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 As the contribution from renewable energy sources increase, the power quality degradation 
has become a challenge for the power system operator. There are major two factors causing 
power quality deterioration. First is the current harmonic generation by the power 
electronic converters used in renewable energy sources, and second is the magnification of 
harmonic voltage due to harmonic resonance condition educed by power factor correction 
capacitors. The motivation behind this work is power quality related problems, observed 
recently in the field. To analyze the problem a comprehensive approach is adopted. A 
practical wind farm configuration is considered for study. Using an eigenvalue analysis 
method, critical resonance modes are determined for different value of capacitor connected 
to different buses. To check the effect of change in network parameter on eigenvalue, the 
sensitivity analysis is carried out and how resonant point is varied with the capacitor value 
and connection point is discussed by simulating different cases. The results are useful in 
determining the filter value and location for maximizing its effectiveness in curbing the 
harmonic problems.     
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1. Introduction 

In the recent years, several problems of Wind Generator tripping 
due to over-voltage is observed. When the problems were 
investigated, it is found that the harmonic current, generated by 
the wind generator converter, produces high voltage due to 
harmonic resonance. Also, several incidences have been reported 
of converter tripping due to over-voltage caused by the harmonics. 
This is the prime reason of carrying out this work to know the 
exact problem and finally find the applicable solution. In the event 
of harmonic resonance, the harmonic impedance becomes very 
high four harmonics of frequencies near to resonance point and 
theoretically become infinite at the resonance frequency. Under 
the resonance condition, even a small amount of harmonic current 
is enough to produce high harmonic voltage drop, which is 
ultimately resulting in overall voltage distortion.   

There are various methods to analyze the harmonic problem. 
Generally, the frequency scan method used to locate the harmonic 
resonance point. Though, it is simple and easy to use, but it does 
not give information about the participation of different network 
components and also how the resonant point is affected by 
changes in the value of the components.  

To analyze the problem, several techniques were investigated. 
Finally, based on the ease of use and potential of in-depth analysis, 
the modal analysis is adopted for analyzing the problem in this 
work. 

In conventional power generation, harmonics is virtually not 
generated by the generators. Also, the resonance condition does 
not prevail on the generator bus because of absence of shunt 
capacitors. But, both of these are present in the Wind Farm. It may 
impact significantly, if the resonance point coincides with the one 
of the frequencies of generating harmonic currents. 

Harmonic Resonance can become complicated, because of  
complex network configuration and presence of multiple harmonic 
sources in the network. A power system network contains many 
inductive, capacitive and resistive elements. An interaction among 
inductive and capacitive elements leads to oscillations. The period 
of oscillation depends on the resistive component. Phenomena. 
Though, the resistive elements cause the loss of power, but they 
also act as a damping element, which reduces the harmonic 
magnitude exponentially and supports the harmonic stability. The 
exchange of energy between capacitive and inductive elements 
appears as an oscillations, the frequency of oscillation depends on 
the value of participating capacitor and inductor value. Such The 
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The network is characterized by the critical frequency known as 
resonance frequency. If such a network is excited by the source 
having resonance frequency, will lead to a sustained oscillation.  

Traditionally, the frequency scan analysis is a primary tool to find 
out the resonance in the system, but this technique lacks of follow 
information. 

1. Which combination of L & C are involved in the resonance? 
2. How many modes are participating in a given resonance? 
3. What is the sensitivity of a resonance w.r.t different network 

element/component? 
4. The effect of resonance on different buses of the network? 
5. Which is the most effective way to avoid the harmonic 

resonance? 
 

To answer these questions, a survey has been made and suitable 
analysis is selected, which is presented in this work. 
 
All wind parks are unique in characteristics. They all have 
resonance frequencies that are dependent on various factors like 
grid topology, connected generators, and reactive power 
equipment used. Furthermore, the impedance and the resonance 
points of Wind Park changes with the change in number of turbine 
and capacitor or filter banks in operation.  

The connecting cable has also a predominant effect on the 
resonance frequency. The internal cable connections in a Wind 
Park connect the turbine of the wind park, whereas the 
transmission cable connects the wind park to the nearby substation 
[1]. The total length of the cable varies from a few kilometers to 
few tens of kilometers. The length of cable, and hence the cable 
capacitance plays an important role in harmonic resonance. 

Capacitor banks and reactors presence also increases the 
possibility of resonance in the wind power plant. Several 
capacitors are connected in the form of bank to improve the power 
factor and reduce the reactive power absorption from grid [2]. The 
capacitor bank at the PCC level is also used to support the voltage 
in abnormal conditions.  There may be shunted reactors connected 
to the transmission cable terminations to compensate the high 
capacitance of a cable. All these components create conducive 
conditions for harmonic resonance.  

In this work, a systematic approach is presented. Starting with the 
admittance matrix formation, followed by the finding of 
eigenvalues of discrete frequency points. For resonance or critical 
frequency, eigenvalue becomes very low or zero. These 
eigenvalues are then analyzed further to find out the effect of 
change in a network element on this eigenvalue. Because, the 
network configuration keeps on changing, depends on the 
operational requirement and so is the eigenvalue and critical 
frequency. So, it becomes imperative to find out, how firm or 
steady is the any resonance frequency.  

The structure of this work is explained here. First, the 
contemporary literature is surveyed in section - 2. The modelling 
of component is given in section - 3, succeeded by the section - 4, 
explains the stepwise method for determining resonance frequency. 

The sensitivity analysis is briefly presented in section - 5. The 
problem is defined in section - 6 and different cases are elaborated 
from section - 7 to 10. The filter design to reduce the effect of 
harmonic resonance is depicted in Section -11. Finally, the work is 
concluded in section - 12. 

2. Review of Related Literature 

Various literatures are investigated to find out the work done in the 
field wind power effect on power quality.  There are quite a few 
numbers of literatures are available, which has focused primarily 
on the power quality aspect of the wind power. In reference [3], 
harmonic emission from four different wind park is measured and 
compared to the harmonic spectrum. Further, the harmonic 
emission from the wind power converter is small as compared to 
any harmonic emission load. And mostly inter-harmonics are 
generated by wind converters. The most important thing found in 
this work is the frequency - duration plot, depicts how the spectrum 
is over a period of time. The significant change in the spectrum is 
observed during the measurement period, not only in magnitude, 
but also the ratio between different components. It is interesting to 
know from this work that, some components of harmonics are co-
related with the active power variation, but others are not. This is 
very confusing. Finally, the work is concluded with the comment 
that, a measurement of one location during a short period of time 
cannot be represented as the harmonic emission due to wind power 
installation.  
In reference [4], measurement of voltage and current distortion, at 
two locations inside the wind farm, is compared. The variation of 
the spectrum with respect to time is presented to show the emission 
in a Wind Park.  
 
Harmonic variation with the wind farm operating point and the 
random characteristics of their magnitude and phase angle is 
measured extensively and the deterministic and stochastic 
characterization is analyzed in reference [5]. Similar work is found 
in reference [6]. In this work, the author has done extensive field 
measurements on commercial available wind turbines and 
revealed several important observations. In the opinion of this 
work, the spectrum of harmonic from a wind turbine is extended 
to few kHz, but with the increase in size of WT, the spectrum 
limited to low frequency, around less than 1 kHz. Among the 
several other observations, the important observation is about the 
presence of lower frequency harmonics (5th, 7th etc…). The lower 
order harmonics are generally not expected from PWM converter. 
The lower order harmonics follows the Normal distribution, 
whereas Rayleigh distribution is found in higher order harmonics. 
Further, the low order harmonics synchronized with fundamental 
frequency, but high order harmonics varies randomly between 0 to 
2π. 

A structured framework is presented in reference [7] to analyse the 
harmonics emission and the resonance condition in the wind power 
interconnection with the grid. According to this work, the 
wideband harmonics from wind turbines are stochastic in nature 
and they are associated with the active power production. They 
may adversely interact with the grid impedance and cause 
unexpected harmonic resonance. This issue needs to be addressed 
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comprehensively at the planning stage, should become more 
critical as wind power contribution increases in the grid. Unlike 
conventional power generation, wind power is distributed in nature. 
So, it is very complex when it comes to analysing the harmonic 
generation from wind converters. To address this issue, an 
approach of aggregation of harmonics from individual turbine 
using a method, similar methodology of IEC 61400 - 21, is 
presented in reference [8]. In this work, the wind farm with 
different layout is simulated. Then this result is compared with the 
aggregated harmonics calculated using proposed methodology. 
The result presented in this work suggests the use of the proposed 
methodology for summation of harmonics from the wind farm. 
According to this work, for better result, both, the accurate 
modelling of wind farm topology and supply system is very much 
essential.  Similar to this work is found in reference [9], where 
power quality assessment is done as per IEC 61400-21 procedure. 

Another approach of aggregation of wind farm for harmonic 
propagation is reported in [10].  In this work, detailed model of 
DFIG is used and using this an aggregated DFIG model is 
developed to study the harmonic propagation. Frequency domain 
approach is taken to study the problem. The author emphasizes that 
all the elements of a system are important, because they are 
frequency dependent and the whole system can affect the 
resonance frequencies. The analysis part of this work showed that 
increase in number of aggregated DFIG cause a shift in the 
harmonic resonance order.   

Reference [11] presented the network reduction method for 
reducing detailed low - voltage wind farm network to assess the 
effects of its connection onto a main interconnected transmission 
system. Application of this method reduces the number of network 
to be modelled and number of injection nodes which reduces the 
study time. To demonstrate and prove its validity and effectiveness, 
the results are compared with the IEC current aggregation method.  

Harmonic problems become a concern with the growing number 
of Wind Power Plant [12], because along with a non-linear load, 
generation side also contributes to the harmonic emission. In Wind 
Farm, several conditions may give rise to the resonance 
phenomenon that will amplify the effect of the harmonic frequency. 
Add on to this, overview of international standards, grid codes, and 
basic modelling of Wind Power Plant is also given in this literature.  

Reference [13] discusses how a wind power installation can affect 
the harmonic level in a number of ways. According to the author, 
Wind Turbines are an additional source of harmonics, particularly 
non-characteristics harmonics. The resonance point is also 
depends on strength of the grid. Stronger grid will have a higher 
order of harmonics, whereas weaker grid gives rise to a lower order 
of harmonics. Further, the author has extensively explained the 
sources of primary distortion and secondary distortion. Also, how 
increase in no of wind power installation weakens the grid is 
elaborated. 

3. Modelling of Components 

Electrical components are represented by mathematical 
equations for analysis purpose. The validity of mathematical 

equation depends on many factors and it is applicable for certain 
operating range only. Also, the method of modelling affects the 
outcome of the analysis. Here, by taking the case of cable 
modelling, an effort is made to explain the associated difficulties. 

HV Cables and Transmission lines are represented either by 
equivalent PI or T circuit. How the resonant frequency of two 
different models of the same component is differing, is explained 
here by example. 

A cable with following parameters is modelled.  

RSYS=0.04 Ohm 
RCABLE = 0.835 Ohm (0.13 Ohm/km) 
LCABLE =12.73 mH (0.112 Ohm/km) 
CCABLE=4.2 uF (12.73 Ohm/km) 
 

 
Figure 1: ‘PI’ model of Cable 

 
Figure 2: Harmonic Resonance with ‘PI’ model of Cable 

 
Figure 3: ‘T’ model of Cable 

 
Figure 4: Harmonic Resonance with ‘T’ model of Cable 
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Comparison of figure 2 and 4 reveals the effect of modelling on 
the resonance mode. Mode 1 and Mode 3 are predominant with ‘PI’ 
model, whereas Mode 2 is significant and visible in ‘T’ model of 
cable. It is important to note that the Mode - 2 with PI model having 
resonance frequency near to the Mode - 1 of ‘T’ network. Thus, it 
is inferred from the result that, the mode number depends on the 
number of capacitive elements in the system. 

In ‘PI’ model, the cable capacitance is split into two halves and 
represented in the form π configuration, so there are two modes 
one at around 10th order and second is around 50th order. Whereas, 
in the case of ‘T’ model, only one mode around 10th order is 
significant, because of lumping of cable capacitance and 
represented as one element in the form of ‘T’. 

The nodal impedance or self-impedance of a network is given by 

𝑍𝑍11 = 𝜆𝜆1−1𝑃𝑃𝑃𝑃11 + 𝜆𝜆2−1𝑃𝑃𝑃𝑃12 + 𝜆𝜆3−1𝑃𝑃𝑃𝑃13 

𝑍𝑍22 = 𝜆𝜆1−1𝑃𝑃𝑃𝑃21 + 𝜆𝜆2−1𝑃𝑃𝑃𝑃22 + 𝜆𝜆3−1𝑃𝑃𝑃𝑃23 

𝑍𝑍33 = 𝜆𝜆1−1𝑃𝑃𝑃𝑃31 + 𝜆𝜆2−1𝑃𝑃𝑃𝑃32 + 𝜆𝜆3−1𝑃𝑃𝑃𝑃33 

The effective impedance at any bus is depends on participation 
factor and modal impedance. Mode with smaller values or poor 
participation factor, may be omitted for calculation of bus 
impedance. So, when the impedance at any bus is calculated using 
any method, the result will not differ much. This is because of 
change of bus participation factor for a given mode. This can be 
shown here by calculation, but it is avoided to maintain the privity. 

4. Determination of Resonant Frequency Based on Critical 
Mode 

Generally, frequency scan is used for finding harmonic resonance. 
Though, it is an effective method, but lacking in some aspects. For 
e.g. frequency scan doesn’t find the involvement of passive 
elements for a particular resonance frequency. To overcome, this 
difficulties, modal analysis is adopted in this work. The modal 
analysis overcomes the points, in which, frequency scan lacks.  
Here the modal analysis is explained in detailed. 

The first step of analysis is the formation of ‘Y’ matrix.  

[𝑌𝑌ℎ] = �
𝑌𝑌11ℎ 𝑌𝑌12ℎ 𝑌𝑌13ℎ

𝑌𝑌21ℎ 𝑌𝑌22ℎ 𝑌𝑌23ℎ

𝑌𝑌31ℎ 𝑌𝑌32ℎ 𝑌𝑌33ℎ
�   (1) 

The voltage at different buses is given by 

[𝑉𝑉ℎ] = [𝑌𝑌ℎ]−1[𝐼𝐼ℎ]    (2) 

[𝑌𝑌ℎ] is the network admittance matrix at harmonic order h. [𝑉𝑉ℎ] is 
the voltage at different nodes, and [𝐼𝐼ℎ] is the harmonic current 
injected at a different nodes. The admittance matrix is a function 
of network configuration and the frequency. Harmonic sources 
having frequencies near to the resonance frequency, the admittance 
matrix offers very high impedance and at resonance frequency the 
admittance matrix becomes singular. Some nodal voltages rises 
sharply, when [𝑌𝑌ℎ]  matric approaches singularity. The transition 
of admittance matrix to singularity offers an effective way to 

analyze the harmonic problem. The eigenvalue analysis has been 
used for more than a decade to analyze such problems. The 
eigenvalue analysis technique is applied to system of linear 
differential equations. In fact they are applicable to any system 
involving matrices. In power system, it has been widely used to 
analyze the dynamic stability.  

According to [3], the matrices can be decomposed in to following 
form 

[𝐴𝐴] = [𝐿𝐿][𝜆𝜆][𝑇𝑇]    (3) 

Where, [𝜆𝜆]   is the diagonal matrix contains eigenvalues, and 
[𝐿𝐿] and [𝑇𝑇] are the left and right eigenvectors respectively. The 
product of left and right eigenvector is identity matrix, applying 
this to admittance matrix,  
So,  

[𝐿𝐿][𝑇𝑇] = [𝐼𝐼𝑛𝑛] 

[𝑉𝑉] = [𝐿𝐿][𝜆𝜆]−1[𝑇𝑇][𝐼𝐼] 

(4) 

Multiplying both side by[𝑇𝑇], 

[𝑇𝑇][𝑉𝑉] = [𝑇𝑇][𝐿𝐿][𝜆𝜆]−1[𝑇𝑇][𝐼𝐼] 

[𝑇𝑇][𝑉𝑉] = [𝜆𝜆]−1[𝑇𝑇][𝐼𝐼] 

(5) 

Defining, [𝑈𝑈𝑚𝑚] = [𝑇𝑇][𝑉𝑉] as the modal voltage vector and [𝐽𝐽𝑚𝑚] =
[𝑇𝑇][𝐼𝐼] as the modal current vector respectively, the above equation 
can be written as 

[𝑈𝑈𝑚𝑚] = [𝜆𝜆]−1[𝐽𝐽𝑚𝑚] 

 (6) 

The inverse of the eigenvalue, [𝜆𝜆]−1has the unit of impedance and 
is known as the modal impedance[𝑍𝑍𝑚𝑚]. From (4), it can be seen 
that, if 𝜆𝜆𝑖𝑖=0 or is very small, even a small injection of modal 
current 𝐽𝐽𝑖𝑖 will lead to a large modal voltage 𝑉𝑉𝑖𝑖. 

[𝑇𝑇][𝐼𝐼] = [𝐽𝐽𝑚𝑚] 

(7) 

 Nodal voltage,  

[𝑇𝑇][𝑉𝑉] = [𝑈𝑈𝑚𝑚] 

(8) 

And nodal current, 

[𝑇𝑇][𝐼𝐼] = [𝐽𝐽𝑚𝑚] 

(9) 

Determination of system resonant frequencies using finding of 
critical mode is possible by finding out the eigenvalue of ‘Y’ 
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matrix at various discrete frequency. System resonant frequencies 
can be located from Admittance-frequency curves of the modal 
Admittance, where admittance approaches vary low value, near to 
zero. The procedure of resonance determination by using modal 
analysis is illustrated in flow chart given in figure 1. The maximum 
magnitude of modal impedances at a resonance can be interpreted 
as the degree of resonance severity. 

 
Figure 5: Flow Chart for Critical Eigenvalue Finding 

Plot impedance-frequency curve and identify the peaks from 
curve. Now reduce the∆𝑖𝑖, and run the scan again between two 
frequency value, where the peaks are observed. Stop the scan 
when𝑖𝑖 < 𝑖𝑖𝑚𝑚𝑖𝑖𝑛𝑛 . 

5. Modal Sensitivity Analysis 

The modes or eigenvalues varies with the passive elements of the 
circuit. So, as the element value changes, mode value also change. 
The sensitivity of any mode with respect to the any element of 
matrix is a function of left and right eigenvector [3-5]. 

According the reference [6], the modal sensitivity is given by 
equation 10. First order eigenvalue sensitivity of 𝜆𝜆𝑘𝑘  w.r.t 
parameter 𝑎𝑎𝑖𝑖𝑖𝑖  is given by 

𝜕𝜕𝜆𝜆𝑘𝑘
𝜕𝜕𝑎𝑎𝑖𝑖𝑖𝑖

= 𝑙𝑙𝑖𝑖𝑘𝑘𝑟𝑟𝑖𝑖𝑘𝑘  (𝑖𝑖, 𝑗𝑗, 𝑘𝑘 = 1,2,3 … .𝑛𝑛) 

(10) 
Where, 
𝑙𝑙𝑖𝑖𝑘𝑘 = Left eigenvector 
𝑟𝑟𝑖𝑖𝑘𝑘= right eigenvector 

Integration of Wind Farms to the power system has some 
challenges, one of them is the harmonic resonance, which result in 
to magnification of harmonics. Several tripping has been observed 

in the recent days in Wind Farms. The problem analysis pointed 
out the harmonic resonance as a root cause. Before inverters are 
connected to the grid, a detailed assessment is required to find out 
network impedance and also the behavior of network impedance 
with the change in frequency and also with the change in passive 
elements. Direct connection of inverters to the grid may give rise 
to power quality problems. One such problem is analyzed here. 

The harmonic emission of WT converters are normally low, and 
hence voltage distortion usually remain below standard limits. 
However, the presence of parallel resonance in the Wind Park grid 
may increase the voltage distortion above the limits and also affect 
WP harmonic emission to the main grid. Several work analyze the 
resonance problem at WT terminal by frequency scan method. But 
as mentioned in section – 4, it is lacking in some crucial aspects 
and does not provide information related to origin of harmonic 
magnification. It is used widely because it requires less 
computation efforts and give quick overview of harmonic 
resonance. So, the frequency scan method can be used as a 
compliment of modal analysis. 

The wind farm under study consists of 60 WT of 2 MW each. The 
aggregate capacity of the wind farm is 120 MW. Each WT is 
connected to the 0.440 /1.1 KV Transformer. The collector level, 
which is known as pooling substation, is at 33 KV. At the Pooling 
substation, the voltage is raised through 1.1/33 KV, 12 MVA 
transformers. The polling station is connected to the 132 KV 
transmission substation through 36 KV, 485 Sq.mm, and 
Armoured XLPE cable of 10 km in length. The power is then 
evacuated from 132 KV substation through transmission line with 
Moose Conductor. 

 
Figure 6: Network Diagram 

While running in parallel to the grid, each inverter is able to 
produce up to 1.95 MW of power. During moderate wind speed 
condition, each WT generates around 1.2 – 1.3 MW of Power. 
There was intermittent inverter tripping observed from the site. 
The inverter tripping history recorded the “Line Overvoltage Fast”. 
This implies that the line voltage has exceeded 120% for more than 
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8 cycles (i.e. 120 ms). Also, there was an unusual hissing sound 
before the tripping. 

7. Case – I: Single Wind Turbine with 200 kVAr Capacitor 
at the Terminal of Wind Turbine 

In this case, only one turbine is considered in the Wind Park and 
200 kVAr capacitor is connected to its terminal for PF Correction. 

 
Figure 7: Harmonic Mode – 3, 9th Order  

The network is further analyzed to find out the effect on the 
concerned bus. Using analytical method, the resonant frequency 
is found out. The first dominant frequency found is 435 Hz, which 
is near to 9th order. The PF correction capacitor along with 
combined reactance of LV transformer (0.440 / 1.1 kV), reactance 
of LV cable and reactance of LV/MV (1.1/33 kV) transformer, 
forming a parallel resonance at 11th order. PF Capacitor value is 
0.595 uF and transformer reactance is 43.56 Ohm.  

ℎ𝑟𝑟𝑟𝑟𝑟𝑟 =
1

2𝜋𝜋𝜋𝜋
�

1
(0.595𝑒𝑒−6)(0.2236)

2
= 8.72 

 (12) 

 
Figure 8: Harmonic Mode – 4, 59th Order  

Harmonic Resonance Mode – 4 is contributed by 33 kV Cable 
capacitance of 0.36 uF. Cable capacitance is acting along with 33 
kV Cable reactance, 132 kV transformer  reactance, 132 kV  line  

reactance and Grid reactance, having combined value of 2.40 
Ohm. According to analytical expression the harmonic frequency 
order is 60.7th order as given in equation 13. This is very near to 
the mode-4 as shown in figure -7. 

ℎ𝑟𝑟𝑟𝑟𝑟𝑟 =
1

2𝜋𝜋𝜋𝜋
�

1
(0.36𝑒𝑒−6)(7.63𝑒𝑒−3)

2
= 60.7 

 (13) 

 

The Mode – 6 is also contributed by 33 kV Cable capacitance. As, 
the cable is represented by PI equivalent circuit, the total 
capacitance is divided in to two halves and each capacitor is 
lumped on two sides of the cable impedance. So, according to 
analytical expression, the cable capacitance of 0.36 uF is reacting 
with effective reactance of 33kV Cable, 132 kV transformer, 132 
kV line and Grid, having aggregate value of 0.533 Ohm (1.6 || 0.8). 
Resonance frequency as per the analytical equation (14) is 128.8th 
order, which is near to the Mode – 6. 

ℎ𝑟𝑟𝑟𝑟𝑟𝑟 =
1

2𝜋𝜋𝜋𝜋
�

1
(0.36𝑒𝑒−6)(1.7𝑒𝑒−3)

2
= 128.8 

 (14) 

Table 2: Eigenvalue Sensitivity for Case-I 

 

In this case, number of wind turbine is increased to two. It can be 
seen from result plot in figure 8. Two resonance points is seen, 
one is at 8.1th and second is at 9.5th order. The reason for two 
resonance peak is multiple capacitors, one is due to the PF 
capacitor and second is due to the LV cable capacitance. 
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Figure 10: Harmonic Mode – 3, 8.1th and 9.5th Order  

 
Figure 11: Harmonic Mode – 4, 9.4th Order  

Mode – 4 is near to the second peak of Mode – 3. The frequency 
span between two resonances depends on the impedance between 
two capacitors. Here, the 1.1kV cable impedance parting cable in 
to two halves, in PI form. Due to this, two peaks are observed. As 
the cable impedance is very low, two peaks are observed nearby. 

 
Figure 12: Harmonic Mode – 4, 58.6th Order  

Mode – 4 has second peak at 58.6th order, which is the same as 
Mode – 4 observed in Case – I. This remains unaffected, as the 
addition of second wind turbine is not affecting the network above 
1.1 kV collector bus to Grid. The same is observed in Mode – 6, 

as shown in figure – 11. This is also not affected by addition of 
additional wind turbine. 

 
Figure 13: Harmonic Mode – 6, 137.5th Order  

Table 3: Eigenvalue Sensitivity for Case-II 

 

9. Case – III: Six Wind Turbine with 200 kVAr Capacitor 
at the Terminal of Wind Turbine 

 

In this case, Mode – 4 and Mode – 6 remains unchanged, as this 
are network dependent modes and as the network configuration is 
not changed, the modes is also remaining unaffected. The 
resonance sensitivity analysis is given in Table – 4. 
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Table 4: Eigenvalue Sensitivity for Case-III 

 

10. Case – IV: Single Wind Turbine with 200 kVAr 
Capacitor at the 1.1 kV Collector Bus (Bus – 3) 

This case is same as Case – I, except one change i.e. PF Capacitor 
is connected at Bus – 3 instead of Bus – 1. This case is analyzed 
to study the effect of location of PF Capacitor. Figure – 13. It is 
observed that, the resonance frequency is relocated to 21.7th order. 

 
Figure 15: Harmonic Mode – 3, 21.7th Order 

 
Figure 16: Harmonic Mode – 6, 65.2nd Order 

 
Figure 17: Harmonic Mode – 6, 138th Order 

It is observed in figure – 14 and 15, Mode – 6 has now two 
resonance peak one is at 65.2nd order and second is at 138th order. 
The second peak is less affected by the relocation of PF capacitor 
but first resonance is not introduced, which was absent earlier. As 
the PF capacitor is now connected at 1.1 kV collector bus, it is 
affecting the network and it is the reason for reshaping of Mode – 
6. Sensitivity of Modes is for Case – IV is given in Table – 5. 

Table 5: Eigenvalue Sensitivity for Case-IV 

  

11. Filter Design  

 
Figure 18: C-Filter and Equivalent Tuned Filter 

(15) 

𝐿𝐿 =
𝑚𝑚2 − 𝑚𝑚√𝑚𝑚2 − 1

ℎ02 − 1
2𝑈𝑈12

𝑄𝑄1𝜔𝜔𝐹𝐹
 

The detail analysis of derivation of equation of 15 and 16 is 
given in reference [14]. The inclusion of C-Filter reduces the 
harmonic impedance to low level. For several value of m, the 
resonance point is checked for the stability and it is observed quite 
stable.  
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Table 6:  Filter Parameter for Different Value of Cost Optimization Parameter 

Sr. No m L (mH) C(uF) 
1 2 232.2 43.63 
2 3 223 45.4 
3 4 220 46 
4 5 218.8 46.3 
5 10 217.2 46.65 

 

Figure 19: Impedance at 33 KV with R=450 Ohm 

The impedance at 33 KV bus after inclusion of C-type filter is 
given in figure 15 for 450 Ohm of damping resistor.  It reveals the 
important characteristics of C-type topology. The impedance is 
high around fundamental frequency and is reducing with 
frequency, so it offers lower impedance path for higher order 
harmonics and thus reduces the effect of resonance. The 
measurement data confirms the absence of such a high order 
harmonic in the inverter output, so the high impedance around 50th 
order will not affect the wind farm operation. The C-type topology 
mitigates the harmonic resonance effectively without any 
resurgence of new resonance point. The application of different 
topologies and their effectiveness is planned for the future work. 

12. Conclusion 

To recapitulate the core idea of this work, wind farms cause 
harmonic distortion in the power system. Also, the resonance point 
varies depends on the system parameters and system configuration. 
From the result of different cases, following points are concluded 

1. As the wind power varies, the resonance point also varies, 
due to the change of power factor capacitor switching to 
maintain the power factor and also to support the system 
voltage. 

2. The location of PF Capacitor will have significant effect 
on the resonance frequency 

3. The resonance frequency reduces with increase in the size 
of Wind Farm. 

4. The sensitivity of resonant point with respect to any 
component of power system is also demonstrated.  

5. Sensitivity analysis helps us to plan and also design the 
harmonics filter to avoid critical conditions.  

The optimized filter design using sensitivity analysis itself is 
a dedicated topic and future work on it is already planned. It 
is the reason why, it is not included in this work. 

13. System Data 

1. 1.1 kV Transformer: X=0.484 Ohm,  
2. PF Capacitor: Xc=0.968 Ohm,  
3. 1.1 kV Cable: R=0.01 Ohm, X=0.02 Ohm, C=0.36 uF,  
4. 33 kV Transformer: X=8.712 Ohm,  
5. 33 kV Cable: R=0.47 Ohm, X=1.6 Ohm, C=0.36 uF,  
6. 132 kV Transformer: X =5.808 Ohm, 
7. 132 kV Line: R=0.00080475 Ohm, X=0.01447 Ohm, 

R/X=18,  
8. Grid: Fault Level=2500 MVA, R=0.3868 Ohm, 

X=0.9556 Ohm, R/X=18. 
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