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Abstract 

In last decade, there is a large increase in installed capacity of wind power. As 
more wind power is integrated into utility networks, related technology 
challenges draw much attention. The doubly fed induction generator (DFIG) is 
the mainstream choice for wind turbine generator (WTG) in current market and 
the object of this thesis. It is very sensitive to voltage dips. The enhancement of 
low voltage ride through (LVRT) is one of the most important issues for DFIG, 
and many works have already been done to provide solutions.  
      In current works, the voltage dip waveforms that are applied in LVRT 
related works are largely different from waveforms in reality, because they fail 
to consider the the effect of realistic wind farm configurations on waveforms of 
voltage dips and significant influences of additional characteristics of voltage 
dips. The true impact of the voltage dip needs to be assessed in performance 
evaluation and development of LVRT methods. To support the development of 
practical LVRT capacity enhancement solutions, the application of voltage dip 
knowledge is definitely demanded. 
      In this thesis, the characteristics of realistic waveform voltage dips in wind 
farm are analyized based on voltage dip knowldege from power quality field, 
measured voltage dip from industry and realistic wind farm configurations. 
Classical analysis theory is applied to explain the principles of the impact of 
voltage dip characteristics on dynamic behavior of DFIG. The impacts of many 
widely neglected characteristics such as phase angle jump (PAJ), point on wave 
(POW) of initiation and recovery, voltage recovery process, transformer 
configurations, load effect are revealed and verified by simulations. The impact 
of many voltage dip characteristics on DFIG are studied for the first time.  
 
Keywords 
DFIG, wind power, low voltage ride through, power quality, voltage dip 
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Sammanfattning 

De senaste tio åren har sett en stor ökning av installerad effekt av vindkraft. 
Mer vindkraft i elnäten har lett till större uppmärksamhet om dess tekniska 
utmaningar. Den dubbelmatad asynkrongenerator (DFIG) är idag den 
vanligaste förekommande typen i vindkraftverk. Den är mycket känslig för 
spänningssänkningar. Förbättring av tålighet för spänningssänkningar (LVRT) 
är en av de viktigaste frågorna för DFIG, och många studier har redan sökt 
lösningar. 
I befintliga studier om LVRT har spänningssänkningarna skiljt sig väsentligt 
från verkliga vågformer, då de inte har tagit hänsyn till realistiska 
vindparkkonfigurationer och betydande påverkan av ytterligare egenskaper hos 
spänningssänkningar. För att stödja utvecklingen av praktiska LVRT lösningar 
behövs mer kunskap om spänningssänkningar för att bedöma dess verkliga 
inverkan. 
Detta examensarbete förbättrar LVRT analysen av DFIG genom att tillämpa 
kunskap om spänningssänkningar från elkvalitetsområdet, tillsammans med 
realistiska vindparkskonfigurationer. Inflytandet av ändringar i fasvinkel 
(PAJ), fasvinkeln vid sänkning och återhämtning (POW), spännings 
återhämtning, transformatorkonfigurationer, last och många andra egenskaper 
av spänningssänkningar ingår också. Inflytandet av många egenskaper av 
spänningssänkningar studeras här akademiskt för första gången. Den 
karaktäristik av realistiska spänningssänkningar som inträffar vid generatorns 
poler, och de effekter dessa har, studeras och förklaras genom teoretisk analys 
och intensiva simuleringar. 
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Chapter 1   Introduction 

 

1.1        Background 

 

In last decade, there is a great transformation in power system industry. Due to 
environment concerns, technology development and policy support, the 
installed capacity of wind power is increasing rapidly, making this a significant 
power supply resource [1]. The significant increasing trend is shown in Fig.1.1. 
The capacity of global wind power has reached 487 GW in 2016 and is expected 
to exceed 760 GW by 2020 [2]. 

 

 

Fig. 1.1   Global cumulative wind power capacity from 2001 to 2020 [2] 

 

      China has the biggest market in the wind power industry. In 2015, 30GW of 
new capacity was installed [2]. In Europe, wind power penetration has reached 
a very high level in the power system, especially in Denmark where nearly half 
of the electricity generation from wind power [2]. It is clear that wind power 
has already become a very important part of the power system, and its influence 
will keep increasing in future. Many issues occur in power systems with high 
penetration of wind power: low inertia, altered frequency response and reactive 
power control, fault current level, low voltage ride through and so on [1]. LVRT 
is one of the most important problems in wind power integration. The sudden 
disconnection of a large-scale wind farm under low voltage events will seriously 
threat the stability of the connected power system. Therefore, utility operators 
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globally post LVRT grid codes that require wind farms to remain connected 
during specified low voltage events and be able to supply reactive power. A 
typical LVRT grid code requirement that is widely applied by transmission 
system operators in Europe (ENTSO-E) is shown in Fig.1.2. If the voltage at the 
point of common connection (PCC) is above the borderline, the wind farm 
should remain grid connected during low voltage event. ENTSO-E provides the 
range of code parameters in [3]. Parameter settings of codes in different 
countries are compared in [4].  
      The low voltage event is called voltage dip (also called voltage sag) and is 
comprehensively researched in power quality field. A voltage dip is defined as 
short duration reduction in rms voltage and has many origins [5][6]. The 
voltage dips caused by transformer energizing and big motor starting are 
shallow and wouldn’t cause significant impact. Therefore, in this thesis, only 
voltage dips caused by short circuit faults are considered.  

 

0 tclear trec1 trec2 trec3 t/sec

U/p.u.

1.0

Urec2

Urec1

Uclear

Uret

 
Fig. 1.2    LVRT code in Europe [3] 

 
      A WTG is the main electrical part of wind turbine and is the focus of this 
thesis. The dynamic behavior of a WTG under voltage dips depends on the type 
of WTG design [1][7]. Two categories of WTGs are applied in wind turbines: 
fixed speed and variable speed WTGs. Variable speed generators are the 
mainstream choices for their advantages of less mechanical stress, better 
energy capture and power control capacity [7][8]. Within variable speed 
generators, the DFIG is more economical in comparison with full-converter 
WTG due to its smaller scale converter in just the rotor circuit. It is the 
mainstream choice in many countries. In Spain, 76% of WTG apply DFIG 
design [1].  
      The configuration of a DFIG is shown in Fig.1.3. The stator is directly 
connected with the external grid. There is a back to back converter in the rotor 
circuit, which will control the frequency of output power, and the active and 
reactive power exchange with the grid. Since the rotor circuit only sees part of 
the machine’s total power flow, the size of rotor converter is designed to 25%-
35% of the WTG’s nominal capacity [8], which makes a DFIG and its converter 
cheaper than a Type 4 WTG in which the machine is equipped with a full 
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capacity converter. But this design also makes a DFIG very sensitive to grid 
disturbances, especially voltage dips [8][9][10].  

 

 
Fig. 1.3    The configuration of DFIG [8] 

 
1.2       Literature Review 

 

Many works have researched the dynamic behavior of DFIG and LVRT capacity 
enhancement methods [8]-[18].  The mechanisms of DFIG dynamic behavior 
under symmetric and asymmetric voltage dips are analyzed in [8] and [9] 
respectively. Those analysis methods are widely used in more than 400 papers, 
and the theory part of this thesis will also apply that analysis theory. However, 
the testing performed in [8] and [9] created voltage dips by applying faults at 
the WTG terminals without considering the effect of turbine transformer on 
voltage waveform and many additional characteristics of voltage dips. [19] 
includes the consideration of topology of wind farm and its collection system, 
transformer configurations and various additional characteristics of voltage 
dip. It explains systemically the characteristics of voltage dips that could appear 
at the terminals of WTG. Many further researches are based on this classical 
research. [10] applies the theory of [19] and research on the impact of additional 
characteristics of voltage dip. Many characteristics are researched for the first 
time in [10]. There are very few further works that research on the impact of 
additional characteristics of voltage dip on DFIG. But many errors occur in 
simulation of [10] which will be further explained in this thesis. Also, in the 
theory part of [10], there are problems in assumptions of turbine and collection 
system transformer configurations. Some doesn’t fit industry reality. 
      The voltage dip waveforms used to test LVRT solutions vary largely in 
different works. A considerable proportion of works in this subject either apply 
limited dip types or unrealistic waveforms that could never reach the terminals. 
In [8] and [11]-[13], only balanced dips are applied. The impact of unbalance of 
three voltage is described in [9] in theory and shown well in simulation in [10]. 
DC link fluctuation, and rotor current harmonics caused by negative sequence 
of unbalanced voltage dips are not negligible. [9], [10] and [14]-[18] use 
unbalanced dips to test their LVRT methods. [14] generates voltage dips by 
applying single-phase to ground, phase-to-phase and three-phase to ground 
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faults directly to the terminals of DFIG. [15] creates voltage dips with two-phase 
voltage magnitude drop, and [16][17] apply single-phase faults at the terminals 
of WTGs. The common issue is that these works have regarded the stator 
terminals of the DFIG as the grid or PCC. In reality of industry application, 
there is a LV/MV step-up turbine transformer installed with every WTG and at 
least one MV/HV collection system transformer in a large wind park to further 
step up the voltage of wind power to the level of connected grid. The waveforms 
of unbalanced dips caused by asymmetrical faults in power system could be 
largely changed when they propagate to the WTG terminals through 
transformers. The voltage dip Type B and E waveforms created by single-phase 
and two-phase to ground faults in the grid will not reach the WTG terminals 
[5][19], because zero-sequence of voltage will be eliminated by delta-star 
transformer located in collection system or turbine side. The waveform at WTG 
terminals could be largely different with the waveform of PCC. And faults at the 
terminals are not LVRT issues but a protection issue, because in this situation 
the turbine should be disconnected by a breaker rather than being expected to 
ride through the fault. [18] considers the turbine transformer but its winding 
configuration is not realistic. The high voltage (HV) side of turbine transformer 
is commonly delta connected and the wind power installation is star connected 
[1]. [10] use the assumption that turbine transformer could have star-delta and 
star-star configuration alternatives. It is not realistic. The typical wind farm 
transformer configuration can be reviewed in technology design of Lillgrund 
wind farm in Sweden which can be found in [1] and [20]. Another important 
problem in current works is that they ignore the significant impact of additional 
voltage dip characteristics such as phase angle jump (PAJ) and point on wave 
(POW) and voltage recovery process [11]-[20]. The same issue is also seen in 
grid connection codes: as shown in Fig.1.2, only magnitude and duration are 
included in the LVRT code. 

A practical LVRT solution cannot be developed and accurately evaluated by 
unrealistic voltage dip waveforms. Studies of LVRT of WTG require voltage-dip 
knowledge from the power quality field, as can be found classic works in this 
field [5][6]. 

For researches on the impact of additional characteristics of voltage dips to 
LVRT of WTGs, the changes of voltage dip characteristics in propagation from 
the grid connection point to the WTG terminals demands further work that 
could be used in analysis of the impacts of voltage dips on wind farm operation. 
Distribution and transmission system operators (DSO and TSO) would also 
demand the information of the impact of voltage dip at the PCC to predict wind 
farm respond and its impact on grid stability and control and the design of 
LVRT code at PCC. In this thesis, both the waveform of PCC and WTG terminals 
will be analysed.  

By combining power quality knowledge and LVRT methods research 
outcomes, more practical LVRT methods could be developed based on realistic 
waveform characteristics of DFIG. Then, LVRT capacity of wind farm could be 
enhanced. To develop a sustainable energy future, sustainable power supply of 
wind power is very important, especially when wind power reach a large share 
of power supply. The failure in LVRT could cause the grid disconnection of a 
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large amount of wind power plants and threat the stability of power system. 
This thesis works aim to provide cross-subject novel knowledge of LVRT and 
help future works of LVRT enhancement methods and building of sustainable 
future power system. 
 

1.3     Thesis Objective and Outline 

1.3.1     Thesis Objective 

 

This work aims to provide analysis methods for the characteristics of voltage 
dips that would occur in wind farm based on realistic wind farm configurations 
and topology and analyse their impact. Many neglected characteristics of 
voltage dips will be included: phase angle jump, point on wave of initial dip and 
recovery, unbalance, effect of transformer configuration design, load effect, 
voltage recovery process, and two-stage recovery of transmission faults. For two 
stage recovery, load effect, winding designs of transformer and the impacts of 
these factors on LVRT of DFIG are researched for the first time. These novel 
works fill knowledge gap and provide a comprehensive “checklist” of voltage 
dip knowledge in the DFIG LVRT topic for industry and academia. Thus, 
manufacturers and scholars will be better equipped to adjust and develop 
technology design of low voltage ride through to deal with the impact of voltage 
dip characteristics in the “checklist”. It could be also helpful for TSOs and DSOs 
in code design, too. 

 
1.3.2      Thesis Outline 

 

Chapter 1 introduces the background of thesis and critically reviews many 
current works of LVRT. 

Chapter 2 analyses the voltage dip characteristics at PCC and terminals based 
on realistic topology of wind power integration and realistic configurations of 
wind farm transformers. Many neglected characteristics of voltage dips are 
described to show the knowledge gap in LVRT researches that need to be filled.  

Chapter 3 provides theory for the analysis of impact of voltage dips on dynamic 
behaviour of DFIG.  Analysis methods are used to explain the impact of various 
characteristics that are discussed in detail in chapter 2 on the LVRT of DFIG. 

Chapter 4 verifies the theoretical analysis of chapter 3 with simulation tests. 
The impacts of voltage dip characteristics are clearly revealed by simulation 
results.  

In last Chapter, the conclusions and suggestions for future works are 
summarized.



 

Chapter 2    

Characterization of Voltage Dip in Wind Farm 

 
2.1   Voltage Dip 

 
The voltage dip is one of the most common grid disturbances and brings 
numerous damages to industry. It has many causes, such as short circuit faults, 
transformer energizing and induction motor starting. The voltage dip caused by 
short circuit fault in power system is the most common and serious type [5]. It 
will be studied in this thesis. As seen from measured voltage dip records of 
Luleå University of Technology, the voltage dip caused by other origins are 
usually very shallow and could not cause severe problems to LVRT of DFIG, so 
it’s neglected in this topic.  
      In current standards, only magnitude and duration characteristics are 
included in the definition of voltage dips.  But many additional characteristics 
are also important to predict the impacts of voltage dips. To reveal the voltage 
dip waveform characteristics in reality, voltage dip records provided by Luleå 
University of Technology have been used for studies and demonstration. These 
were measured by power quality meters in various industrial installations. 

The short circuit faults at different voltage levels and different power system 
conditions will lead to different dip characteristics. Topology of wind power 
collection system and winding configurations of transformers located in path of 
between PCC and WTG are very important factors that determine the waveform 
characteristics. So, this section will start with description of realistic wind farm 
topology and common transformer winding configuration designs. Then, the 
characteristics of voltage dips that could appear at the terminals of WTGs will 
be comprehensively discussed based on these knowledges.  

 
2.2      Wind Farm Topology and Transformer Winding Configuration   

 
In a typical wind farm, each WTG is associated with a step-up turbine 
transformer. Since the voltage level of WTG is typically 690 V, it’s not feasible 
to either transfer the output power with low voltage level of WTG terminals due 
to unaccepted power transferring efficiency or centrally step up wind farm 
power flow from terminals voltage to high voltage level of connected grid due 
to unaccepted cost. Therefore, a local turbine transformer is installed with each 
WTG to step up terminal voltage to MV level. And transformer in centralized 
collection system is used to further step up the voltage to HV level of connected 
grid. Star-delta is most common winding design for turbine transformer. The 
turbine side is connected in star. However, different winding configurations are 
used in collection system transformers. There are two popular choices. First one 
is grounded star – grounded star with a delta tertiary. It is applied in most wind 
turbines in North America. The advantages of this design are providing effective 
grounding resource to HV system and preventing frequent overvoltage due to 
ground faults [1]. Second one is grounded star – delta. It is used to completely 
isolate zero-sequence propagation. Therefore, the transmission protection 
relays that extract current features wouldn’t be affected by zero-sequence fault 



 

current from wind farm. It is applied in Lillgrund offshore wind farm and Horns 
Rev offshore wind farm [1]. 

Depending on size, there could also be multiple substations for power 
collection. Also, for many extremely large wind bases in Northwest region of 
China, there could be multiple wind farms located in different places and their 
power production is gathered in an even higher-level centralized collection 
substation. The voltage of this huge amount of wind power is further stepped 
up to EHV level and transferred to remote consumption centres in Eastern 
China [1][21].  This is common design in China and other countries with high 
electricity demand and revised distribution of energy resources and 
consumption centres, where large wind capacity and extremely high voltage 
transmission system are demanded to fulfil the task of long-distance 
transmission from regions with rich wind resources to consumption centres. 
Baicheng wind power base with 500 kV transmission and 220 kV wind 
collection networks is good example, whose topology is shown in Fig.2.1 [1]. 
Wind base is made of 9 wind farms and they are collected and stepped up to 
220kV in 11/220kV substation and finally further stepped up to 500 kV for 
long-distance transmission in two 500kV substations located in different places.  

In many European countries such as Germany and Denmark, there are 
rarely wind farms with extremely large size and EHV system transmission: the 
majority of wind power is integrated into the distribution or sub-transmission 
level. Even in one of the most centralized integration European cases, Spain, 
64% of wind power is integrated into transmission level from 220 to 400 kV 
while the majority part of the rest is into 110kV distribution level [1][10][20]. 
The size and voltage level are relatively small. The topology is relatively simple, 
the Horns Rev wind farm is used as an example in Fig.2.2. The voltage of wind 
power is stepped up to 33 kV by turbine transformers and centrally collected in 
a MV/HV collection system. Then, voltage is further stepped up to 150kV for 
connection to the power system. 

 

 
Fig. 2.1   The Baicheng wind power base topology [1] 

 



 

 
Fig. 2.2   The topology of Horns–Rev wind farm (“N” is the number of 

wind turbines) [10] 
 

The number of voltage levels varies in different wind farm integrations. For 
example, in Horns Rev wind farm, the voltage levels are 0.69, 33, 150 kV, there 
are two transformers between terminals and PCC. The effect of two 
transformers on the waveform should be considered [1]; For Nøjsomheds Odde 
wind farm, the voltage levels are 0.7, 10, 50, 132 kV, there are three 
transformers between the terminals of WTG and the connected transmission 
grid [1]. The effect of three transformers on voltage waveform should be 
considered; For Baicheng wind base, three substations are used to step up 
voltage to 500 kV, the effects of four transformers (turbine transformer, 
transformers in 66 kV, 220 kV, 500 kV substation) on voltage waveform should 
be considered [1]. 
 

2.3       Magnitude  

 
The magnitude of a voltage dip is quantified in several ways. The most practical 
way is extracting magnitude information from the plot of RMS voltage over time. 
This is applied in most power quality monitors [5]. Alternatives to the RMS 
value are the voltage waveform’s peak value or the magnitude of its 
fundamental component [5]. The voltage dips used in tests of DFIG low voltage 
ride through are mainly sinusoidal synthetic dips and the measured dips used 
in test are very close to sinusoidal waveform. Therefore, the value is nearly the 
same for the three ways. The half cycle window RMS waveform method is used 
to determine magnitude characteristic in this thesis. It is a popular choice in 
practice [5].   
      To be clear in terminologies, when voltage dip magnitude is quantified into 
a number, 70% voltage dip refers to the voltage dropping to 70% of nominal 
voltage. In other words, the residual voltage is 70%. For example, for 110 kV 
transmission line, a 70% voltage dip means voltage drops to 77 kV in RMS value 
rather than a drop of 77 kV in voltage [5]. Deep voltage dip refers to the voltage 
dip with low magnitude and shallow voltage dip refers to voltage dip with large 
magnitude. Of course, deeper voltage dip or in other words voltage dip with 
lower magnitude. They are associated with more severe impact. 
      The magnitude of a voltage dip is determined by the location of the 
measurement and the fault. A typical network is shown in Fig.2.3. If there is a 
transmission system fault in location 1, there would be a “global” severe voltage 
dip: customers B, C and D at the lower levels will experience severe voltage dips 



 

[5], and customer A would experience a less severe voltage dip due to the 
support of nearby generation.  If there is a distribution system fault in location 
2, customer A will experience only a shallow dip due to the support of 
generation in local substation and the large transformer impedance between 
the transmission and sub-transmission systems which limits the voltage drop 
[5]; on the other hand, customer B at the sub-transmission system, and lower 
voltage-level customers C and D fed by downstream substations, would 
experience a deep voltage dip. Similarly the fault at location 3 will cause a very 
deep dip for customer D and a deep dip for customer C, while due to voltage 
drop limitation by large transformer impedance location 2 will only experience 
a very shallow dip and upstream location A would hardly notice this event. A 
fault at location 4 will cause a severe dip to the customer C that connected to 
the same common point with it, and a shallower dip for customer D, with 
customers C, B, and A at higher voltage levels being affected increasingly little. 
Transformer impedance as well as line impedance is important for this.  A fault 
at location 5 similarly will cause a very deep voltage dip for customer D and a 
shallow voltage dip for C with the rest of the customers scarcely affected at all 
[5]. 

 

 
Fig. 2.3   Typical power system network [5] 

 
      The same analysis method could be applied in wind power integration topic. 
The Horn-Rev wind farm shown in Fig.2.2 is used for analysis. If there is an 
internal fault in one turbine or its turbine transformer, protection will 
disconnect that turbine’s branch. The rest of turbines will experience a shallow 
dip which could be neglected, whereas the turbine with the fault would not be 
expected to ride through its own fault. The PCC at high voltage side wouldn’t 
even notice it. If a fault occurs in in the collector network between the turbine 
transformer and MV/HV substation, a shallow voltage dip will occur at the 
terminals of WTGs on other branches. Still, the wind turbines of that branch 
are not expected to LVRT while the turbines on other branches will be expected 



 

to LVRT. Due to the transformer impedance of MV/HV substation, only a 
shallow dip will occur at the high voltage PCC, which could be neglected; If a 
fault happens in the substation,  then although the voltage dip at the PCC could 
be significant, the whole wind farm will be disconnected by protection rather 
than being expected to LVRT. If a fault occurs on the high voltage side of the 
collection system transformer, there would be a severe “global” voltage dip at 
both the PCC and the terminals of all the WTGs. Seen from a grid code point on 
view, voltage dips at lower voltage levels than the PCC are not considered, and 
only one condition is of concern in LVRT analysis: 
1) The fault in high voltage level grid connected at PCC. 
      For large scale wind power base mentioned in previous content, the topology 
is much more complicated, since there are multiple substations and wind farms. 
But the analysis of large-scale wind power base could be simplified and the 
same analysis method used in previous analysis could also be applied here. A 
typical large wind power base is shown in Fig.2.4 [21], consisting of four wind 
farms. The turbine transformers step up the voltage from 690 V to 35 kV, then 
the collection system transformer further steps this up to 230 kV. The power of 
the four wind farms is centralized in 230/525 kV centralized transformer 
located in location 7. The voltage is increased into EHV level and integrated into 
grid between D230 and D525. The four wind farms have the same topology, so 
they could be represented by one equivalent wind farm to simplify the analysis.  
      Still, internal faults in a wind farm, or faults between 35/230 kV substation 
and wind farm are neglected. The D525 is the connection point with EHV grid 
and is regarded PCC. LVRT code is defined at PCC. These faults in one branch 
of wind farm would only cause a shallow dip at PCC. the other three wind farms 
wouldn’t be affected at all and it is protection issue rather than LVRT for faulted 
turbine or wind farm; A fault in an outgoing line such C230-B230, B230-D230 
or A230-D230, or at a 35/230 kV or 35/230 kV substation, will cause a shallow 
voltage dip at PCC because the large transformer’s impedance will significantly 
limit the voltage drop. The wind farm in the faulted branch will be disconnected 
by protection. The rest of the wind farms will experience a shallow voltage dip 
and are expected to ride through; If there is a fault in the 230/525 kV 
centralized collection system, the protection will be activated and whole four 
wind farms will be disconnected, which is also not a LVRT problem, too.  But as 
seen Fig.2.1, usually there could be more than one EHV substation, if it is the 
case, the fault in one substation could also use LVRT problem for all connected 
wind farms. 

For faults in the 525 kV EHV transmission system, there will be a “global” 
severe voltage dip at D525, D230 and the terminals of the WTGs.  

Seen from PCC point of view, these fault conditions should be considered. 

1） The fault in high voltage level grid connected at PCC. 

2） EHV substation fault of multiple EHV substation. 
In thesis, only medium size wind farm case is considered. Knowledge could 

be extended to extreme large wind farm case with similar method. 



 

 
Fig. 2.4   Topological diagram of a typical large wind power base [21] 

      
      The classical voltage divider model shown in Fig. 2.5 is used to explain the 
factors that determine voltage dip magnitude in detail [5][19].  
 

 
Fig. 2.5   Voltage divider model [19] 

 
      For a typical medium size wind farm, if there is a fault in the high voltage 
system to which the wind farm is connected, the PCC of the wind farm will 

experience a deep voltage dip. 𝑍𝑆
⃗⃗⃗⃗  and 𝑍𝐹

⃗⃗ ⃗⃗  are the source impedance and fault 
impedance seen from PCC. The voltage at the PCC is calculated: 

 

𝑉𝑃𝐶𝐶 =
𝑍𝐹⃗⃗ ⃗⃗  ⃗

𝑍𝑆⃗⃗⃗⃗  ⃗+𝑍𝐹⃗⃗ ⃗⃗  ⃗
                                                       (2.1) 

 
      If the transmission fault is closer to the PCC, the fault impedance seen from 
the PCC will be lower. A deeper voltage dip will therefore occur at the PCC and 
further at the terminals of the wind turbine. Parameters of the overhead lines 
or cables of an integrated system will affect the fault impedance. For example, 



 

the smaller conductor cross section an overhead line has, the higher the fault 
impedance will be and shallower the voltage dips that will occur. Also, the 
stronger the connected grid is, or in other words, the larger short-circuit 
capacity the grid has, the shallower the voltage dip will be. Therefore, LVRT 
condition is better for the wind farm that is connected with a stronger grid and 
for the fault that is far away from the PCC.  
 

 
2.4       Unbalance 

 
ABC classification as shown Fig.2.6 of unbalance voltage dips are used [5][6]. 
𝐸1  is the complex pre-fault voltage of phase ‘a’ and 𝑉∗  is the faulted phase 
voltage or voltage difference between faulted phases [6]. Type A is the only 
balanced voltage dip in the seven dips, and Types B-G have different patterns 
of unbalance. 
 

 
Fig. 2.6   Seven types of voltage dips in ABC classification [6] 

 
      The Fig. 2.7 shows the effects of different transformer configurations on 
waveforms of voltage dip. Balanced voltage dips will not be affected. 
Unbalanced voltage dips will be transferred to other types of unbalanced dips 
when they propagate through the transformer. As shown is Fig.2.7, for all 
designs except YN – yn, the Type B and Type E could reach the secondary side 
of transformer due to the blocking of zero sequence. As discussed, there is at 
least one delta – star transformer between PCC and terminals. So they cannot 
reach the terminals of WTG anyway. What is not shown is Fig.2.7 are the 
changes of PAJ and POW by transformer winding configurations which 
demand further works.  
 
 



 

 
Fig. 2.7   The effect of transformer configuration when a voltage dip 

propagates from primary and secondary side of transformer [5] 
 
      The analysis model of unbalance of voltage dip is shown in Fig.2.8. It is 
assumed that there are only two transformers between the PCC and terminals. 
This is a typical wind farm design for wind farms from small to medium size 
with capacity lower than 200 MW [1]. A typical winding configuration is applied 
for turbine transformer. Two typical winding configurations for MV/HV 
collection system transformer are applied and their impacts will be compared 
in simulation later in Chapter 4. The integrated grid is assumed be strong grid, 
as discussed in last section, shallow dips caused by faults in lower level will be 
not considered.  
      The general model could be adjusted for the specific analysis according to 
the features of analysed objects. For example, as discussed there could be more 
than 2 transformers between PCC and WTG terminals. Then, the effect of more 
transformer winding configurations should be considered. Also, if there is a 
large-scale wind farm, more situations should be considered and there are 
different number of transformers between fault location and terminals in 
different situations that need to be analysed separately. But the principle of 
analysis is the same and will be shown in analysis of general model of Fig.2.8. 

 

 
Fig. 2.8   The analysis model of voltage dip of wind farm 

 
      For the following study, the wind farm integration model in Fig. 2.8 was 
used, with realistic winding configurations applied to the turbine and collection 
transformers. Tables I and II show the propagation of voltage dip waveform 
from PCC to terminals to two types of typical MV/HV collection system 



 

transformer winding configurations grounded star – grounded star and star-
delta respectively.  

 
TABLE I 

COLLECTION TRANSFORMER WITH GROUNDED WYE- GROUNDED 
WYE WINDING CONFIGURATION SCENARIO 

Fault type Dip at PCC Dip at MV level Dip at terminal 

3𝜙𝑁 Type A Type A Type A 

𝜙𝜙𝑁 Type E Type E Type F 

𝜙𝜙 Type C Type C Type D 

𝜙𝑁 Type B Type B Type C 

 
TABLE II 

THE COLLECTION TRANSFORMER WITH STAR – DELTA 
CONFIGURATION SCENARIO 

Fault type Dip at PCC Dip at MV level Dip at terminal 

3𝜙𝑁 Type A Type A Type A 

𝜙𝜙𝑁 Type E Type F Type G 

𝜙𝜙 Type C Type D Type C 

𝜙𝑁 Type B Type C Type D 

 
 

2.5       Phase Angle Jump  

 
Larger fault impedance will lead to larger magnitude. The fault that is far away 
from the PCC will cause less impact than the close one. For a fault in a 
transmission system, the magnitude of a voltage dip at the PCC is mainly 
determined by distance from the PCC to the fault. And there is no phase angle 
jump, because the fault and source impedance are both comprised by overhead 
lines and large-scale transformers, both of which have a similar property of high 
X/R ratio. But for the wind farm that is connected to a distribution system, or 
for an offshore wind farm, the situations are different. For faults in distribution 
systems and offshore wind farms, the source impedance is made by transformer 
and has large X/R ratio while fault impedance of distribution system fault is 
formed by cables and fault impedance of fault in offshore wind farm is made by 
submarine cables with much lower X/R ratio. The voltage dips in these 
conditions are associated with phase angle jump. This voltage dip characteristic 
is defined as voltage angle variation before and after the voltage dip [5][6]. 
      The ratio between fault and source impedance: 

 
𝑍𝐹⃗⃗ ⃗⃗  ⃗

𝑍𝑆⃗⃗⃗⃗  ⃗
= 𝜆𝑒𝑗𝜃                                                          (2.2) 

 
𝜃 is the angle ratio and λ is the magnitude ratio between fault and source 

impedance. 𝜃 is called impedance angle and is constant is any source/feeder 
combination [15]. Then phase angle jump can be quantified: 

 

∆φ =
𝜆𝑒𝑗𝜃

1+𝜆𝑒𝑗𝜃                                                        (2.3) 



 

In one system condition, normally the same type of line and cable are 
applied. Typical value of impedance angle for faults in transmission system is 
0°; [5] Typical value of impedance angle for distribution system is -20° and 
maximum values is -60° [5]; Minimum value of impedance angle for condition 
of offshore wind farm with submarine cable is -60° [10]. Then, for these typical 
impedance angle, the relation between magnitude and PAJ can be calculated. 
The result is shown in Fig.2.9. As shown in Fig. 2.9, The PAJ will be smaller for 
shallower dip and bigger for severe dip. And the relation between magnitude 
and PAJ is almost proportional.  
      Phase angle jump could be also caused by the propagation through 
transformer. If there is a Type E voltage dip caused by a two-phase to ground 
transmission fault without any PAJ, after the propagation through two star-
delta transformers, there would be Type G voltage dip with significant PAJs 
with opposed values in two phases at terminals of WTG. The changes of PAJs 
in three phases in voltage dip propagation from the terminals to PCC and 
related effects to wind turbines demand further works.   

 

 
Fig. 2.9   The relation between magnitude and phase angle jump of voltage 

dip, based on assumptions described in the text. The curves in black, blue and 
red refer to 0°, -20°, -60° impedance angle. 

 
      Two measured voltage dips by balanced and unbalanced voltage dip are 
shown in Fig.2.10 and Fig.2.11 respectively. Balanced dip is due to fault in 
distribution system which has large impedance angle. Unbalanced voltage dip 
is due to asymmetrical transmission fault. As shown, the PAJ values of three 
phases of balanced dip would be almost the same while the PAJ values could be 
different in different phases. And for unbalanced dip, the PAJ in one phase 
could be positive and could be negative in another phase. To be noticed in 
measured voltage dip measured shown in Fig.2.10, the recovery of voltage dip 
occurs in two stage rather one and the start and recovery are not instantaneous 
but slow. And there is slow drop during voltage dip. These characteristics will 
be further discussed in detail later. 

 



 

 
Fig. 2.10   The measured balanced voltage dip due to distribution system 

fault with significant PAJ [6] 
 

 

 
Fig. 2.11   The measured unbalanced voltage dip without PAJ [6] 

 
 

2.6      Point On Wave, Voltage Recovery Process and Load Effect 

 
Point on wave is very important additional characteristic of voltage dips. It 
refers to angle of fundamental component voltage wave corresponding to the 
moment voltage dip starts and recovery [5].  

The value of POW of initial is random. It could be any angle. But point on 
wave of recovery is within certain range. It corresponds the moment when fault 
is cleared by breaker in zero-crossing point of current. Obviously, the angle 
difference between voltage and current 𝜓 (so called fault current angle) during 
fault determines POWR. In one cycle, the zero-crossings of current occur twice 



 

in 𝜓 and 𝜓 + 180° [5]. The fault current angle is different for different types of 

faults. But there are general ranges for different conditions: 75 ° - 85 ° for 
transmission system faults, 45°- 60° for distribution fault. And the clearing of 
fault in different phases would be different, since zero-crossing of current will 
not happen at the same instant due to phase difference [5]. Voltage recovery 
could happen in one, two or three steps for different fault types. For example, 
Type A voltage dip at PCC caused by symmetrical faults in transmission system 
could firstly become Type E after breaker in one faulted phase clear the fault in 
that phase. Then, three-phase to ground fault becomes two-phase to ground 
fault. Then, Type E becomes Type B after another faulted phase is cleared. Then, 
finally the fault in last phase would be cleared. But to be noticed that the voltage 
waveform of recovery process at the terminals would be different due to 
propagation through transformers between PCC and terminals. [10] failed to 
consider it and applied recovery process Type A to E to B at the terminals in 
simulation test. The recovery process for the voltage dip waveform at the 
terminals could be Type A to F to C or Type A to G to D respectively for two 
transformer configuration scenarios listed in Table I and II. All possible 
clearing process is well described in shown in Fig.2.12: 

 

 
Fig. 2.12   The possibilities of voltage dip recovery patterns [10] 

 
There is usually very long distance between two sides of protection zero of 

transmission line protections. If there is a fault that located very close to one 
side and the transmission line protection could in that side could trip 
immediately while it takes a while for the other side to react and activate the 
breaker. It causes the two-stage recovery of voltage dip which is very common 
for voltage dips caused by transmission system faults. For some cases, the time 
interval between activation of breakers of two side of line is significantly long. 
There is an example shown in Fig.2.13, the time interval is nearly 5-6 cycles. 
Two-stage recovery characteristic is clearly shown.  

 



 

 
Fig. 2.13   The voltage dip with two-stage recovery characteristic [6] 

 
       The voltage dip records used in all LVRT papers are instantaneous but it is 
not feature of realistic voltage dips. An example is shown in Fig.2.14. Due to the 
combined load of the system, the fundamental voltage changes slightly during 
the fault. After the fault the voltage does not recover immediately, again due to 
load effects. Additionally, the voltage recovery may lead to widespread 
transformer saturation causing even-harmonic distortion in the voltages. Some 
examples will be shown later. The recovery of the voltage is not instantaneous 
due to the dynamic behavior of the load. Especially induction motor load takes 
a larger current after a fault than during normal operation. Also, transformers 
have been shown to lead to a similar phenomenon, with the difference that the 
postfault dip due to motor reacceleration is balanced whereas the postfault dip 
due to transformer saturation is unbalanced with a high level of (odd and even) 
harmonic distortion. As the recovery is balanced it is mainly due to the postfault 
inrush currents taken by rotating machines.  

    
Fig. 2.14   Measured voltage dip with load effect characteristic [6] 

 
  



 

Chapter 3    

Dynamic Behavior of DFIG under Voltage Dip 
 
In this chapter, the impacts of voltage dip characteristics are explained 
mathematically. In chapter 3.1, classical model is used to explain the steady 
state operation of DFIG, then the dynamic behavior of DFIG under three-phase 
voltage dip is explained. Further, based on theorical analysis of three-phase 
voltage dip impacts, symmetrical component method is applied to analysis the 
dynamic behaviors of DFIG under unbalance voltage dips. Further, the effect of 
load effect, two stage recovery, point on wave of initial (POWI) and point on 
wave of recovery (POWR) and PAJ are revealed based on the analysis theories 
of balanced and unbalanced voltage dips. 

 
3.1   General Model 

 
The classical model for analysis of induction generator in the stationary 
reference frame is used in this study [8]: 
 

                               𝑣𝑠⃗⃗  ⃗ = 𝑅𝑠𝑖𝑠⃗⃗ +
𝑑

𝑑𝑡
�⃗� 𝑠                                                   (3.1) 

                  𝑣𝑟⃗⃗  ⃗ = 𝑅𝑟𝑖𝑟⃗⃗  +
𝑑

𝑑𝑡
�⃗� 𝑟 − 𝑗(𝜔𝑠 − 𝜔𝑟)𝜑𝑟                                    (3.2) 

                               �⃗� 𝑠 = 𝐿𝑠𝑖𝑠⃗⃗ + 𝐿𝑚𝑖𝑟⃗⃗                                                     (3.3) 
                               �⃗� 𝑟 = 𝐿𝑟𝑖𝑟⃗⃗  + 𝐿𝑚𝑖𝑠⃗⃗                                                   (3.4) 

 
Based on classical model, the expression of rotor voltage is obtained in 

equation (3.5) [8]. Rotor voltage of DFIG is mainly consists of two components, 
one induced by stator flux and another by rotor current: 

 

𝑣𝑟⃗⃗  ⃗ = 𝑅𝑟𝑖 𝑟 +
𝑑

𝑑𝑡
[(𝐿𝑟 −

𝐿𝑚
2

𝐿𝑠
) 𝑖𝑟⃗⃗  +

𝐿𝑚

𝐿𝑠
�⃗� 𝑠] 

                             −𝑗(𝜔𝑠 − 𝜔𝑟) [(𝐿𝑟 −
𝐿𝑚
2

𝐿𝑠
) 𝑖𝑟⃗⃗  +

𝐿𝑚

𝐿𝑠
�⃗� 𝑠]                                (3.5) 

 
Rotor circuit impedance 𝑅𝑟 is very small. It means, the rotor voltage 𝑣𝑟⃗⃗  ⃗ is 

mainly induced by stator flux: 
 

                                  𝑣𝑟⃗⃗  ⃗ ≈ 𝑗
𝐿𝑚

𝐿𝑠
𝑠𝜔𝑠�⃗� 𝑠                                                  (3.6) 

 
where s refers to slip. It’s small and its range is about ±20%. Therefore, rotor 
voltage is small during normal operation. The rotor converter is designed to 
handle just a part of the power of the wind turbine generator (about 25%-35%) 
[8].  

 

3.2  Balanced Voltage Dip 

 
In steady state, the amplitude of stator flux is proportional to stator voltage. The 
stator of directly connected with external grid. When voltage dip occurs, stator 



 

voltage will drop immediately while stator flux as state variable will induce a 
transient component to keep its variation continuous. This transient 
component is called natural flux. Its initial amplitude is proportional with the 
depth of voltage dip and it will be decaying in dynamic process. As known from 
equation (3.6), stator flux will induce a rotor voltage. So rotor voltage under 
voltage dip is made of transient and steady-state components of stator flux 
respectively: 
 

𝑣𝑟⃗⃗  ⃗ ≈
𝐿𝑚

𝐿𝑠
(𝑠𝑉𝑠𝑒

𝑗𝜔𝑡 − (1 − 𝑠)(1 − 𝑝) ∙ 𝑉𝑠 ∙ 𝑒−𝑗𝜔𝑟𝑡𝑒
−

𝑡

𝛤𝑠)                          (3.7) 

 

      As shown in equation 3.7, steady-state component of rotor voltage is 
proportional to depth of voltage dip and slip. It’s small in transient. And 
transient component is proportional to (1-s) and depth of voltage dip. Since slip 
is small, (1-s) is relatively big. Therefore, transient component is the main 
component of rotor voltage during transient when severe voltage dip occurs. 
Deeper voltage drops, larger transient component becomes. And larger rotor 
voltage overshoot will be.  

 

 
Fig. 3.1   The rotor circuit diagram [8] 

 
      As mentioned, the rotor converter can only withstand 25%-35% power flow 
due to small size and its control capacity is limited. As shown in equivalent 

circuit in Fig.3.1, if there is big induced rotor voltage 𝑣𝑟⃗⃗  ⃗
𝑟
 that occur under severe 

voltage dip, the rotor converter could not be able to generate corresponding 

level of terminal voltage 𝑣𝑟0⃗⃗⃗⃗⃗⃗ 
𝑟
 to control the rotor current 𝐼𝑟⃗⃗  

𝑟
. Since impedance 

of rotor circuit is relatively small, there will an overshoot in rotor current after 
converter loses control of current [8]. Under voltage dip, the power output 
capacity of grid side generator decreases proportionally. Excessive energy 
caused by the power flow imbalance of grid and generator side energize the DC 
link. There will also be an significant overshoot in DC link will increase 
dynamically if there is no LVRT control design such as crowbar. The overshoot 
in rotor current and DC link of converter will threat the safety of DFIG and the 
machine would be broken if they over the limits. The enhancement of tolerating 
capacity of DFIG during voltage dips are of concern in LVRT researches. So, 
these two parameters are selected as indexes to evaluate the impact of voltage 
dips on DFIG.  
 
 

 



 

3.3 Unbalanced Voltage Dip 

 
Unbalanced voltage dips happen more frequently than balanced dips. The 
symmetrical component method is widely used for analysis. Three-phase 
voltage is transferred to positive, negative and zero sequence components. The 
zero- sequence component doesn’t contribute to stator flux. Stator flux is made 
of two components corresponding to positive (3.8) and negative (3.9) 
sequences of stator voltage that rotates in reverse direction [8]: 
 

                                         𝜓𝑠1
⃗⃗ ⃗⃗ ⃗⃗  =

𝑉1⃗⃗⃗⃗ 

𝑗𝜔𝑠
                                                          (3.8) 

   𝜓𝑠2
⃗⃗ ⃗⃗ ⃗⃗  =

𝑉2⃗⃗⃗⃗ 

−𝑗𝜔𝑠
                                                        (3.9) 

  
      The vector sum of positive and negative sequence determines the transient 
component of stator flux due to its continuous nature. The so-called natural flux 
is calculated [9]: 

 

      𝜓𝑠𝑛
⃗⃗ ⃗⃗ ⃗⃗  (𝑡0

+) = 𝜓𝑠𝑛
⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝑒

−
𝑡

𝛤𝑠 = [
𝑉𝑠⃗⃗  ⃗−𝑉1⃗⃗⃗⃗ 

𝑗𝑤𝑠
∙ 𝑒𝑗𝜔𝑠𝑡 +

𝑉2⃗⃗⃗⃗ 

𝑗𝜔𝑠
∙ 𝑒−𝑗𝜔𝑠𝑡] ∙ 𝑒

−
𝑡

𝛤𝑠         (3.10) 

 
      It’s shown in equation 3.10 that the moment when voltage dip occurs will 
affect the vector sum of positive and negative stator flux components. If they 
align in same direction the sum will be maximum, and natural flux will be 
minimum instead. The point on wave of initiation is the angle corresponding to 
that moment. It obviously will affect unbalanced dips.   

The rotor voltage component induced by the negative component of stator 
flux is also important [4]: 

 

                          𝑣𝑟2
𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = −𝑉2 ∙

𝐿𝑚

𝐿𝑠
∙ (𝑠 − 2) ∙ 𝑒−𝑗(2−𝑠)𝜔𝑠𝑡                                        (3.11) 

 
This component rotates at twice the synchronous frequency. It also affects 

the transient behaviour of the DFIG. For example, an unbalanced dip will cause 
more fluctuation in the DC link.  

 

3.4   Phase Angle Jump 

 
PAJ is the voltage angle difference before and after a voltage dip. The vector 
analysis result for the PAJ with a balanced fault is shown in Fig. 3.2.  The 
relation between PAJ and natural flux for a 50% voltage dip is calculated by 
code based on equations below and shown in Fig. 3.3. It is revealed in these two 
diagrams that due to the PAJ, the magnitude of the natural flux increases. The 
natural flux nearly doubles for a voltage dip with -60º PAJ, in comparison with 
a voltage dip of the same magnitude without PAJ. The impact is significant. 
 



 

 
Fig. 3.2   Vector diagram of stator flux and rotor voltage variation with PAJ 

during a balanced voltage dip (s <0) [22] 
 

 
Fig. 3.3   The relation of PAJ and natural flux for a 50% voltage dip 

 
An unbalanced dip will change both the positive and negative sequence 

angle and magnitude. For larger PAJ, positive sequence becomes smaller while 
the natural flux and negative sequence flux become larger [14]. This will make 
LVRT more difficult. The worst-case POW for LVRT varies with different PAJ 
[14][22]. 

 

3.5  The Impact of Load Effect  

 
All current research works in LVRT of WTG use instantaneous voltage dips, 
such that the voltage drops to steady-state magnitude without any time delay. 
      It can be seen in measured records, such as the one shown in Fig. 2.14, that 
the start and each recovery stage of a voltage dip are not instantaneous changes 
to steady-state magnitude, due to dynamic behaviour of load [5]. The load effect 
could be significant if there is a large number of rotating machines in power 
system. As explained above, natural flux is induced during a disruption of 
steady state, and acts to keep stator flux variation continuous, meaning that it 
is proportional to the transient variation range of voltage magnitude. Due to 
load effect, voltage drops not instantaneously but relatively slowly to a steady 
state magnitude. It will cause less voltage drop at the moment of the event that 
causes the dip, and the maximum natural flux will decrease because there is less 
sudden variation of voltage. The transient will be less severe if load effect is 
considerable. Therefore, for the power system with more rotating machines, the 
LVRT situation is better.  

 



 

3.6  Point On Wave of Recovery and Voltage Recovery Process  

 
Current works apply voltage dips in which the three phases recover at the same 
instant. In reality, due to the different timing of zero-crossings in the phases, 
different phases recover at different times. Based on the assumption of current 
works, larger natural flux would be required to keep the continuity of stator flux 
in voltage recovery, then larger overshoots in rotor current and DC link voltage 
will occur [10].  The same thought could be applied to analyse the effect of two-
stage recovery characteristic of voltage dip, if voltage recovery in two stages, the 
each stage, the voltage variation would be less than the voltage variation of 
voltage dip with single stage recovery. Then there will be less transient flux to 
be induced to keep stator flux variation continuous. As consequence, less 
transient response will occur in the DFIG.  
      The impact of POW of recovery shares the same principles with POW of 
initiation. POWR will affect the sum of positive and negative sequences of 
voltage and further affect the amplitude of natural flux. Then, the transient 
response of the DFIG will be affected.  
 



 

Chapter 4    Simulation Test 
 
Simulations are used in this chapter to study the effects of different 
characteristics of voltage dips on DFIG dynamic behavior. The three principles 
of classic experimental method are considered [23]: 
- Control of background variables. 
- Invention of target variables. 
- Observation of results of changing the target variables. 

A typical DFIG wind turbine model is built in MATLAB/SIMULINK 
environment.  It will equivalently represent the LVRT behavior of wind farm in 
transient study [1]. Synthetic and measured voltage dips were applied in tests. 
Synthetic voltage dip records were generated either by MATLAB code or by 
separate power system model created in Simulink. Measured voltage dip 
records were measured by power quality meters and provided by Luleå 
University of Technology. They are both saved in MATLAB files. 

The voltage dip records were imported from MATLAB files and imposed at 
the terminals of the WTG rather than PCC, by a programmable voltage source 
in the Simulink model. The DC link voltage and rotor current of DFIG were 
recorded as indexes to quantify the impacts of voltage dips. 

When studying a particular characteristic of a voltage dip, one group of 
voltage dips with different levels of this characteristic are applied at the 
terminals of DFIG while the other characteristics are kept the same. The results 
of this group of tests are compared to reveal the impact of the tested 
characteristic. 

There are other many popular choices in the design of simulation test for 
this type of study. Reasons are provided to justify the method choice.  

First, for wind farm studies, the wind farm could be modeled as a detailed 
model, or an aggregated model as is done in this thesis. A detailed model 
includes all individual turbines, system parameters and control systems. It has 
better external validity but is very bad in the aspect of simplicity and 
transparency. This type of model is commonly used by wind farm developers 
and operators but not for the analysis of the impacts on wind farms of 
characteristics of voltage dips [1]. It would take an unreasonable amount of time 
for the simulations. This work will conduct a large amount of simulation tests 
and it would be nearly impossible to deliver the job if detail model is used. For 
aggregated model, all wind turbines in wind farm are combined into one 
equivalent single-machine model. It is studied in [1] that when there is a short 
circuit fault in the power system the WTGs in a wind farm will response 
coherently and mutual interaction of wind turbines can be neglected. Therefore, 
aggregated model is used in power system stability study in wind farm 
integration issue and LVRT study of wind farm [1].  For these reasons an 
aggerated model is applied in this work and the wind farm is represented by an 
equivalent single turbine.  

Second, voltage dip tests could be conducted by applying voltage dip records 
at PCC or WTG terminals, or applying fault in location between PCC and WTG 
terminals. If voltage dips records are imposed at PCC or created by faults in 
power system of testing model, it will be very hard to control background 
variables, because when power system dynamic behavior, voltage 
compensation devices, load effect and other factors of power system are 
included in model, the control of one studied characteristic of voltage dips could 



 

cause unwanted changes of other characteristics of the voltage dip at the 
terminals of WTGs. For example, if fault is used for voltage dip generation and 
fault impedance is increased to control increase magnitude of voltage dip, not 
only magnitude but also phase angle jump wiall be changed. One cannot draw 
the conclusion that it’s the particular studied characteristic that causes the 
differences in results. Alternative explanations could exist. And also, if the 
faults are applied between PCC and terminals of wind farm for voltage dip 
producing. It is rather a protection issue than a LVRT issue. In this work, the 
waveforms are created in separate power system models or codes and applied 
at the terminals of WTG through programmable voltage source. Characteristics 
could be controlled accurately and the background variables could be controlled 
to the same to eliminate the possible alternative explanation of results. Another 
advantage for this method is that if the dynamic behavior of wind farm under 
many other power system environments are of interested, the matters of 
adjusting wind turbine model parameters in order to make it run steadily and 
fit external system doesn’t exist. We just created dip records in different power 
system model and apply these records at terminals of WTG.  

 

4.1    The Impact of Magnitude  

 
Three balanced voltage dips with 20%, 50% and 80% magnitudes are imposed 
at the terminals of WTG. The DC-link voltage and rotor current during balanced 
dips with different magnitudes are shown in Fig. 4.1 and Fig. 4.2 respectively. 
It’s seen that lower voltage dip magnitude results in larger overshoot in DC-link 
voltage and rotor current. When the voltage dip comes below a certain limit, the 
induced rotor voltage overshoot which is mainly caused by natural flux reaches 
a certain high level at which the back to back converter of the rotor circuit 
cannot generate corresponding voltage to control the current. Then, the rotor 
current as well as the DC link lose control. As shown in simulation results, the 
overshoots in DC link and rotor current are much higher for a 20% voltage dip 
than for a 50% voltage dip. After the peaks, rotor current overshoots are 
damped quickly and the fluctuation of the DC-link voltage is small.  

 
Fig. 4.1   DC-link voltages during 20%, 50%, 80% balanced voltage dips  

 



 

 
Fig. 4.2   Rotor current overshoot during 20%, 50%, 80% balanced voltage 

dips  

 
4.2    The Impact of POWI 

 
50% balanced voltage dips with 0º, 30º, 60º and 90º POWI are imposed at the 
terminal of WTG. Other characteristics are the same for four voltage dips. And 
the results of DC link overshoots are shown in Fig.4.3. The overshoot peak 
values and waveform patterns are the same for all cases. Therefore, for a 
balanced voltage dip, the POWI characteristic has no effect on the transient 
behavior of the DFIG.  
 

 
Fig. 4.3   DC link during 50% balanced voltage dips with different POWIs 

 
      Three Type C voltage dips with different POWIs are imposed at the terminal 
of WTG and the results are shown in Fig.4.4.  For unbalanced dips, POWIs have 



 

clear impacts on the DFIG. An unbalanced Type C voltage dip with 0º POW has 

similar impact to the one with 180º POWI,  but worse impact than the one with 

90º POWI.  In contrast to balanced dips, the overshoot in the DC link doesn’t 
decay quickly after a unbalanced voltage dip. The fluctuation in the DC link is 
due to the effect of the rotor voltage component that is induced by the negative 
sequence component of stator flux.   
 

   
Fig. 4.4   DC link overshoot for Type C unbalanced voltage dips with 

different POWIs 
 

 

4.3    The Impact of Phase Angle Jump 

 
The relation between magnitude and PAJ is shown in Fig.2.9 Based on this 
relation, for 50% balanced voltage dips, there are 0º, -10º, -34º PAJs associated 
with voltage dips for three mentioned different conditions. 

Three 50% Type A balance voltage dips with 0º, -10º, -34º PAJs are applied 
at the terminal of WTG. The waveforms, angle and RMS value diagrams are 
shown in Fig.4.5, Fig.4.6 and Fig.4.7 respectively. The DC link overshoots 
corresponding to these three voltage dips are shown in Fig.4.8. As shown, the 
impact of PAJ is significant. The overshoot of DC link voltage for voltage dip 
with -34º PAJ is nearly three time bigger than the one caused by voltage dip 
without PAJ. And the DC link overshoot with a voltage dip having -10º PAJ is 
much higher than the one without PAJ. A similar situation can be seen in rotor 
current results shown in Fig.4.9. It is obvious that for a wind farm that is 
connected with the distribution system, the LVRT condition is much worse than 
the wind farm that is connected to the transmission system due to larger PAJ. 
And similarly, the offshore wind farm has the worst condition for LVRT.  

 



 

 
Fig. 4.5   The waveform, RMS and angle diagrams of 50% balanced voltage 

dip with 0º PAJ 
 
 

 
Fig. 4.6   The waveform, RMS and angle diagrams of 50% balanced voltage 

dip with -10º PAJ 
 



 

 
Fig. 4.7   The waveform, RMS and angle diagrams of 50% balanced voltage 

dip with -34º PAJ 
 
 

 
 

Fig. 4.8    DC link voltage under 50% balanced voltage dip with 0º, -10º, -
34 PAJs  

 



 

 
Fig. 4.9    Rotor current during 50% balanced voltage dips with different levels 

of PAJs 

 
4.4    The Impact of Transformer Configuration 

 
As shown in Tables I and II, a balanced voltage dip wouldn’t be changed by 
propagation through a transformer. An unbalanced voltage dip can be changed 
by transformers between PCC and terminal of WTG. For each of two typical 
collection system transformer scenarios, there are three types of unbalanced 
dips caused by three types of asymmetrical faults. 
      The impacts of the collection system transformer configuration design and 
three phase unbalance characteristics of voltage dips on LVRT capacity of DFIG 
were tested by unbalanced voltage dips created by code. Type B, E and C dips 
at PCC were created by single-phase, two-phase to ground, and phase to phase 
faults, all with the same magnitude, duration and zero PAJ. To control 
unrelated characteristics, the POWs of voltage dips at the WTG terminal in two 
scenarios are controlled to the same by changing the initial angle of the voltage 
source. The effect of different configurations of the collection system 
transformer and turbine transformer are calculated to generate the voltage 
waveform at the WTG terminals. Two collection system transformer 
configurations are applied and two scenarios are created.  

The DFIG rotor converter DC link transient overshoot comparisons of two 
scenarios are shown in Fig. 4.10, Fig. 4.11 and Fig. 4.12.  The phase-to-phase 
fault caused the worst impact, and the single-phase fault caused least impact. 
Dynamic variation of the DC link voltage was similar for both transformer 
winding configurations, but double grounded-star configuration causes a worse 
situation especially for the two-phase to ground fault. Stricter voltage dip 
waveform requirements need to be set if the collection system transformer is 
grounded star – grounded star connected. 

 



 

 
Fig. 4.10   DC link voltage in two scenarios when there is a two-phase to 

ground fault at the PCC 
 
 

 
Fig. 4.11   DC link voltage in two scenarios when there is a single-phase fault 

at the PCC   
 



 

 
Fig. 4.12   DC link voltage in two scenarios when there is a phase-phase fault 

at the PCC   
 

4.5  The Impact of Load Effect and Two-Stage Recovery 

 
The measured balanced voltage dip with significant load effect characteristic is 
selected and its other characteristics are extracted. And then a synthetic voltage 
dip is created by code based on the characteristics of this measured record but 
it is instantaneous without being influenced by load effect. Other characteristics 
of this synthetic voltage dip are the same as for the measured dip. The voltage 
waveform and RMS waveform of the synthetic and measured voltage dips are 
shown in Fig.4.13 and Fig.4.14 respectively. Both of them are imposed at the 
terminals of the DFIG. The results of DC link voltage overshoots of the synthetic 
and measured dips are shown in Fig. 4.15 and Fig.4.16 respectively. The 
measured dip with load effect characteristic shows a significantly lower 
overshoot (about 1.03 pu) than the synthetic voltage dip without this 
characteristic (about 1.05 pu). The slow dropping caused by load effect leads to 
less natural flux induced in the transient, and less severe transient response of 
the DFIG is caused.  

For the power system in which a wind farm is integrated, if there are a large 
number of rotating machines connected with the grid, the low voltage ride 
through condition could be better. 

Similar phenomenon shows at the recovery stage of voltage dip. Two 
synthetic voltage dips are created to be used for the tests of DFIG.  The first one, 
shown in Fig. 4.17, is 50% voltage dip with single-stage recovery. The second 
one, shown in Fig.4.18, is 50% with two-stage recovery. For the second one, 
shown in, voltage first recovers from 50% to 60% and then recovers fully. As 
shown in these two results in Fig.4.5.7 and Fig.4.5.8 respectively, the peak of 
voltage dip with a two-stage recovery characteristic is less than the one with a 
single-stage recovery. Also, the peak value doesn’t occur at the moment when 
voltage recovers in the first stage, but in the second stage. This is because the 
amount of voltage variation in the second stage recovery is larger than the 
variation in the first stage.  



 

For a voltage dip with two-stage recovery characteristic, which is very 
common for transmission system faults, the induced transient natural flux to 
keep stator flux variation continuous would be less than for the one with single-
stage recovery. Then the transient response of the DFIG would be less severe. 
It could also be less severe if difference between the first stage and second stage 
would be smaller, because the maximum transient voltage variation of these 
two stages will be smaller, so is the natural flux. We can easily realize that the 
minimum natural flux condition is when recovery range of voltages in two 
stages are even. For example, 50% voltage dip firstly recovers to 75% then fully 
recovers in the second stage recovery. 

 

 
Fig. 4.13   The RMS waveform and voltage waveform of a synthetic dip without 

load effect characteristic (top: RMS value, bottom: voltage) 
 

 
Fig. 4.14   The RMS waveform and voltage waveform of measured dip with 

significant load effect characteristic (top: RMS value, bottom: voltage) 



 

 

 
Fig. 4.15   DC link of a DFIG under a synthetic voltage dip without load effect 

characteristic 
 
 

 
Fig. 4.16   DC link of DFIG under a measured voltage dip with load effect 

characteristic 
 



 

 
Fig. 4.17   The RMS waveform, angle, voltage of voltage dips that recover in a 

single stage (top and right: angle, top and left: RMS, bottom: voltage) 
 

 
Fig. 4.18   The RMS waveform, angle, voltage of voltage dip that recover in 

single stage (top and right: angle, top and left: RMS, bottom: voltage) 
 
 



 

 
Fig. 4.19   DC link voltage under voltage dip with single-stage recovery 

 
 

 
Fig. 4.20   DC link voltage under a voltage dip with two stage recovery    

 
 

4.6  The Impact of Voltage Recovery Process and POWR 

 
Two synthetic voltage dips are created to test the impact of the voltage recovery 
process. The first one, shown in Fig.4.21, is a 50% balanced voltage dip that has 
three phases recovery at same instant. The second one, in Fig.4.22, is a 50% 
balanced voltage dip that has three phase recovery in three steps, happening at 
the different zero-crossing moments of fault current of different phases. The 



 

second one also considers the effect of the transformers on POWR and three 
phase unbalance of voltage dip which are neglected in the test designs in [10].  

 
Fig. 4.21   The 50% balanced voltage dip that has all three phases recovering at 

the same instant 

 
Fig. 4.22   The 50% balanced voltage dip that recovers in three steps 

 
      The results of DC link overshoot are shown in Fig.4.23 and Fig.4.24. The 
overshoot for the one with three-step recovery causes about 1.03 pu overshoot 
in the DC link voltage while the one with simultaneous three phase voltage 
recovery causes 1.08 pu overshoot in the DC link voltage. 

 It is clear that multiple step recovery characteristic in reality will cause 
much less impact on DFIG than the single step recovery characteristic applied 
in LVRT works. 
 



 

 
Fig. 4.23   DC link voltage under voltage dip that recovers in one step 

 
 

 
Fig. 4.24   DC link voltage under three phase voltages recovery in three steps 

 
      The 50% voltage dips with different POWR are created for test. Four typical 
values of POWR for transmission and distribution faults are selected. All non- 
related characteristics are kept the same. In the model used to create the voltage 
dips, 50% balanced voltage dip with 85º, 75º, 60º, 45º POWR are created by 
three phase balanced faults at the PCC. The effects of Yg – D1 MV/HV collection 
system transformer and D11 – Yg on POWR and three-phase unbalance are 
considered in modelling. POWR will decrease 60º comparing to angle of voltage 
at PCC. [10] delivered tests in the same spirit, but it fails to consider the effects 
of transformers on waveform unbalance and POWs: the voltage dip waveforms 
of PCC are applied at the DFIG terminals in tests. (Voltage recovery pattern: 
Type A to Type E to Type B in [10] testing design) However, as seen from results 
shown in Fig.25, the conclusions are the same with [10] in POWR aspect: Lower 
POWR causes higher overshoot in the DC link. The voltage recovery impact is 
more severe for a distribution fault than for a transmission fault. But in some 
specific power systems, different conclusion may be drawn in tests for certain 



 

circumstances when there is very large voltage angle difference between PCC 
and terminals due to lag/lead characteristics of transformers between 
propagation path of voltage dips.  
 

 
Fig. 4.25   DC link voltage under voltage dips with different POW of recovery     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Chapter 5     Conclusion and Future Works 
 

5.1     The Conclusion  

 
This thesis has studied the impact of voltage dips on DFIG based WTG. The 
works to date on LVRT are critically reviewed, and knowledge gap is pointed 
out. Then, based on realistic wind farm and integrated power system topologies 
and transformer configurations, the characteristics of voltage dips at the PCC 
and WTG terminals are analyzed based on classical voltage dip knowledge in 
the power quality field. Voltage dips measured in real industry environments 
have been used in the demonstration to explain the characteristics of realistic 
voltage dip in wind farm. The analysis theory of dynamic behavior of DFIG 
under voltage dips is described and further applied to explain the principles of 
the impacts of various voltage dip characteristics. Finally, simulation tests are 
designed with justified testing method. The results of simulation tests 
successfully verify the theorical analysis. And the conclusions are drawn: 
1) Magnitude is the major characteristic of a voltage dip: if the magnitude is 

lower than a certain level, the rotor current and DC link voltage of DFIG 
would lose control, and overshoot of these parameters could damage the 
machine. Only faults at high voltage level are considered for LVRT research. 
The fault at lower level network only cause shallow dip that could be 
neglected. 

2) Phase angle jump is a very important characteristic of voltage dip but is 
widely neglected. It could increase the natural flux and negative sequence 
flux component, resulting in a more severe transient response of the DFIG. 
A wind farm connected to a distribution system and offshore wind farm has 
large PAJ while transmission system fault will be cause voltage dip with 
nearly no PAJ at PCC of connected wind farm. The LVRT conditions are 
much worse for the first two situations. 

3) Point on wave of initial could only affect the impact of an unbalanced voltage 
dip. It can determine the amplitude of natural flux by determining the sum 
of positive and negative sequence of stator flux. But It has no impact for a 
balanced dip.  

4) Point of wave of recovery is determined by transformer lag/lead parameters 
and fault current angle, which is determined by where in the power system 
the fault is located. For typical transformer designs, the lower POWR will 
lead to more severe transient response. This means that a wind farm that is 
connected to the distribution system would have worse LVRT condition 
than one that is connected to the transmission system. 

5) For multiple-phase fault, voltage recovery could in reality happen in 
multiple steps, rather than in the one step that is shown in testing 
waveforms of current works. Multiple-step recovery will cause smaller 
impact than single-step recovery.  

6) Load effect and two-stage recovery characteristics will lead to less impact, 
because less natural flux is induced in the transient. Therefore, for 
transmission faults with two stage recovery and connected power system 
with a large number of rotating machines, the impact of voltage dip could 
be less severe.  



 

7) Seen from 2), 4) and 6), the LVRT condition is much worse for wind farm 
that is connected to distribution system than to transmission system. 
 

      These Conclusions could be used as checklist for LVRT related works.  
      There are much industry and academic works that the content of this thesis 
could contribute. Since the impacts of these widely neglected voltage dip 
characteristics are revealed in simulations and theory analysis. Further works 
could apply the knowledge and create voltage dip waveforms with consideration 
of the impacts of these characteristics and develop their LVRT methods. It will 
make these future works more practical and have better application possibility 
and valuable. In particularly, PAJ is very important characteristics and the 
mitigation of its significant impact should be concerned in LVRT method 
development. Also, grid code could include important characteristics such PAJ. 
Also, as mentioned that distribution system connected wind farm will have 
much worse LVRT condition than transmission system connection condition. 
And different transformer configurations of transformer between PCC and 
wind farm could also make differences in voltage dip waveform characteristics 
of turbine terminals and its dynamic respond. So, a unified grid code for all 
wind farm could be not suitable and different codes for different conditions 
could be necessary and help making better LVRT performance of wind farms. 
 

5.2     The Future Works  

 
      In future works, 
- more characteristics of voltage dip should be studied. For example, voltage 

dip by other origins (transformer energizing).  
- More LVRT solutions should be provided to deal with the impact of 

neglected characteristics of voltage dip especially phase angle jump.  
- The impacts of other power system disturbances should be studied such as 

voltage swell and transients.  
- For this thesis, only machine tolerance aspect is studied. It is important. But 

more aspects should be included and well studied. For example, harmonic 
emission, active and reactive power control, mechanical stress and so on. 
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