagram of a simple network constituted by two generating 
units connected to a common bus through the short-circuit impedance ZSC. 
This network, including the load, can be emulated by the test equipment. 
Observe that different type of load can be tested. 
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Test equipment

Zsc1

Load
Zsc2

P1, Q1 P2, Q2

 
Figure 60: Single-line diagram of wind power unit connected to a power 
system emulated by the test equipment. 
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10 Abbreviations  

ac alternating current 

dc direct current 

DFIG Doubly-fed induction generator 

HVDC High-voltage direct current 

IG Induction generator 

IGBT Insulated gate bipolar transistor 

IMC Internal model control 

PCC Point of common connection 

PLL Phase-locked loop 

pu per unit 

rms root mean square 

SCR Short-circuit ratio 

SG Synchronous generator 

VSC Voltage source converter 

WT Wind turbine 

 
 


