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Abstract—This paper studies the impact of a grid-connected 

wind farm on the harmonic resonances. The basic theory on the 
harmonic resonances is introduced as well as its consequences. 
The models of wind farm for resonance analysis are presented for 
both calculations and simulations. The resonance orders and 
amplifications of voltage distortion with different capacity of 
capacitor banks are studied under different operation modes. 
Several case studies with a 200 MW wind farm have been carried 
out to illustrate the methods for harmonic resonance analysis. 
 

Index Terms—Induction machines, power quality, power 
system distribution, power system harmonics, wind power 
generation. 

I.  INTRODUCTION 
IND power penetration in the electric power system has 
been increasing rapidly in past 20 years in many 

countries and the total capacity of installed wind farm 
worldwide is expected to be 160 GW by the end of 2010. 
Therefore, the integration of wind power into the power grid 
poses great challenges to the existing power system. The 
harmonic analysis is a vital part in addressing the power 
quality problems involved with wind power installations.  

Harmonics have been produced in power systems, ever 
since the first AC generator went online more the 100 years 
ago [1]. The presence of any non-linear element in the power 
system results in harmonics. Non-linear elements include 
transformers, power-electronic components, non-linear load, 
and power-electronic converters. As a periodic waveform 
distortion, harmonics exceeding a certain level has negative 
effects on customer equipment as well as the network 
components in the form of amplification of harmonic levels, 
reduction in efficiency of network components, ageing the 
insulation of electrical plant equipments, malfunctioning of 
system devices, and so on [2]. 

There are two main harmonic problems related to grid-
connected wind farms. One is harmonic emission, and another 
one is harmonic resonance. Both of them are discussed in [3], 
with available measurement results from a small-sized but 
modern wind farm. The impact of the fault level at the 
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connection point of the wind farm on the resonance frequency 
has also been studied in [3]. In [4], the harmonic resonances 
associated with a large wind farm were analyzed with 
considering the capacitance of the capacitor banks and cables 
that are part of the wind farm.  

In this paper, we will briefly introduce the basic theory of 
harmonic resonances. The modeling of wind farm for 
resonances analysis is discussed, in which the inductance from 
wind turbine generators and turbine transformers has been 
taken into account as well as the capacitance from capacitor 
banks and cables. The impacts of harmonic resonances are 
studied by calculating amplifications of harmonic voltage and 
harmonic current with both an analytical method and a 
simulation method. The power-system analysis software 
DIgSILENT PowerFactory 14.0 has been used here as the 
simulation tool. Case studies have been carried out on a grid-
connected wind farm containing 100 wind turbines. The 
influence of different operational modes on the resonances has 
also been studied.  

The paper is structured as follows. In Section II, the 
harmonic resonances are briefly introduced. The model of a 
wind farm is presented for harmonic resonance analysis in 
Section III. Section IV discusses the parallel resonance and 
series resonance involved with a wind farm. In Section V, case 
studies are shown with detailed results and discussion. 
Conclusions are summarized in Section VI. 

II.  HARMONIC RESONANCES 
Normally, the most severe harmonics appears at the 

terminals of polluting elements and their amplitude reduces 
with the increase of distance from its source. However, the 
resonances due to the presence of capacitive equipments can 
lead to amplification of harmonic levels where the highest 
levels occur elsewhere in the system than close to the source 
of distortion. Two types of resonance should be studied in 
depth: parallel resonance and series resonance. 

A.  Parallel resonance 
Parallel resonance is associated with high impededance at 

resonance frequency which results in increased voltage 
distortion and high harmonic currents [5]. It may occur when a 
harmonic current source connects to the electrical components 
which can be simplified to be a parallel combination of a 
capacitive component and an inductive component as shown 
in Fig. 1. 
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Fig. 1.  Equivalent circuit for parallel resonance with considering resistances 

 
A typical example is a medium-voltage substation where 

the capacitance is formed by a capacitor bank and the 
inductance by the transformer feeding in from a higher voltage 
level. When the resistances are neglected, the impedance seen 
by the harmonic source is as follows. 
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02h fω π= ×                                                                            (2) 
At the resonance frequency, frp, this impedance becomes 
infinite. 
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=                                                                        (3) 

As the harmonic source is mainly a current source, high 
harmonic voltage occurs, and the harmonic current will be 
amplified to be an infinite value in the capacitive branch as 
shown in (4). 
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However, the resistance is always presented in a real 
system. Hence, the impedance will not become infinite but 
will instead be limited by the resistance. Even though the 
resistances have slight influence on the resonance frequency, 
they are the main determining factor for the impedance and 
amplification close to the resonance frequency. The Fig. 2 
shows impacts of transformer resistance and load resistance on 
the impedance at different harmonic orders, respectively. The 
curves are obtained with a system, in which a 70 kV network 
with fault level of 1850 MVA is supplied by a 70/20 kV 
transformer with fault level of 167 MVA. The total 
capacitance from capacitor banks and cables is 6.12 Mvar. The 
resistance of transformer is assumed to be linearly 
proportional to the frequency, while the load resistance is 
assumed to keep a constant value at any frequency.  

The top figure shows the impact of the transformer 
resistance on the impedance seen by the distorting load. At the 
resonance frequency (harmonic order 5.1) the impedance 
increases linearly with the X/R ratio. For integer harmonic 
orders, not at the resonance frequency, the impedance remains 
constant beyond a certain X/R ratio. 

The bottom figure shows the impact of the amount of 
resistive load; increasing amount of resistive load reduces the 
harmonic impedance with the impact being biggest at the 
resonance frequency. 
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(b)  

Fig. 2.  Magnitude of impedances at different harmonic orders versus 
resistance from transformer and load. 
 

B.  Series resonance 
Series resonance leads to low impedance at the resonance 

frequency which results in high current and a high voltage 
distortion even at locations where there is no or little harmonic 
emission [5]. It occurs when the local capacitance is in 
resonance with that connects the local bus to a remote bus 
with a high harmonic voltage. An equivalent circuit for series 
resonance is shown as in Fig. 3. 

 
Fig. 3.  Equivalent circuit for series resonance with considering resistances 
 

When the resistances are neglected, the voltage Uh at local 
bus can be calculated from the voltage Eh at the remote bus by 
using (5). 
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2 2

1
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At the resonance frequency, frp, this voltage becomes infinite. 
1

2rsf
LCπ

=                                                                         (6) 

Where C is the total capacitance connected to the local bus, L 
is the inductance between local bus and remote bus, h is the 
harmonic order. 

Similarly, when the resistances are taken into account, the 
resonance order will not change noticeably, but the 
amplification of the voltage distortion will become a finite 
value. The influences of transformer resistance and load 
resistance on the amplification of voltage distortion are shown 
in the Fig. 4. 
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(b)  

Fig. 4.  Amplification of voltage distortion at different harmonic orders versus 
resistance from transformer and load. 

 
The impact of transformer X/R ratio and the amount of 

resistive load connected to the local bus is very similar to the 
impact on the impedance for a parallel resonance as shown in 
the previous section. 

III.  MODELING WIND FARM FOR RESONANCE ANALYSIS 
When a wind farm is integrated into the power system, the 

step-up transformers and capacitor banks are added as well as 
the cables for collecting power, as shown in Fig. 5. These 
additional inductive and capacitive equipments will produce 
new harmonic resonance or change the resonance frequencies 
of existing harmonic resonances. To be able to calculate the 
resonance frequency and the amplitude of the impedance or 
amplification, it is important to accurately model the various 
power-system components. 

 
Fig. 5.  Configuration of a grid-connected wind farm. 

 

A.  Wind turbine generators 
The induction machine is used in most of the wind turbine 

generators as their electrical part. Based on the equivalent 
circuit of an induction machine for harmonic analysis, as has 
also been used in [4], a simplified equivalent circuit for 
harmonic resonance study is proposed as shown in Fig. 6. In 
the circuit diagram Rs and Rr are the stator resistance and rotor 
resistance, while Xs and Xr are the stator leakage reactance and 
rotor leakage reactance; Xm refers to the magnetizing 
reactance. 

 
Fig. 6.  Equivalent circuit of an induction machine for harmonic resonance 
analysis 
 

B.  Collection system 
The Collecting system for a wind farm contains medium-

voltage (MV) cables, high-voltage (HV) overhead lines and 
transformers. The cables can be modeled as an equivalent 
capacitor, while the overhead lines and transformers can be 
modeled as a series combination of equivalent inductor and 
resistance. Both capacitance and inductance can be assumed 
frequency independent. The frequency dependency of the 
resistance should be considered in the calculations. Where 
possible this relation should be obtained from detailed 
calculations. This is however not always practical; further may 
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the uncertainty in the estimated amount of resistive load 
dominate the uncertainty in the results. Therefore simplified 
expressions are often used, which we will discuss in the next 
section. 

C.  Wind Farm 
Based on the equivalent circuits of the components in the 

wind farm, the grid-connected wind farm in Fig. 5 can be 
modeled as an equivalent circuit shown in Fig. 7, where the 
magnetizing reactance of induction machine is neglected. 
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Fig. 7  Equivalent circuit for the grid-connected wind farm 
 

As for the simulation, the resistance for different 
components can be modeled separately by associating a 
“frequency characteristic” to these quantities, according to 
their frequency dependent characteristics [6]. This 
characteristic is defined by a polynomial formula as (7). 
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                                                     (7) 

The resulting value of the resistance is obtained by: 
( ) ( ) ( )1h hVal f Val f y f= ×                                                      (8) 

Therefore, the resistance of each component can be set to the 
values as shown in the Table 1, separately. 

 
TABLE I 

PARAMETERS OF RESISTANCE FREQUENCY CHARACTERISTICS FOR THE 
DIFFERENT COMPONENTS 

 
Components a b 

WTGs 1 0.5 
Main Grid 1 0.5 

Transformers 1 0.9 
Overhead lines 1 0.3 

Cables 1 0.5 

IV.  HARMONIC RESONANCES DUE TO A WIND FARM 
Seen from the Fig. 6, the series resonance may occur at the 

HV substation, while the parallel resonance may occur at the 
MV substation. 

A.  Series resonance 
The aim to study series resonance at the HV substation is to 

obtain the voltage distortion in the MV substation, which is 
caused by harmonics from voltage harmonic source on the HV 
substation at resonance frequency. This voltage distortion 
might damage the electrical equipment installed in the MV 
substation, such as capacitor banks. The high harmonic 
currents through the transformer may also result in 
overheating of the transformer or cause an unwanted trip of 
the transformer protection.  

To identify the series resonance frequency is to find the 
minimum impedance value at the HV substation. According to 
the equivalent circuit in Fig. 7, the impedance at the HV bus is: 

( ) ( ) ( ) ( ) ( )( )// // ( )HV EG OHL Sub Tra WF CZ h Z h Z h Z h Z h Z h−= + +  

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )( )

// ( )
// ( )

EG OHL Sub Tra WF C

EG OHL Sub Tra WF C

Z h Z h Z h Z h Z h
Z h Z h Z h Z h Z h

−

−

× + +
=

+ + +
     (9) 

( ) ( ( ) // ( ))C Cab CapZ h j X h X h= −                                             (10) 
So the series resonance occurs at the frequency where the 

impedance seen from the HV bus reaches its minimum 
absolute value. The amplification of voltage distortion at the 
MV substation can also be obtained by using (11) as follows. 

( ) ( ) ( )
( ) ( ) ( ) ( )

1
//

OHL Sub TraMV

HV OHL Sub Tra C WF

Z h Z hU
h

U Z h Z h Z h Z h
−

−

+
= −

+ +
    (11) 

The resonance frequency can also be defined as the frequency 
at which the amplification is highest. This is not the same 
frequency as the one at which the impedance seen from the 
HV substation is lowest, but the two frequencies are close. 

B.  Parallel resonance 
When the current sources connected at the MV bus emits a 

harmonic current close to parallel resonance frequency, a large 
voltage distortion will be produced on the MV substation, 
which leads to a large harmonic current through the capacitor 
banks.  

As shown in the Fig. 7, the impedance seen from the MV 
bus is: 

( ) ( ) ( ) ( )( ) ( )( )// // ( )MV EG OHL Sub Tra WF CZ h Z h Z h Z h Z h Z h−= + +

    
( ) ( ) ( )( ) ( )( )
( ) ( ) ( ) ( )

// ( )
// ( )

EG OHL Sub Tra WF C

EG OHL Sub Tra WF C

Z h Z h Z h Z h Z h
Z h Z h Z h Z h Z h

−

−

+ + ×
=

+ + +
  (12) 

The parallel resonance occurs at the frequency where the 
impedance seen from the MV bus reaches its maximum 
absolute value. And the amplification of the harmonic current 
flow in the capacitor banks can also be obtained by using (13) 
as follows. 

( )
( ) ( ) ( )( ) ( )

( )
( ) ( ) ( ) ( )

( )
// ( )

WF
EG OHL Sub Tra

Cap WF C

MV EG OHL Sub Tra WF C

Z h
Z h Z h Z h

I Z h Z h
h

I Z h Z h Z h Z h Z h

−

−

+ + ×
+

=
+ + +

 (13) 

V.  CASE STUDIES  
Several cases have been studied to illustrate the harmonic 

resonance problems brought by a grid-connected wind farm. 
The wind farm used for the studies is based on the example 
presented in [4]: it consists of 100 wind turbines with rated 
power of 2 MW and terminal voltage of 690 V each. 100 
turbine transformers and underground cables of 34.5 kV are 
used to connect the wind turbines to the MV substation. A 
total of 72 Mvar capacitor banks, which is switchable in steps 
of 12 Mvar, are also installed in the MV substation. The power 
from wind farm substation is transmitted to the main grid 
through two 115/34.5 kV transformers and two parallel 115 
kV overhead lines.  
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The 100 wind turbines are assumed to be located in 10 
rows and 10 columns, as shown in Fig. 8. The wind farm 
substation is in the center place with a vertical distance of 500 
m to the centre of first row. In order to decrease the wake 
effect, the distance between two rows is 320 m, while the 
distance between two columns is 640 m. Therefore, the total 
length of the underground cables is about 45.9 km, which 
accounts for a total capacitance equivalent to 4.29 Mvar. 

 
Fig. 8  Layout of the grid-connected wind farm 
 

The resonance analyses have been carried out by both 
analytical calculation with MATLAB and simulation with 
PowerFactory. The calculation is base on the models proposed 
in Section IV, while the harmonic analysis tool of 
PowerFactory is used in the simulation. The connections 
between the 10 wind turbines in the first column have been 
modeled in detail to study the harmonic resonance at the point 
near to the wind turbines. The other 90 wind turbines and 
turbine transformers are merged into 9 combinations, in which 
10 wind turbines and 10 turbine transformers are connected in 
parallel. The model built in PowerFactory is shown as in Fig. 
9. 
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Fig. 9  Modeling of a grid-connected wind farm in PowerFactory 

 
The resonance order can be obtained by processing the 

frequency sweep. The simulation results when none or all 
capacitor banks are connected (72 Mvar) are shown in the Fig. 
10(a) and 10(b), where in both cases the upper curve is the 
impedance at the HV bus and the lower one is the impedance 
at the MV bus. 

26,0021,0016,0011,006,001,00 [-]

300,00

200,00

100,00

0,00

HV: Network Impedance, Magnitude in Ohm

X = 21,341  

18.237 Ohm

26,0021,0016,0011,006,001,00 [-]

400,00

300,00

200,00

100,00

0,00

MV: Network Impedance, Magnitude in Ohm

X = 19,642  

292.044 Ohm

 
(a) 0 varcapQ M=  

26,0021,0016,0011,006,001,00 [-]

80,00

60,00

40,00

20,00

0,00

HV: Network Impedance, Magnitude in Ohm

X =  5,427  

 5.964 Ohm

26,0021,0016,0011,006,001,00 [-]

62,50

50,00

37,50

25,00

12,50

0,00

MV: Network Impedance, Magnitude in Ohm

X =  4,962  

52.527 Ohm

 
 (b) 72 varcapQ M=  

Fig. 10  Results of frequency sweep at the HV bus and the MV bus 
 
Without capacitors connected, resonances occur around 

harmonic order 20 (1 kHz), whereas the resonance frequency 
goes down to below 300 Hz when all 72 MVA of capacitor 
banks is connected. Seen from the MV bus only a series 
resonance is visible, which will cause an increased voltage 
distortion due to emission by the wind turbines. This is 
normally of minor concern, but it is worth checking in all 
cases. Seen from the HV bus both a series and a parallel 
resonance are visible; the concern is with the series resonance 
(the low impedance value), as explained in Section II. 

The resonance orders for different amounts of capacitance 
connected are listed in the Table II. There is little difference 
between simulation results and calculations. The different 
treating methods for resistances of the electrical components 
do not affect the resonance order significantly, for the 
resistances are rather small compared to the reactance. The 
resonance frequencies vary a lot with different amounts of 
capacitance connected to the MV bus. 

The parallel resonances at the high voltage side of the 10 
turbine transformers in the first column have also been 
analyzed by simulation, when the capacity of capacitor banks 
is 72 Mvar. The results are shown in Table III, which indicate 
that the cable is not the main factor of impacting the harmonic 
resonances. 

 
TABLE II 

HARMONIC RESONANCE ORDERS WITH DIFFERENT AMOUNT OF CAPACITOR 
BANKS 

▀▀

▀▀ 
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Capacitor 

 banks 
HV MV 

Simulation Calculation Simulation Calculation 
0Mvar 21.34 22.8 19.64 21.7 
12Mvar 11.57 11.7 10.61 10.8 
24Mvar 8.859 8.88 8.106 8.21 
36Mvar 7.429 7.45 6.809 6.88 
48Mvar 6.544 6.54 5.985 6.04 
60Mvar 5.905 5.89 5.402 5.44 
72Mvar 5.427 5.41 4.962 5 

     
TABLE III 

HARMONIC RESONANCE ORDERS AT DIFFERENT LOCATION 
 

Near to the 
transformer 

Resonance 
orders 

Near to the 
transformer 

Resonance 
orders 

1-1 4.958 6-1 4.956 
2-1 4.957 7-1 4.956 
3-1 4.957 8-1 4.955 
4-1 4.957 9-1 4.954 
5-1 4.956 10-1 4.954 

 
The operation modes of overhead lines and substation 

transformers are changed to study their influences on the 
series resonance. When series resonance occurs, the voltage 
distortion might be amplified at the MV bus. The 5th and 7th 
harmonics are regarded as the dominant harmonics in most 
transmission system. These harmonics originate from 
domestic and commercial customers [5]. So the amplifications 
of voltage distortion with 5th and 7th harmonics are calculated 
as well as the resonance orders with different capacity of 
capacitor banks, based on the simulation results. The 
simulation results are shown in the Table IV to Table VI. 

 
TABLE IV 

HARMONIC RESONANCES UNDER FULL OPERATION 
 

Capacitor 
 banks 

Resonance  
orders 

( ) ( )MV HVU h U h  
Resonance order 5 7 

0Mvar 21.34 10.81 0.5727 0.6053 
12Mvar 11.57 9.965 0.6671 0.8531 
24Mvar 8.859 9.059 0.7968 0.5089 
36Mvar 7.429 8.735 0.9353 2.943 
48Mvar 6.544 8.246 0.6530 3.004 
60Mvar 5.905 8.003 0.7015 1.227 
72Mvar 5.427 7.747 1.795 0.7657 

 
TABLE V 

HARMONIC RESONANCES WITH ONE OVERHEAD LINE 
 

Capacitor 
 banks 

Resonance  
orders 

( ) ( )MV HVU h U h  
Resonance order 5 7 

0Mvar 19.26 8.393 0.4597 0.4935 
12Mvar 10.42 7.321 0.5599 0.7863 
24Mvar 7.978 6.572 0.7134 0.9563 
36Mvar 6.702 6.231 0.8985 3.110 
48Mvar 5.902 5.847 0.3350 0.9355 
60Mvar 5.329 5.633 2.134 0.5451 
72Mvar 4.896 5.502 4.504 0.3842 

 
TABLE VI 

HARMONIC RESONANCES WITH ONE SUBSTATION TRANSFORMER 
 

Capacitor 
 banks 

Resonance  
orders 

( ) ( )MV HVU h U h  
Resonance order 5 7 

0Mvar 19.67 7.617 0.4833 0.5170 
12Mvar 10.65 6.806 0.5830 0.8017 
24Mvar 8.136 6.378 0.7322 0.1247 
36Mvar 6.846 5.994 0.9075 4.336 

48Mvar 6.029 5.676 0.9257 1.1162 
60Mvar 5.411 5.494 1.309 0.6267 
72Mvar 5.004 5.686 5.377 0.4348 

 
In all three cases the amplification is highest at the 

resonance frequency. This could be a problem with high levels 
of interharmonics being presented in the transmission system 
or when a power-line communication signal has a frequency 
close to the resonance frequency. The amplification at the 
resonance frequency is more than a factor five in all cases. 

A more general concern is the amplification at the fifth and 
seventh harmonic, because these frequencies are always 
presented in the transmission system. Here we see that the 
amplification varies strongly based on the operational state. 
With both lines and both transformers in operation, the 
seventh harmonic may be amplified up to three times when 36 
or 48 Mvar of capacitance in connected. For 72 Mvar of 
capacitance, the fifth harmonic is amplified by a factor of 1.8. 
When one line or one transformer is out of operation, the 
maximum amplification increases for both the 5th and the 7th 
harmonics. 

VI.  CONCLUSIONS 
Harmonic resonance analysis is a vital part in the planning 

and operation of grid-connected wind farms. The added 
capacitive components and inductive components might lead 
to harmonic resonances around 5th and 7th harmonics. This 
may results in high voltage distortion at the bus where the 
capacitor banks are installed. The resonance analyses with 
different capacity of capacitor banks and operation modes 
have been studied by calculation and simulation. The results 
indicate that the resistances have only a minor effect on 
resonance orders but significant effect on the amplification of 
voltage distortion. The amount of capacitor banks connected is 
the essential influencing factor for harmonic resonances. 
Harmonic filters are needed in certain operation scenarios, 
which will be an emphasis of the further research.  
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