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Harmonic resonances associated with wind farms 

 

Summary 

This report studies harmonic resonances are they occur due to wind farms that are 
connected to the transmission and subtransmission grid. The report contains a general 
theoretical description of harmonic resonances; more detailed calculations for an 
example wind farm, and an example of a harmonic filter to limit the impact of the 
resonances. 

Harmonic resonances come in two types: harmonic series resonances and harmonic 
parallel resonances. Harmonic resonances occur always whenever both capacitive and 
inductive elements are present, which is always the case. A harmonic resonance 
results in an amplification of the harmonic voltage and/or current distortion. The 
amount of amplification depends mainly on the amount of resistive damping present 
in the system. For harmonic studies it is therefore important to know the amount of 
resistance present in the system.  

A certain harmonic voltage or current level may be unacceptable because it results in 
damage to equipment, mal-operation of equipment, loss-of-life-of-equipment or other 
types of interference (light flicker or audible noise are examples). In that case there is 
no doubt that measures should be taken to reduce the distortion. In case of wind parks, 
high currents through the substation transformer and high voltages at the 
medium-voltage substation result, as was mentioned before.  

The second type of unacceptability occurs when the limits set in standards or set by 
the network operator in the grid code are exceeded. In case of a wind farm this only 
concerns the currents through the substation transformer. The collection grid is a 
“private network” where it is up to the owner of that grid to decide about which levels 
are accepted. Using the voltage-distortion limits set in international standards like EN 
50160 or IEC 61000-2-2 will in most cases prevent interference with equipment but it 
could also result in overdesign especially for non-characteristic harmonics and 
interharmonics.  

Parallel resonances together with the broadband spectrum emitted by wind turbines, 
could result in emission limits being exceeded for non-characteristic harmonics and 
for interharmonics. This is a consequence of the limits being set in a time when the 
emission at these frequencies was almost non-existing. A discussion should be started, 
preferably at international level, to obtain reasonable limits at these frequencies.  

Series resonances are normally only a concern when they are close to the fifth or 
seventh harmonic. The high currents through the substation transformer could result 
in overheating of the transformer; the high voltages at the medium-voltage bus could 
result in overheating of the capacitor banks. The fifth and seventh harmonic currents 
could also exceed the emission limits according to the grid code. This should however 
not be a reason for the network operator to disconnect the wind farm because the wind 
farm acts in this case as a harmonic filter reducing the voltage distortion in the grid. 
As long as the harmonic voltages or currents have no adverse effects within the wind 
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farm, there is no reason to take any measures. 

The simulations presented in this report show clearly that the resonance frequency and 
the amplification depend strongly on the operational state of the wind farm and the 
grid. It is thus needed to consider the harmonics for all possible operational states. 
When designing filters, or other mitigation methods, again all possible operational 
states should be considered. In this report a possible design of a harmonic filter is 
presented that covers all (N-1) operational states. The described filter requires a 
central controller that chooses the optimal filter from the operational state. 

The main uncertainty found during the calculations is the knowledge of the 
resistances around the resonance frequency. Detailed models exist for cables and 
overhead lines but application of these is rather complicated and time consuming. But 
from our studies we draw the preliminary conclusion that the main impact on the 
amplification is by the resistance of the transformers and the turbines around the 
resonance frequency. It may be worth the effort to have a closer look at this in the 
future. 
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1 Introduction 

Harmonic distortion is the presence of components beyond the 
power-system-frequency (50 or 60 Hz) in the voltage or current waveform. In time 
domain harmonic distortion can be defined as the voltage and/or current waveform 
not being sinusoidal. Harmonic distortion is due to a range of causes, from the 
generator units not being fully rotational symmetric, through core saturation of power 
transformers, up to non-linear loads. The studies on harmonic distortion have very 
much concentrated on emission by non-linear load, especially load with 
power-electronic converters. For more details on the origin of harmonic distortion, the 
reader is referred to the literature on power-system harmonics, including the classic 
book by Jos Arrillaga [1]. Other books covering the subject include 
[2][3][4][5][6][7][8]. 

In this report we will not discuss the emission of harmonic currents by non-linear load, 
but instead concentrate on a phenomenon called “harmonic resonance”, where the 
harmonic voltage or current distortion is amplified by a combination of capacitive and 
inductive elements. Most of the above-mentioned books discuss harmonic resonance 
as it is the main contributing factor in many cases with high harmonic levels. The 
most commonly-discussed case concerns capacitor banks in public distribution 
systems, but also in industrial systems resonances are often a cause for concern. 

The basic theory behind harmonic resonances will be discussed in Chapter 2, where 
we will distinguish between parallel resonance and series resonance. Chapter 2 will 
also contain a number of practical examples where the impact of different parameters 
on resonance frequency and amplification is illustrated. Chapter 3 will continue the 
set of example with a number of wind farms: analytical calculations as well as 
simulation studies will be shown. Finally, Chapter 4 will present a brief discussion on 
the use of filters to limit the amplification due to harmonic resonances. 
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2 Harmonic Resonance 

Normally, the most severe harmonics appears at the terminals of polluting elements 
and lessens along with the increase of distance from its source. However, resonances 
due to the presence of capacitive equipments can lead to amplification of harmonic 
levels. Two types of resonance should be distinguished: “parallel resonance” and 
“series resonance”, which will be discussed in detail in Section 2.1 and Section 2.2, 
respectively. 

2.1 Parallel resonance 

2.1.1 Theory 

Parallel resonance occurs due to the parallel connection of a capacitive and an 
inductive element in the source impedance of a source of harmonic current emission. 
With parallel resonance the high harmonic voltage and current levels occur between 
the capacitive element and the source of the harmonic currents. 

The configuration leading to harmonic parallel resonance is shown in Figure 1, where 
the harmonics-emitting load is on the left and the grid on the right. The circuit 
elements hold for the harmonic frequency, so that there is no voltage source1. 
Resistance is neglected in this figure; we will consider the impact of resistance further 
on in this section. 

The impedances of inductance and capacitance are both imaginary but of opposite 
sign. At the resonance frequency they are of equal magnitude, so that the impedance 
seen by the harmonic current source becomes infinite.  

L 

C Harmonic 
current 
source 

 

Figure 1, Equivalent circuit for parallel resonance without considering resistance 

                                                 
1 As a first approximation in harmonic studies, each harmonic frequency is treated independently of 
the others and the background distortion is neglected. This is sufficient to illustrate the phenomenon. In 
real-case studies all sources, including the background distortion, need to be considered. 
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When the resistances are neglected, the impedance seen by the harmonic source can 
be expressed as (1). 

                          ( ) 21
j LZ

LC
ωω
ω

=
−

                          (1) 

                              02 fω π=                              (2) 

At resonance frequency rpf , the impedance becomes infinite.  

                           1
2rpf

LCπ
=                             (3) 

When the resonance is due to a capacitor bank, the harmonic order at which the 
resonance takes place can also be estimated by (4) with available system fault level 

faultS  and size of capacitor bank . capQ

                           fault
res

cap

S
n

Q
=                              (4) 

Therefore, the harmonic source may result in an infinite harmonic voltage at the load 
bus. Meanwhile, two infinite harmonic currents with opposite direction will be 
produced in the branches of capacitor and the inductor. Assuming that the harmonic 
order of harmonic current source is h, the harmonic currents through the inductor and 
the capacitor can be expressed by (5) and (6) as follows. 

                         2 2

1
1ind hi

h LCω
=

−
I                           (5) 

                         
2 2

2 21cap h
h LCi
h LC
ω I
ω

−
=

−
                          (6) 

These parallel resonances are common with capacitor banks connected to low or 
medium-voltage networks. The capacitance is dominated by the capacitor bank and 
the inductance is dominated by the transformer feeding in from a higher voltage level. 

The parallel resonance tends to occur in the medium-voltage bus at frequencies in the 
range of 250Hz to 500Hz. And the fifth harmonic has been proved to be the one most 
prone to resonance.  

2.1.2 Some example calculations, neglecting resistance 

Apart from rectifiers and capacitor banks, underground cables and motor loads are the 
main factors contributing to the resonance frequency, as well as to the impedance at 
different harmonic orders. According to (1) and (4), when the resistance is neglected, 
the resonance frequency and impedance depend on the equivalent inductance and 
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capacitance seen by the harmonic current source. The parameters of cable and 
capacitor bank determine the capacitance, while the fault level contribution from the 
grid and the induction motors affect the inductance. The impedance at different 
harmonic orders can be expressed by using (7).  

                          ( ) 2 21
jh LZ
h LC
ωω
ω

=
−

                        (7) 

A sensitivity analysis is carried out here to study the impact of these parameters on 
both resonance frequency and impedance at different harmonic order using two 
examples, referred to as Example 1.1 and Example 1.2. Both examples are 
hypothetical cases, but using realistic parameters. Example 1.1 could be a typical 
medium-voltage public network, whereas Example 1.2 is more relevant for an 
industrial installation. 

 

Example 1.1: A medium-voltage network is supplied by a 70/20 kV transformer with 
rated capacity of 30 MVA and per-unit impedance of 17%. Its fault 
level at 70 kV is 1850 MVA. A 5.8 Mvar capacitor bank is connected 
to the 20-kV bus on secondary side of the transformer. Four 
underground cables of 3 km length each are also connected to that bus. 
The cable capacitance is 0.21μF/km. The load connected to this 
substation is mainly domestic load, which does not contribute to the 
fault level. 

 

1) Base case 

The capacitance connected to the medium-voltage network is formed by the capacitor 
bank and the four cables. The size of the capacitor bank is 5.8 Mvar, while the cables 
correspond to a capacitor size equal to: 

 

The transformer has a partial fault level of  

The total fault level at 20 kV is  

According to (4), we obtain the resonance frequency order. 

161.1 5.132
5.8 0.32

fault
res

cap cab

S
n

Q Q
= = =

+ +
 

Therefore, the resonance frequency is  

At fundamental frequency (50 Hz9, the equivalent inductance and equivalent 
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capacitance are 

2 2
320 7.9 10

2 50 161.1fault

UL H
Sω π

−= = = ×
× ×

,  648.7 10cab capC C C F−= + = ×

0.21 12 2.52cableC Fμ= × = , 
6

2 3 2

5.8 10 46.2
2 50 (20 10 )

cap
cap

Q
C F

U
μ

ω π
×

= = =
× × ×

 

In order to study the effect of each parameter on the resonance frequency, the 
concerned parameter changes with certain steps, while the other parameters are kept 
unchanged.  

2) Impact of cable length 

As for the cable parameters, its capacitance per kilometre is assumed to be constant at 
0.21μF. The cable length is changed between 0 and 100 km; the effect on the 
resonance frequency is shown in Figure 2. The resonance frequency decreases along 
with the increase of cable capacitance, but in all cases is the resonance frequency 
found around the fifth harmonics (250 Hz). 
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Figure 2.  Resonance frequency as a function of the cable capacitance 

As fifth and seventh harmonic sources are common in power systems, the impact of 
cables capacitance on the impedance at these harmonic orders has been studied and 
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the results are shown in 
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Figure 3. Harmonic order 6 is rarely emitted by existing equipment during normal 
operation. It is however present during a shor  
m  

t time with transformer energizing. Also
odern power electronic converters, like the ones used in wind parks, sometimes emit

a certain level of 6th harmonic. Therefore harmonic 6 is added for completeness. 
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Figure 3.  Impedance at different harmonic orders versus capacitance of cables 
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3) Impact of
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shown in Figure 4
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the next section. 

re 3, the impedances at different harmonic orders decrease with the increase
ce from zero to 21 μF. When resistance is neglected, th

infinite. Moreover, the amplification due to harm
resonances is a factor of 2 to 5 in existing systems. Therefore, a ve

ted to cut off the unrealistically high values of impedance. 

 the size of the capacitor bank  

The size of the capacitor bank is the main contributing factor to th
 It can vary in the range which results in resonance orders of 5, 6 and 7. The

change of parallel resonance frequency along with capacity of capa
.  Resonance occurs at harmonic orders 5, 6 and 7 for capacitor 

, 4.16 Mvar and 2.97 Mvar, respectively.
pedances at fifth, sixth and seventh harm

Figure 5. The figure clearly s
pedance depends strongly on the size of the capacitor bank. Note that again 

cted; the impact of damping will be studied in m
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Figure 4.  Parallel resonance frequency versus capacity of capacitor bank 
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Figure 5.  Impedance at different harmonic orders versus capacity of capacitor 
banks 

 

) Impact of fault level 

been studied. T
about 750 kVA
20 kV is deter

4

With the same method as before, the effects of the fault level at the 70-kV bus has 
he results are shown in Figure 6 and Figure 7. For fault levels above 
, the impact of the fault level (at 70 kV) is small. Here the fault level at 
mined mainly by the impedance of the 70/20-kV transformer. As the 
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Figure 7.  Impedance at different harmonic orders versus fault level 

 

Example 1.2: A 15-kV/690V transformer with capacity of 1200 kVA and per-unit 
impedance of 8% serves the low-voltage network of an industrial 
installation. The fault level at 15 kV side of the transformer is 147 
MVA. A 450-kvar capacitor bank on secondary side is installed to 
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compensate the reactive power consumed by the induction motors in 
the industrial plant. A total of 900 kVA of induction motors with 
leakage reactance of 17% is present. And a total of 3 km of 
underground cable with capacitance of 0.5μF/km is assumed to be 

 which are up to 

 

e capacitor bank 
and the underg
reactive po

connected to the bus (there are lots of motors, some of
150 meters from the transformer).  

The capacitance connected to the low-voltage network consists of th
round cable. The size of the capacitor bank is 0.45 Mvar; while the 

wer (at fundamental frequency) produced by the cables is: 

 

The total fault level at the secondary side of the transformer is: 

 

the resonance frequency order. According to (4), we can get 

6 6.48fault
res

S
n −= = =  18.91

0.45 224.4 10cap cabQ Q+ + ×

Therefore, the resonance frequency is: . 

 

At fundame lent capacitance are ntal frequency, the equivalent inductance and equiva

2 2
5

6

690 8 10
50 18.91 10

L H−= ×
× × ×

 33 10cab capC C C −= + = ×
2fault

U
Sω π

= = F  

3

2 2

450 10 3
50 690

C mF
2

cap
cap

Q
Uω π

×
=

× ×
 0.5 3 1.5cableC F= = μ= × =  

5) Impact of induction motors 

pacts of cable, capacitor bank and transformer have been studied in exam

 

The im ple 
1.1. In this example, the impact of the induction motor is studied in more detail. The 
se s 
from zero to the rating of the transform h is 1200 kVA. The results are shown 
as in Figure 8 and Figure 9. The scale of the vertical axis for absolute value of 

pedance is set to in the range of 0 to 10 Ω, in order to remove the unrealistic values 
that occur because damping is not considered. The amount of induction motor load 
has a significant influence on the resonance frequency and on the impedance at 

nsitivity analysis is carried out by changing the total amount of induction motor
er, whic

im

Luleå University of Technology, July 2010                                                     - 14 - 



Harmonic resonances associated with wind farms 

harmonic frequencies. The resonance frequency corresponds to the sixth and seventh 
harmonic for motor load equal to 440 kVA and 1440 kVA, respectively. The latter 
amount is beyond the horizontal scale of the figures; the total amount of motor load 
would exceed the rating of the transformer, which is an unlikely situation. 
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Figure 8.  Par equency versus amount of induction motors. 
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Figure 9.  Impedance at different harmonic orders versus amount of induction 
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2.1.3 Influences of resistance on the impedance 

Traditionally, high harm  were prevented by choosing the size lof 
the capacitor bank such that the
where the harmonic emission was very small. Even a resonance frequency close to the 

tance as shown in Figure 10.  

 

Figure 10.  Equivalent circuit for parallel resonance with considering series resistance 

onic distortion levels
 resonance occurred close to harmonic order 5.5 or 6.5 

sixth harmonic was often considered as acceptable because of the small amount of 
emission at even harmonics. However, a broadband spectrum is generated by using 
modern converters, like in wind turbines [9][10][11]. Therefore, the actual value of 
the impedance at resonance frequency should also be calculated, and the resistance 
cannot be neglected any longer. In this study, the series res f transformers is 
considered as well as shunt resistances due to the load. 

2.1.4 Resistance due to transformer 

An equivalent resistance, which represents the resistance of transformer, is added in 
series with the equivalent induc

istance o

L 

Harmoni
curre

c 
nt 

source 

C R

 

The resistance of transformers is considered proportional with frequency and the 
impedance of transformer can be expressed approximately by (8) [2][12]. 

                        ( )traZ h hR jh Lω= +                           (8) 

This is not an exact representation of the transformer impedance as a function of 
frequency, but it is the one commonly used in harmonic studies. Using (8), the 
impedance seen by harmonic current source is shown as in (9). 

( ) ( )2 2 21
hR jh LZ h
h LC jh RC

+ ω
ω ω

=
− +

                   (9) 

At resonance frequency, the impedance reaches its maximum value which can be 
expressed by using (10). 

2 2

max 21L LZ
C R

ω⎛ ⎞
= +⎜ ⎟

⎝ ⎠
                     (10) 
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And its resonance order is  

2 2 2

1
C L Rω +

                     (11

tudied here to analyze the impact of the 
armonic current source. For example 

nd capacitance is 7.9 mH and 48.7 μF, according to

al to 15 (

res
Ln = × ) 

The same two examples used before are s
series resistance on the impedance seen by a h
1.1, the equivalent inductance a  

the earlier calculations. For an X/R ratio equ ), the maximu
of 256 Hz. The impedance at 

Table 

m 
impedance is 191.5 Ω at a resonance frequency 
harmonic order of 5, 6 and 7 is calculated by using (9) and shown in 

close to the resonance order. 

I. 
Comparing the impedance for different values of X/R, there is little difference at 
harmonic order of 6 and 7. The difference at 5th harmonic is distinct, because it is 

 

 

Table I.  Magnitude of impedance at different harmonic orders for example 1.1 

Amplitude of impedance (Ohm) X/R Resonance 
order 5 6 7 Resonance order 

∞ 5.132 224.7 40.58 20.19 ∞ 

15 5.120 153.4 39.47 20.02 191.5 

 

The sensitivity an s also have been carried ut with di rent v  
changing both values of X and R  
the Figure 11, at harm  
increa  of X/R, then it remains the same. A he 5th nic, the ance 
increases nonlinearly with X/R. The curve of harmonic with resonance frequency of 
5.12 shows a linear relationship between the impedance and X/R, which is in 
accordance with the equation (4) and (9).  

For frequencies close to the resonance frequency, the impact of the resistance on the 
impedance is big. It is therefore important that a good estimation of the resistance is 
used in the calculations.  

alyse  o ffe alue of X/R by
 and keeping their RMS value constant. As shown in

onic order of 6 and 7, the impedance increases along with the
se s for t  harmo  imped
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Figure 11  

 

X/R of transformer is assume  impedance is 0.3174 Ω. At 
harmonic order of 5, 6 and 7, the specific values of impedance with different X/R are 
shown in Table II.  

Magnitude of impedance at different harmonic orders versus X/R of the 
transformer; example 1.1. 

For example 1.2, the equivalent inductance and capacitance is 80.16 μH and 3 mF. 
d to be 7, and its inductive

 

Table II  Magnitude of impedance at different harmonic order for example 1.2 

Amplitude of impedance (Ohm) X/R Resonance 
order 5 6 7 Resonance order 

∞ 6.480 0.2989 0.9429 1.1887 ∞ 

7 6.426 0.3180 0.2301 0.1827 0.2069 
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t d
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e at different harmonic orders increases along the 
rowth of X/R with different patterns. In this example the inductance is dominated by 

transform  
orders keeps

 

2.1.5 Resistance due to load 

A res ance is a n parall h the c r as s in Figure 13. This 
resist ce represe  damping due to all load supplied fr  same bus as where 

r bank is connected. 

 

Figure 13.  Equivalent circuit for parallel resonance with considering shunt 
resistance due to resistive load. 

 

Figure 12  Magnitude of impedance at different harmonic orders versus X/R of the 
transformer; example 1.2. 

 

And the sensitivity analyses also have been carried out with changing value of X/R as 
shown in Fig. 1-12. The impedanc
g

er and induction motors. Therefore, the impedance at different harmonic
 constant when X/R is larger than about 3. 

ist dded i el wit apacito hown 
an nts the om the

the capacito

L

Harmonic 
current 
source 

C R
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In our m
frequency, so

odel we assume that the resistance representing the load does not change with 
 the impedance seen by the harmonic current source is  

( ) ( )2 21
jh RLZ

R h LC jh L
ωω

ω ω
=

− +
                     (

e maximum impedance and the resonance order are 

12) 

The absolute value of th

max 2

/1
4 /

L CZ R
R L C

= −
−

                    (13) 

2

1 /1
2res
L Cn

RLCω
= • −                     (14) 

For example 1.1, a 5 MW resistive load is assumed to form the equivalent resistance, 
s
load is assumed to form the equiv e resulting maximum impedance 
is 4.761 Ω. At harmonic order of 5, 6 and 7, the impedance for both examples has 

een calculated by (11) and listed in the Table III and Table IV, respectively. And the 
se  
shown in Figure 14 and Figure 15. 

 

Table III  Magnitude of impedance at different harmonic order for example 1.1 

Am f impedance ( hm) 

o the resulting maximum impedance is 80 Ω. As for example 1.2, 100 kW resistive 
alent resistance. Th

b
nsitivity analyses have also been carried out with changing value of resistive load as

plitude o OLoa W) Resona

5 6 7 Resonance order 

d (M nce 
order 

0 5.132 224.7 40.58 20.19 ∞ 

5 5.099 76.04 36.19 19.57 79.74 
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Table IV.   example 1.2 

Magnitude of impedance at different harmonic orders versus r
load; example 1.1. 

Magnitude of impedance at different harmonic order for

Amplitude of impedance (Ohm) Load (MW) 
order 5 6 7 Resonance order 

0 6.480 0.2989 0.9429 1.1887 ∞ 

Resonance 

100 6.478 0.3023 0.9572 1.1135 4.4488 
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load; example 1.2. 
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As shown in Figure 14 onic 6 and 7 is small, 
m the resona r 

harmonic5, 6 and 7 shows little changes with different resistive load in Figure 15. A 

2.2.1 Theory 

high voltage distortion even at locations where there is no or little harmonic emission 
from downstream sources [1][2 ce occurs when the local capacitance 
is in resonance with the inductance that c
high harmonic voltage. When the resistance is
series resonance is shown as in Figure 16. 

Figure 16.  Equivalent circuit for series resonance, neglecting resistance. 

                  

, the influence of the resistive load at harm
because they are far away fro nce frequency. Similarly, the curves fo

conclusion can be draw from these calculations: the resistance greatly affects the 
impedance close to the harmonic order where the resonance occurs.  

2.2 Series Resonance 

Series resonance leads to low imp he resonance frequency which results in a edance at t

]. Series resonan
onnects the local bus to a remote bus with a 

 neglected, an equivalent circuit for 

 

 

The voltage at th local bus can be calculated by using (15). 

2 21 1h h h LC

1
1

h
jh CU E E

jh C

ω
ωω

= =
−+

              (15) 

 is the total capacitance connected to the local bus, L is the inductance 
cal bus and the remote bus, h is the harmonic order of the harmonic 

ote bus. The current through the inductor and the capacitance can be 

jh Lω

Where C
between the lo
voltage at the rem
expressed as (16). 

2 2
h

h h
E j hC

1 1
I E

j hL h LCj hC

ω
ω−

on at the local bus is amplified

ω ω
= =

+
                (16) 

When 2 2h LCω gets close to 1, the voltage distorti  and 
can become much higher than at the remote bus.  

Harmonic 
voltage 
source 

C 

L 
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The series resonance frequency is obtained from the following expression: 

                         1
2rsf

LCπ
=                            (17) 

Normally, the inductive equipment between local bus and remote bus is transformer. 
per-unit 

                           

Assuming that the local capacitor size, transformer rating and transformer 
impedance are available, the resonance harmonic order can be calculated by (17) – 
(19) [2]. 

2
capQ

Cω =                               (18) 
U

2

tr
tr

UL x
S

ω =                              (19) 

tr
res

tr cap

Sn
x Q

=                            (20) 

When series resonance occurs, a high capacitor current will result, even if the 
h

 

xample 1.1 and example 1.2 are also studied here with the assumption that there is 

ple is calculated as follows. 

 

Example 1.1: 

armonic voltages at the remote bus are relatively small [1]. 

E
high harmonic voltage distortion at the primary side of the transformer. The series 
resonance frequency for each exam

( )
30 5.3712trSn = = =  

 

0.17 5.8 0.0264 12res
trx Q × + ×

2 2200.17 2.
30tr

tr

UL x
S

ω = = × 27= , 2 20
5.8 0.0264 12 0.015

2
QC

U
ω + ×

= = =  

Example 1.2: 

( )3

1200 5.8
450 3 74.8 10−

=
× + × ×

 
0.08

tr
res

tr

Sn
x Q

= =

2 2

3 0.032= , 6900.08
1200 10tr

tr

UL x
S

ω = = ×
×

3

2 2

10 3 74.8 0.946
690U

× + ×
=  450QCω = =
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When the resistance is neglected, the voltage over the capacitor will be amplified to 
an infinite value at the series resonance frequency. In reality, there is always resistance 

aximum voltage 

ion 

 circuit for 
 the equivalent 

inductor as shown in 

 

resonance with considering resistance of 
ansformer. 

 

the voltage over the capacitor is: 

associated with both transformer and load, which limits the m
amplification. 

2.2.2 Impact of transformer resistance on the voltage amplificat

When the resistance of the transformer is taken into account, the equivalent
series resonance can be modified by adding a resistance in series with

Figure 17. 

Figure 17. . Equivalent circuit for series 
the tr

According to (8), the resistance of the transformer is proportional with frequency, thus 

( ) ( )2

1
1 1

h h
h

E EU
jh C j h RCω ω

= • =
+ − 2 2h LCh R j L

jh C
ωω

ω
+ +

      (21) 

When the transformer resistance is taken into account, the resonance frequency turns 
into the expression of (22). 

2 2resn
C Lω

= •
−

aximum voltage distortion can be 

2

1L
R

                     (22) 

At resonance frequency, the m expressed as (23). 

2 2

2 2 2 2

2 2

2

1

( )
1

h

h

L
U L R R
E R R j L L

R

ω
ω

ω ω

−−
= =

−
+

                  (23) 

For the example 1.1, the resonance order changes from 5.3712 to 5.4314, and the 

Harmonic 
voltage 
source 

C 

L R
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maximum voltage distortion is 14.9 (instead of infinite), when the trans
resistance is considered. Similarly, the maximum voltage distortion for exampl

former 
e 1.2 is 

 

Figure 18.   considering load 

 

Then the voltage over th

6.79 at the resonance order of 5.81. 

2.2.3 Impact of load resistance on the voltage amplification 

In order to consider the impact of load resistance on voltage distortion, an equivalent 
load is added in parallel with the capacitor as shown in Figure 18.  

L 

Harmonic 
voltage 
source 

C R

Equivalent circuit for series resonance with
resistance. 

e capacitor is  

( )2 21 1

1

h

R
E Rjh C

R R jh Ch hU E
R h LCjh CL

R jh C

ω
ωω

ω

= • =
+ − +

+
+

ce is considered, the resonance order is  

j hL
jh

ω ω
ω

    (24) 

When the load resistan

2

1 /1
2res
L Cn

RLCω
= • −

, the maximum voltage over the capacitor can

                     (25) 

At resonance frequency  be calculated by 
using (26). 

2

2

2

4

h

h

U R
E L LR

C C

=
⎛ ⎞−⎜ ⎟
⎝ ⎠

                     (26) 

For example 1.1, the maximum voltage over the capacitor is 6.52 times the voltage at 
the remote bus, at a harmonic order of 5.39. As for example 1.2, at the resonance 
harmonic order of 5.75, the maximum ratio of the capacitor voltage and the voltage at 
the remote bus is 25.89.  
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3 Harmonic Resonance due to gridconnected wind farms 

3.1 Configuration of wind farm and wind turbine 
When a wind farm e po , step-up transformers and 
capacitor banks are added as well as the cables for collecting power, as shown in 
Figure 19. These additional inductive and capacitive elements will produce new 
harmonic resonances or change resonance frequencies of existing harmonic 
resonances.  

In the previous chapter we introduced the two types of harmonic resonances: parallel 
and series resonance. Both types occur in wind farms. In this chapter we will use an 
example configuration of wind farm to illustrate the occurrence of both types of 
resonance in wind farms. This chapter will start with some analytical calculations, 
along the same line as the calculations in the previous chapter. The main calculations 
will however be performed in a power-system analysis package. 

 is integrated into th wer system

 
Figure 19.  Typical configuration of a grid-connected wind farm. 

The electrical power generated from each wind turbine generator (WTG) is first 
stepped up by a turbine transformer and collected to the medium-voltage (MV) 

erground cables. Normally, the wind farm is located in a remote 
ase energy loss, the electrical power is transmitted to the power 

substation by the und
area. In order to decre
grid by high voltage overhead lines after its voltage is increased by the substation 
transformers installed in the MV substation. 
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3.2 Modeling of wind farm for harmonic resonance analysis 

3.2.1 Induction machine 

The induction machine is used in most of the wind turbine generators as their 
electrical part. An equivalent circuit of the induction machine for harmonic analysis 
has been used in for example in [13]; the simplified equivalent circuit for harmonic 
resonance study is shown in Figure 20. 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 represents the magnetizing reactance. 

 

Figure 20. 
analysis. 

nce of the apparent rotor resistance is 

 Equivalent circuit of an induction machine for harmonic resonance 

In some publications the slip-depende
specifically mentioned and the resistance on the right in Figure 20 is replaced by 

. The slip at harmonic frequencies is however much larger than unity so 
that the approximation used here is very well acceptable. The uncertainty in the actual 
resistance at the harmonic frequency is much larger than the error made by neglecting 
the impact of the slip. 

3.2.2 Collecting system 

The Collecting system for a wind farm contains medium-voltage (MV) cables, 
high-voltage (HV) overhead lines and transformers. The cables can be modelled as an 
equivalent capacitor, while the overhead lines and transformers can be modelled as a 

ries combination of equivalent inductor and resistance. Both capacitance and 
inductance ca dency of the 
resistance should be considered in the calculations, as was clearly pointed out in the 
previous chapter. Wh  th d be ob  det  
calcu s is how t always urther may th ertainty in the 
estimated amount of resistive load dominate the uncertainty in the results. Therefore 
s ns a sed, wh iscuss in the n ection. 

3.2.3 Wind farm 

Based on the equivalent circuits of the components in the wind far , the 
grid-connected wind farm Figure elled as an uivalent cir it 
sho e 21, where the magnetizing reactance of th hine s 
been neglected.  

se
n be assumed frequency independent. The frequency depen

ere possible is relation shoul tained from ailed
lations. Thi ever no  practical; f e unc

implified expressio re often u ich we will d ext s

m
 in 19 can be mod eq cu

wn as in Figur e induction mac  ha

mjhX

jhX s

( )rR h

jhX r sR
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Figure 21.  Equivalent circuit for the grid-connected wind farm. 

 

3.3 Harmonic resonance analysis 
Based on the above proposed modelling and the resonance theory in Chapter 2, 
several case studies are carried out to illustrate the harmonic resonances introduced by 
a wind farm. The wind farm used for the studies is based on the example presented in 
[13]: it consists of 100 wind turbines with rated power of 2 MW and terminal voltage 
of 690 V each  kV are used 
to connect the wind turbines to the MV substation. A total of 72 Mvar capacitor banks, 
switchable in steps of 12 Mvar, are also installed in the MV substation. The power 
from the wi o 115/34.5 
kV transformers and two parallel 115 kV overhead lines. The detailed parameters are 
supplemented and shown in 

 

le V.  Parameters of the wind farm used in the stud

Equip Voltage (kV) Capacity/Fault Impedan X/R 

. 100 turbine transformers and underground cables of 34.5

nd farm substation is transmitted to the main grid through tw

Table V. 

Tab y. 

ments level ce  

Transf 15/34.5 250MVA×2 18% 12 ormer 1

Turbine Tr er 34.5/0.69 2.5MVA×100 5% 5 

Inducti 0.69 2MW×1 17.12% 8.5 

Underground cables  34.5 / 0.13 Ω/km,0.25 μF/km 18 

4.5 72Mvar (6 steps) / / 

3500MVA / 18 

ansform

on machine 00 

Capacitor banks 3

Overhead lines 115 / 0.36 Ω/km×35km / 

External Grid 115 
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The 100 wind tu  10 columns, as 
shown in Figure 22. The wind farm substation is in the centre place with a vertical 
distance  the ce t row ecrea fect, 
the o r while th e between umns is 
640 m nd turbines in the same colum  can be 
calculated according to the Pythag g in Table
cable length is the summation of all cables’ length.

 

rbines are assumed to be located in 10 rows and

of 500 m to ntre of the firs . In order to d se the wake ef
distance between tw ows is 320 m, e distanc two col

. The length of the 10 cables for the wi n
 VI. The total orean Theorem, resultin

 

 

Figure 22.  Layout of wind farm used in the case study. 

e wind farm. 

 

Table VI.  Length of underground cables in th

Cable Length (m) Cable Length (m) 

Cab1 5803 Cab 10 5803 

Cab 2 5175 Cab 9 5175 

Cab 3 4556 Cab 8 4556 

Cab 4 3962 Cab 7 3962 

Cab 5 3474 Cab 6 3474 

Total cables 45.94km 

 

3.3.1 Analytic method 

The equivalent parameters for all the equipments are calculated to the same voltage 
level of 34.5 kV and listed in Table VII. 
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Table VII.  Equivalent parameters of wind farm. 

Equipments Impedance (Ω) Capacitor banks Impedance (Ω) 

Substation transformer 0.07117+j0.8540 12 Mvar -j99.19 

Turbine transformer 4.669+j23.34 24 Mvar -j49.59 

 36 Mvar -j33.06 

Underground cables -j277.2 48 Mvar -j24.80 

var -j16.53 

Induction machine 10.92+j92.83

Overhead lines 0.05936+j0.5639 60 Mvar -j19.84 

External Grid 0.01886+j0.3396 72 M

 

HV substation is to obtain the voltage 
age harmonics at the HV substation. The 

high voltage distortion might damage the electrical equipments installed in the MV 
 

transformer m

is to find the minimum impedance value at 
the HV Figure 21, the impedance at 
the H

3.3.2 Series resonance at the HV substation 

The aim to study series resonance at the 
distortion in the MV substation, due to volt

substation, such as capacitor banks. The high harmonic current through the
ay also result in overheating of the transformer or cause an unwanted 

trip of the transformer protection. 

To identify the series resonance frequency 
 substation. According to the equivalent circuit in 

V 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

−

−

× + +
=

+ + +
               (27) 

( ) ( ( ) // ( ))C Cab CapZ h j X h X h= −                                         (28) 

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 (29) as follows. 

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

//
//

C WFMV

HV OHL Sub Tra C WF

Z h Z hU h
U Z h Z h Z h Z h−

=
+ +

                      (29) 

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. 
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In order to simp components in the power grid 
is assumed to  Under these assumptions, the 
parame is are obtained as 
follows. 

1) The impedance of

( ) (EGZ h h= ×

2) The im
transformers is: 

( )OHL SubZ h Z

3) es ine 
rs is: 

( )

lify the calculation, the resistance of all 
 be linearly proportional to the frequency.

ters in the equivalent circuit for the series resonance analys

 the main grid is: 

0.01886+j0.3396) Ω  

pedance of two parallel overhead lines and two parallel substation 

( ) ( )0.09494 0.9909Tra h h j−+ = × + Ω  

The impedance of the parallel connection of 100 wind turbin  and turb
transforme

( ) ( )( ) /Tur Tra WTGh Z h N−= +  WF TurZ h Z

4.669 23.34 10.92 92.83 (0.1559
100

j jh h+ + +
= × +

r banks are switched on, the capacitive reactance in the circu

( ) ( )

1.162)j= × Ω  

4) When all capacito it 
is: 

( ) 15.60277.2 16.53//
277.2 16.53ab caph X h h

hC cX h X ×
= = =

+
 

In this case, the reactance of wind turbines and turbine transform
r cannot be calculated by us

, the resonance order and am

Ω

ers cannot be 
neglected and the resonance orde ing equation (14) or (17) 
in Section 2.2. However plification can be obtained by 
sensitivity analysis with MATLAB. Using such sensitivity analysis the resonance 
order was shown to be about 5.4; the impedance and amplification as a function of 
frequency are shown in Figure 23 and Figure 24. 
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Figure 23.  Impedance at the HV bus versus harmonic orders (Qcap=72 Mvar). 
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Figure 24.  Amplification of voltage distortion at the MV
order (Qcap=72 Mvar). 

he different resonance orders with different number of switched-on capacitor banks 
Table VIII. The results agree with equation (23) deduced in Section 2.2. 

ze of the capacitor bank. 

 bus versus harmonic 

T
are shown in 
This indicates that the size of the capacitor bank does not affect the amplification of 
the voltage distortion at resonance order, when the resistance in the power grid is 
assumed to be linearly proportional to the frequency. 

 

Table VIII.  Series resonance analysis with different si

( ) ( )MV HVU h U h  
Cap

B

Resonance order 3 5 7 

acitor 
anks 

Resonance 
Order 

Luleå University of Technology, July 2010                                                     - 32 - 



Harmonic resonances associated with wind farms 

0 Mvar 22.8 4.801 0.5505 0.5683 0.5974 

12 Mvar 11.7 4.801 0.5791 0.6619 0.8420 

24 0.7920 1.411 

36 1 0.6461 0.9842 3.584 

48 1 0.6857 1.295 2.701 

0.7654 

Mvar 8.88 4.801 0.6108 

 Mvar 7.45 4.80

 Mvar 6.54 4.80

60 Mvar 5.89 4.801 0.7305 1.870 1.213 

72 Mvar 5.41 4.801 0.7814 3.134 

 

Wh rces connected to the MV bus emit a current close to 
the par equency, a large voltage distortion will result at the MV 

e harmonic current through the capacitor banks. 

he impedance seen by a current source connected to the MV bus is: 

3.3.3 Parallel resonance at the MV substation 

en the harmonic current sou
allel resonance fr

substation, as well as a larg

T

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

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

// ( )EG OHL Sub Tra WF CZ h Z h Z h Z h Z h
Z // ( )EG OHL Sub Tra WF Ch Z h Z h Z h Z h

−+ + ×
=

+ + +
              (30) 

 where the impedance seen from the 
onic 

−

The parallel resonance occurs at the frequency
MV bus reaches its maximum absolute value. And the amplification of harm
current flow in the capacitor banks can also be obtained by using (31) as follows. 

                      
(31) 

In this case, the equivalent inductance is formed by the main grid, the 115 kV 
verhead lines, the 115/34.5 kV transformers, and all the induction machines and 

tu  
capacitor banks and all underground cables. Wh or banks are switched on, 
th nt p are calculated as follows. 

1) The total inductive impedance seen at the MV bus is: 

 

o
rbine transformers in the wind farm. The equivalent capacitance consists of the

en all capacit
e equivale arameters 

( ) ( ) ( )( ) ( )) // ) 0.0691 0.6206EG OHL Tra WFZ Z h Z h Z h j= + + = × +  (LZ h (hSub−h Ω
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( ) ( ) ( ) ( )33960.0949 9909 6 0.EG OHL Sub Trah Z Z j−+ + × + +  

              

4 0.j+ 0.0188Z h h h=

           ( )0.1138 311.3jh= × + Ω  

(0 559 1.162h h j= × +

) The capacitive impedance connected to the MV bus is the parallel connection of 
pedance of the cables and the capacitor banks. 

( )WFZ .1 )Ω  

2
the capacitive im

( ) ( ) ( ) 15.60277.2 16.53//
277.2 16.53C cab capX h X h X h h

h
×

= = = Ω
+

 

3) The ratio of reactance to resistance for the equivalent circuit is: 

0.6206 8.981
0.0691

LX
R

= =  

 

The resonance order can be calculated by using (11) in Section 2.1 as follows. 

2 2 2 2 2

1 0.6206 1 4.983
1/15.6 0.6206 0.0691res

Ln
C L Rω

= × = × =
+ +

 

and the impedance of the MV substation at the resonance frequency is: 

( )
2 2

2
max 2

0.6206( ) 1 1 8.981 28.12
1 15.6res

L LZ Z n
C R

ω⎛ ⎞
= = + = × + = Ω⎜ ⎟

⎝ ⎠
 

When resonance occurs, the ratio of the current through the capacitor banks and the 
harmonic current source is: 

( ) max 28.12 8.476
( ) 16.53/ 4.983

cap res

h Cap res

I n Z
I X n

= = =  

The results with different number of switched-on capacitor banks are obtained with
the same method and shown in Table IX. 

 

 

Table IX.  Parallel resonance analysis with different size of the capacitor banks. 

( ) ( )/cap hI h I h  
Capacitor 

Banks 
Resonance 

Order 

Resonance order 3 5 7 

0Mvar 21.7 0 0 0 0 

12Mvar 10.8 6.647 0.0613 0.1997 0.5268 
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24Mvar 8.21 7.655 0.1306 0.4997 2.138 

36Mvar 6.88 8.064 0.2095 0.9871 7.820 

48Mvar 6.04 8.285 0.3001 1.924 3.358 

72Mvar 5 8.518 0.5285 8.518 1.901 

60Mvar 5.44 8.412 0.4052 4.211 2.309 

 

3.3.4 Simulation 

Further studies been c y using onics analysis tool of DIgSILENT 
PowerFactory 14.0 [14]. The connections between the 10 wind turbines and turbine 
transformers in the first c  of the wi  farm are m lled in detail to study the 
harmonic resonance at the point near to the wind turbines. The remaining 90 wind 
turbines and turbine tr are mer d into 9 com ations, in which 10 wind 
turbines and 10 turbine transformers are connected in parallel. The model built in the 
simulation package is ure 25. 

arried out b the harm

olumn nd ode

ansformers ge bin

 shown in Fig

HV

115

MV

 LTU
  

 PowerFactory 14.0.516 

 Harmonic resonance analysis for the grid with WF

 
 
 

 Project: Resonance 
 Graphic: Grid with WF
 Date:     5/31/2010 
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Figure 25.  Modelling of grid-connected wind farm in the simulation package. 

As for the simulation, the resistance for different components can be modelled 
separately by associating a “frequency characteristic” to these quantities [14]. This 
characteristic is defined by a polynomial formula as (32). 

( ) ( )
1

1
b

h
h

fy f a a
f

⎛ ⎞
= − + •⎜ ⎟

⎝ ⎠
                                           (32) 
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The resulting value of resistance or inductance is obtained by: 

( ) ( )1h hVal f y f= ×                                            (

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

able X.  Parameters of resistance frequency characteristics for the differ
components. 

Components a b 

( )Val f 33) 

e 
Table X

 

T ent 

WTG 1 0.5 

Main Grid 1 0.5 

Transformer 1 0.9 

Overhead lines 0.3 

Cables 1 0.5 

1 

 

im

 

The resonance order can be obtained from a frequency sweep, i.e. the impedance as a 
function of frequency. The simulation results with different amount of the capacitor 
banks connected are shown in Figure 26. In all cases, the upper curve is the 

pedance at the HV bus and the lower one is the impedance at the MV bus. 
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eda uenc  at 

Without capacitors connected, resonances occur around harmonic order 20 (1 kHz), 
whereas the resonance frequency goes down to below 300 Hz when all 72 Mvar of 
capacitor banks is connected. Seen from the MV bus only a series resonance is visible, 
which w use an increased e distortion due to emission by the wi
This is normally of minor concern due to the rathe all emission from wind 
turbines, but it is worth checking in all cases. Seen from the HV bus both a series and 

Figure 26.  Imp nce versus freq y at the HV bus and the MV bus. 

ill ca  voltag nd turbines. 
r sm  the 
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a parallel resonance are visible; the concern is with the series resonance (the low 
pedance value) because this is where the background distortion gets amplified to 

 bus. 

HV MV 

im
the MV

The resonance orders for different amounts of capacitance connected are listed in 
Table IX. 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. 

 

Table XI.  Harmonic resonance order with different capacities of capacitor banks. 

Capacitor banks 

Simulation Calculation Simulation Calculation 

0Mvar 21.34 22.8 19.64 21.7 

12 11.57 11.7 1 10.8 

24Mvar 8.859 8.88 8.106 8.21 

36Mvar 7.45 6.809 6.88 

48Mvar 6.54 6.54 5.985 6.04 

60Mvar 5.90 5.89 5.402 5.44 

72Mvar 5.42 5.41 4.962 5 

Mvar  10.6

7.429 

4 

5 

7 

 

Th l resona  at the high voltage side o 0 turbi sforme he 
fir n have also been analyzed by simulation, when the capacity of capacitor 
banks is 72 Mvar. The results are shown in Table XII. The results indicate that the 
cable is not the ma ctor impac e harmo nance ilar re s 
obtained in Chapter 2 where it was shown that the impact of the medium-voltage 
cables

 

le XII. onic resonance orde  to the turbine 
transformers. 

Near to t nsforme Resonance orders Near to t nsforme nce 

e paralle nces f the 1 ne tran rs in t
st colum

in fa ting th nic reso s. A sim sult wa

 on the resonance frequency was small. 

Tab  Harm rs at the bus near

he tra r he tra r Resona orders 

1-1 4.958 4.956-1 6 

2-1 4.957 4.957-1 6 

3-1 4.957 4.958-1 5 

4-1 4.957 4.959-1 4 
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5-1 4.956  4.9 10-1 54 

 

The operation modes of the 115-kV overhead lines and the 115/34.5-kV substation 
tr s 
resonance occurs, the voltage distortion m  
an moni  dominant harmonics in m ission system. These 
har  origina  domestic and commercial customers [1][2][7]. Meanwhile, 
the similar analysis is also car  3rd ha onics, since the 3rd harm  
often emitted by power transf oltage is several p t 
above nominal. So the amplifica of volta ortion rd, 5th th 
ha are cal  as well  resonance orders with ent ca f 
capacitor banks, based on the simulation results. The simulation results are shown in 
Ta , Table X nd Table X

 

le XIII plification ltage distortion under eration

ansformers are changed to study their influence on the series resonance. When serie
ight be amplified at the MV bus. The 5th

d 7th har
monics

cs are the
te from

ost transm

ried out for the
ormers when the operating v

rm onic is
ercen

tions ge dist with 3  and 7
rmonics culated as the  differ pacity o

ble XIII IV, a V. 

Tab .  Am  of vo  full op . 

( ) ( )MVU h HVU h  
Capacitor Resonance 

Resonance ord r 3 5 7 

Banks Order 

e

0Mvar 21.3 10.81 0.5530 0.5727 0.6053 

12Mvar 11.6 9.965 0.5816 0.6671 0.8531 

24Mvar 8.86 9.059 0.6134 0.7968 0.5089 

36Mvar 7.43 8.735 0.6485 0.9353 2.943 

48Mvar 6.54 8.246 0.6878 0.6530 3.004 

60Mvar 5.91 8.003 0.7321 0.0015 1.227 

72Mvar 5.43 7.747 0.7817 1.7947 0.7657 

 

Table XIV.  Amplification of voltage distortion with one overhead line. 

( ) ( )MV HVU h U h  
Capacitor 

Banks 
Resonance 

Order 

Resonance order 3 5 7 

0Mvar 19.26 8.393 0.4401 0.4597 0.4935 

12Mvar 10.42 7.321 0.4691 0.5599 0.7863 

24M 63 

6.231 8985 3.110 

48Mvar 5.902 5.847 0.5834 0.3350 0.9355 

var 7.978 6.572 0.5020 0.7134 0.95

36Mvar 6.702 0.5397 0.
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60Mvar 5.329 0. 4 2. 0.5 1 5.633 634 134 45

72Mvar 4.896 5. 0. 5 4. 0.3 2 502 694 504 84

 

T .  Am tion of vo istortion ne sub transfo  able XV plifica ltage d  with o station rmer.

C Re e 

Reso rder 

( ) ( )MV HVU h U h  
apacitor 
Banks 

sonanc
Order 

nance o 3 5 7 

0Mvar 19.67 7.617 0.4634 0.4833 0.5170 

12Mvar 10.65 6.806 0.4926 0.5830 0.8017 

24 7 

5.994 9075 4.336 

5.676 0.6060 0.9257 1.1162 

60Mvar 5.411 0. 9 1. 0.6 7 

5. 0. 5 5. 0.4 8 

Mvar 8.136 6.378 0.5254 0.7322 0.124

36Mvar 

48Mvar 

6.846 

6.029 

0.5629 0.

5.494 655 309 26

72Mvar 5.004 686 710 377 34

 

In  cases th ication is highest at the resonance fre . This could be 
a p  with high levels of interharmonics being presented in the tran n 
system or when a power-line communication signal has a frequency close to the 
res frequenc  amplification at the resonance frequency is more than a five 
in all cases. 

A eneral c n is the ication a ifth an enth h c, 
because these frequencies are always present in the transmission system. Here we see 
that the amplification varies strongly based on the operational state. With both lines 

three times when 36 or 48 Mvar of capacitance in connected. For 72 Mvar of 
capacitance, the fifth harmonic is amplified hen one line or one 
tran r is out of operation, the maximum amplification increases for both the 5th 
and the 7th harmonics. As for ic ord , the amplifications are all less 
than one under any op odes, because the resonance orders are far away from 
the 3

With the same method, rmonic current source  
bus, the amplification of harmonic current flow in pacito  is stud e 
de sults are n in the Ta I, Table and Tab III. 

le XVI. plification of harmonic c under eration

C Re e 

all three e amplif quency
roblem smissio

onance y. The

more g oncer amplif t the f d sev armoni

and both transformers in operation, the seventh harmonic may be amplified up to 

by a factor of 1.8. W
sforme

 the 3rd harmon ers
eration m

rd order with any steps of capacitor banks switched on. 

 when there is a ha connects to the MV
 the ca r banks ied. Th

tailed re  show ble XV  XVII, le XV

Tab   Am urrent full op . 

apacitor 
Banks 

sonanc
Order 

( ) ( )/cap hI h I h  
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Resonance order 3 5 7 

0Mvar 19.64 0 0 0 0 

12Mvar 10.61 15.28 0.06222 0.2041 0.5498 

24Mvar 8.106 16.46 0.1327 0.5123 2.413 

36Mvar 6.809 16.49 0.2130 1.305 11.79 

48Mvar 5.985 16.29 0.3056 2.079 3.331 

60Mvar 5.402 16.03 0.4135 5.192 2.278 

72Mvar 4.962 15.77 0.5421 15.39 1.879 

 

Table XVII.  Amplification of harmonic current with one overhead line. 

( ) ( )/cap hI h I h  
Capacitor 

Banks 
Resonance 

Order 

Resonance order 3 5 7 

0Mvar 18.31 0 0 0 0 

12Mvar 9.871 14.51 0.07289 0.2469 0.7215 

24Mvar 7.539 15.53 0.1573 0.6544 4.908 

36Mvar 6.334 15.51 0.2558 1.452 4.684 

48Mvar 5.567 15.27 0.3726 3.664 2.455 

60Mvar 5.027 15.00 0.5133 14.74 1.904 

72Mvar 4.617 14.73 0.6860 5.891 1.655 

 

Table XVIII.  Amplification of harmonic current with one substation transformer. 

( ) ( )/cap hI h I h  
Capacitor 

Banks 
Resonance 

Order 

Resonance order 3 5 7 

0Mvar 18.56 0 0 0 0 

12Mvar 10.01 13.51 0.07065 0.2377 0.6920 

24Mvar 7.647 14.63 0.1521 0.6224 4.109 

36Mvar 6.425 14.72 0.2466 1.349 5.282 

48Mvar 5.646 14.58 0.3581 3.206 2.577 

60Mvar 5.097 14.39 0.4913 12.15 1.962 

72Mvar 4.681 14.18 0.6533 6.791 1.692 
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At any operation mode, the amplificati monic current flow in capacitor banks 
at res  order e range of 13.51 16.49. The harmonic current 
amplification is also strongly affected by the operational st ith all equipment in 
operation, the 7th harmonic is amplified 12 times with 36 Mvar of capacitors, and the 
5th harmonic is amplified 15 tim r of c citors. Wh  one line or one 
trans  out of o on, the m m ampl n decr or bot th 
an th nic. A  the 3rd ha c orders plific  less e 
under any operation mo onic is actually dam

4 Harmonic Filters 

harmonic resonances that occur in a 
rid-connected wind farm. The parallel resonance will amplify the harmonic current 
om the equipment in the wind farm. The series resonance can lead to high voltage 

e using a central SVC or Statcom or by 
sing power-electronic converters with the wind turbines. 

oltage distortion and the amplification of current distortion.  

4.1 At
According to the simul how Ta , 
the amplification of 5th and 7  harmonics from the HV bus to the MV bus is larger 
than 3 certain nditio lification nance 
frequency is more tha ve un  any o tion m es, whi ill lead high 
voltage d e to rharm resent in the transm n system  

In orde  this re
reactance in n this w y the re
sh b c f cy. For the c en all the equipm s in 
op a pac anks nected, a filter gned t  
resonance. The simulation has been carried out using the same model as in Chapter 3 
and the results are shown in Tab . 

 

on of har
onance s is in th to 

ate. W

es with 72 Mva apa en
former is perati aximu ificatio eases f h the 5

d the 7  harmo s for
des (i.e. the th

rmoni
ird harm

, the am ation is
ped). 

than on

 

In Chapter 3, we have discussed the 
g
fr
distortion in the wind farm substation due to amplification of the voltage distortion 
from the transmission grid. 

A number of mitigation methods are possible to limit the impact of the resonances. 
We saw from the simulation example that different resonances occur for different 
operational states. It is thus difficult to prevent resonances is all operational states. 
Avoiding the use of capacitor banks altogether would prevent resonances at lower 
frequencies (like fifth and seventh harmonic). In that case the reactive-power control 
should be done in another way, for exampl
u

In this chapter we will study the possibility of designing a set of passive harmonic 
filters that cover all operational states. The design criteria are the amplification of 
v

tenuating the voltage distortion due to series resonance 

ation results s
th

n in Table XIII, ble XIV, and Table XV

 under operating co ns. The amp  at the reso
n fi der pera od ch w  to 

istortion du  inte onics being p issio . 

r to solve
 series with

sonance problem
 the cap

, passive filt
. I

ers are designed by adding 
aacitor banks sonance orders are 

ifted to a less pro lemati requen ase wh ent i
eration and 36 Mv r of ca itor b  is con is desi o shift the

le XIX
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Table XIX.  Amplification of voltage distortion under full operation (QCap =36 
Mvar). 

( ) ( )MV HVU h U h  
Added 

reactance 

Resonance 
Order 

Resonance order 3 5 7 

L=0, R=0 7.43 8.735 0.6485 0.9353 2.943 

L=1.1m .7249 

L =1.1mH, R 04 

L =1.1mH, R =0.2Ω 6.07 3.702 0.6 0.6 6 

L =1.1mH, R =0.3Ω 6.10 2.830 0.6595 0.6108 0.6769 

L =1.1mH R =0.5Ω 6.19 1.848 0.6587 0.6013 0.6286 

H, R =0 6.01 8.020 0.6603 0.6258 0

 =0.1Ω 6. 5.188 0.6601 

598 

0.6208 0.7127 

158 0.696

, 

 

Installing an inductor of 1.1 mH in series with the capacitor banks shifts the resonance 
order from 7.43 to 6. By ving  resonance order away from 5 and 7, the 
am 7th onics beco  less 
Howeve ding ind or w ot si cantl ct the ampli n at the 
resonance frequency; this requires adding resistance to damp the resonance. When the 

sistance value reaches 0.5 Ω, the amplification will be less than 2. But higher 
 be 

ance frequency. 

Full operation  One overhead lines One substation transformer 

mo  the
plification of 5th and 

r, merely ad
 harm mes than 3 in any operation state. 
uct ill n gnifi y affe ficatio

re
resistance will cause more power loss. Therefore, the value of the resistor should
selected based on the amplification limits. 

 

If the filter cannot be tuned, the simulations with the same added reactance have been 
carried out for different operation conditions. Part of the results is listed in Table XX.  

 

Table XX.  Amplification of voltage distortion at reson

QCap  (Mvar) QCap  (Mvar) QCap  (Mvar) 

Added 

36 36  72 

0 8.246 6.232 4 5.686 

reactance 

48 36 72 

L=0, R = 8.735 5.503 5.99

L  =0 8.120 5.831 3.914 5.712 5.030 

L =1.1mH, R =0.1Ω 5.195 4. 3.09 3.96 3.06

L = .2Ω 3 3.311 941 2. 2.

Ω 2. 2.460 322 2.07 1.

 1. 1.549 576 1.58 1.

 =1.1mH, R 8.074 

730 4.037 5 5 1 

1.1mH, R =0 .743 2. 2.156 953 163 

L =1.1mH, R =0.3 885 2. 1.616 1 632 

L =1.1mH, R =0.5Ω 889 1. 1.025 6 032 
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Meanwhile, if the ins  reactanc  be ada  the o nal s he 
duc  and resis for the a entio eratio es 

is obtained and shown in ble XXI. For different operation conditions, inductor with 
ifferent values is added to shift the resonance order close to 4 or 6, and a resistor is 

talled e can pted to peratio tate, t
specific value of in tance

Ta
tance bove-m ned op n mod

d
added to decrease the voltage amplification at the resonance frequency. 

 

Table XXI.  Design of reactance for different operation conditions. 

Added reactance Operation modes Resonance Amplific

L(mH) R(Ω) order 
ation times at 

resonance order 

36 1.1 0.3 6.1 2.830 Full operation  

QCap(Mvar) 48 0.4 0.3 

3 

6.

0. 6.05 One overhead line 
r) 7 1 0.15 4.01 3 

3 0 0.25 6.04 3 O transfo r 

7 1 0.15 4.02 7 

1 2.818 

2.481 36 0.7 
QCap(Mva 2 .2 2.51

6 .8 2.70ne substation rme
QCap(Mvar) 2 .3 2.43

 

4 rr  am icati ue to parallel nance 

The an llel resonance at the MV bus has been carried out in the Chapter 
. The current amplification from the harmonic source to the capacitor banks has been 

calculated and shown in Table XVI, Table XVII, and Table XVIII. Similarly, adding 
itor banks can also affect the parallel resonance. When 

.2 Attenuating the cu ent plif on d  reso

alysis for para
3

reactance in series with capac
all the equipments work and connected capacity of the capacity is 36 Mvar, a filter is 
designed and connected with capacitor banks in series to shift the resonance order 
close to 6. The simulation results are shown in the Table XXII. 

 

Table XXII.  Amplification of harmonic current through capacitor banks under 
full operation. (QCap =36 Mvar). 

( ) ( )/Cap MVI h I h  
Added 

reactance 

Resonance 
Order 

Resonance order 3 5 7 

L=0, R=0 6.81 16.49 0.2130 1.030 11.79 

L=0.7mH, R =0 6.02 12.37 0.2159 1.293 1.820 

L =0.7mH, R =0.1Ω 6.01 8.898 0.2159 1.286 1.803 
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L =0.7mH, R =0.2Ω 6.01 6.953 0.2158 1.277 1.783 

L =0.7mH, R =0.3Ω 6.01 5.706 0.2157 1.266 1.761 

L =0.7mH, 1.711 R =0.5Ω 6.00 4.208 0.2156 1.239 

 

The resonance order i 6 se ance with a sp ue. 
The added inductanc ly a  the ord hil  
resistance impacts the amplification at the resonance frequency. If the filter is tunable, 
the pa of the filte re designe  shift the resonance order to 4 or 6 for 
d ond rt of results is show able XX .  

 

.   reacta for diffe peratio ndition

Added reactance 

s shifted to 
e significant

by adding 
ffects

ries react
 

ecific val
d resonance er, w e the adde

rameters r a d to
ifferent operation c itions. Pa n in T III

Table XXIII Design of nce rent o n co s 

Operation modes Resonance Amplification times of harmonic 

L(mH) R(Ω) order current at resonance order 

36 0.7 0.5 6.01 4.208 Full operation 

QCap (Mvar) 72 1.1 0.2 4.05 4.640 

One overhead line 

QCap=60 Mvar 

1.4 0.2 4.04 4.727 

One substation transformer 1.5 0.2 4.03 4.398 

.3 Overall filter design 
In Section 4.1 and Section 4.2, filters ha er decreasing the 
voltage amplificati asing the current 

ication l res his could be a solution when o 
types of resonance results sive voltage and/or current distortion. However, 

, the filter should solve  prob g r
resonance at the same time. In this secti e filters are designed to decrease both 
th olt n an e curren plifica Based he sim n 
r ts, f filter should djusted to satisfy all limits set e 
am icatio

The case when all equipment is in operation and 36 Mvar of capacitor banks is 
c ect  ample he designed filter for weakening the 
consequences of series resonance and parallel resonance is L=1.1 , R=0.3 d 
L . The am ication tim  voltage distortion
harmoni en s or these two f Meanw , the ca
 filter of L=0.9 mH, R=0.4 Ω, which is the average value of the parameters of the 

two designed filters, has also been studied. The simulated results are shown in Table 

QCap=60 Mvar 

 

4

ve been designed for eith
on due to series resonance or for decre

amplif to paralle onance. T
in exces

 the

just one of the tw

ideally lems brou
on, th

ht by seri  es esonance and paralle  l

e v age amplificatio d th t am tion. on t ulatio
esul

plif
the parameters o

n. 
be a  to th

onn ed is taken here as an ex . T
mH  Ω an

=0.7 mH, R=0.5 Ω, respectively
c current have be

plif es of
ilters. 

 and 
se with imulated f hile

a
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XXIV

Table XXIV.  Fi n er ap =36 Mvar). 

Series resona P

.  

 

lter desig for full op ation (QC

nce arallel resonance Parameters of filter Reactance at 
damen
uency 

Reson
orde

Maximfun tal 
freq (Ω) 

ance 
r 

um
( ) ( )MVU h

Resona
orde

Maxim
( )HVU h  

nce 
r 

um
( )/ MVI hCapI h

 

L= 0 7.4 8.7 6.8 160, R =0  35  .49 

L =0.7 5.2 1.4 6.0 4.2

0.9 5.0 1.6 4.6 2.1

L =1.1mH, R =0.3Ω 0.3+j0.35 6.1 2.830 4.4 2.369 

mH, R =0.5Ω 0.5+j0.22 56 08 

L = mH, R =0.4Ω 0.4+j0.28 98 64 

 

ccording to the results in Table XXIV, the reactance value of the filter at 
mental f ncy is l , the reactive power supplied by the capacitor 
 will remain largely u d.  f  eff e

amplification to an acceptable e. Mo r ter t
greatly on the construction m  the dif  the cost of 
resistor is a  the power rating. In this ca  the filter with the low t 
resistance is selected because of the lower power loss at fundamental frequency

 

W  the he fil s designed for different operation condition
d iled  a param rs are sh n the T  
XXVI, and Table XXVII. 

Table XXV.  Filter design for full operation 

A
funda reque ow. Hence

nchange
 valu

banks  All three
reove

ilters can
il

ectively d
induc

press the 
, the cost of f ors depends 

ethod instead of ferent rating, and
se,lso independent of es

. 

ith  same method, t ter i s. The 
eta  simulation results nd filter ete own i able XXV, Table

 

Series resonance Parallel resonance QCap 

(Mvar) 

Filter Reactance 
at 50 Hz 

(Ω) 
Resonance 

order 
Maximum

( ) ( )MV HVU h U h  
Resonance 

order 
Maximum

( ) ( )/Cap MVI h I h

 

12 L =0mH, R =1.3Ω 1.3 12 2.463 10.6 4.895 

24 L =0mH, R =0.9Ω 0.9 9.2 1.984 8.1 4.815 

36 L =1.1mH, R =0.3Ω 0.3+j0.35 6.1 2.830 4.4 2.369 

48 L =0.5mH, R =0.6Ω 0.6+j0.16 6.1 1.493 5.4 4.438 

60 L =0mH, R =0.6Ω 0.6 6.2 1.532 5.4 4.424 

72 L =0mH, R =0.5Ω 0.5 5.7 1.625 5.0 4.705 
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T

resonance 

able XXVI.  Filter design for the operation case with one overhead line. 

Series resonance Parallel QCap 

(Mvar) 

Filter Reactance 
at 50 Hz 

(Ω) 
Resonance 

order 
Maximum

( ) ( )MV HVU h U h  
Resonance 

order 
Maximum

( ) ( )/Cap MVI h I h

 

12 L 4.586  =0mH, R =1.5Ω 1.5 10.8 2.024 9.9 

24 L 4.975 

36 L 4.997 

48 L 6 4.992 

60 L =1.5mH, R =0.4Ω 0.4+j0.47 4.3 1.287 4.0 4.943 

72 L =1.1mH, R =0.5Ω 3.8 4.148 

 =0mH, R =0.9Ω 0.9 8.2 1.643 7.5 

 =0.8mH, R =0.6Ω 0.6+j0.25 6.0 1.649 5.6 

 =0mH, R =0.6Ω 0.6 6.1 1.470 5.

 0.5+j0.35 4.2 1.003 

 

Series resonance Parallel resonance 

Table XXVII.  Filter design for the operation case with one transformer. 

QCap Filter Reactance 
at 50 Hz Resonance Max(Mvar) 

(Ω) order 
imum
( ) ( )MVU h rder HVU h  

Resonance 
o

Maximum
( ) ( )/Cap MVI h I h

 

12 L =0mH, R =1.5Ω 1.5 11.0 1.775 10.0 4.444 

24 L =0mH, R =0.9Ω 0.9 8.5 1.626 7.6 4.830 

7 4.864 

48 L =0mH, R =0.6Ω 0.6 6.3 1.476 5.7 4.878 

60 L =1.5mH, R =0.4Ω 0.4+j0.4 1.288 4.0 4.815 

72 L =1.1mH, R =0.4Ω 0.4+j0.35 4.2 1.252 3.9 4.718 

36 L =0.8mH, R =0.6Ω 0.6+j0.25 6.1 1. 5.409 

7 4.3 

 

According to the results, the required ratings of filter inductor are 0.5 mH, 0.8 mH, 
1.1 mH and 1.5 mH; and the ratings of filter resistors are 0.3 Ω, 0.4 Ω, 0.5 Ω, 0.6 Ω, 
.9 Ω, 1.3 Ω and 1.5 Ω. For different operation modes, the different combinations of 0

inductor and resistor are needed. Therefore, the configuration of filters are designed 
and shown in the Figure 27. 
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Figure   Configuration of filters. 

 

By solving the following equations sets, the design values for inductors and resistors 
in Figure 27 is obtained as follows: 

1 2 3 4

3
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Based on the calculation results, the inductors and resistors are selected as shown in 
the le X XXIX. 

 

Table XXVIII.  Design parameters for filter inductors. 

 27.

 

1

1 2

1 2 3

1.5
// 1.1
// // 0.8
// // // 0.5

L
L L
L L L
L L L L

=⎧
⎪ =⎪
⎨ =⎪
⎪ =

                           1

2

1.5
4.125
2.930

L
L
L

=⎧
⎪ =⎪
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⎩

               1 1.5R =⎧  

1 2//
//1 2

// //R R

3 4 5// // 0.5R R =

3 4 5 6// // //R R R =

3 4 5 6// // // //R R R R

.3

0.6=
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// 0.3= ⎩

2R =⎪

2
1.2=

Tab XVIII and Table 

Inductor Value (mH) 
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L1 1.5 

L2 

L3 3 

L4 1.4 

4 

 

.  Design parameters for filter re

Res

Table XXIX sistors. 

istor Value (Ω) 

R1 1.5 

R2 10 

R4 1.

R5 

R6 2 

R7 1.2 

R3 3 

8 

3 

 

The re, uctance a for differe  of 
power grid with wind far  ca com ted 
inductors an e 
Table XXX  

refo the required ind nd resistance nt operation modes
m

d resistors. The detailed
n be met by different 

 working states of filter are summa
binations of connec

rized in th
, Table XXXI, and Table XXXII. 

 

Table XXX.  Filter elements for full operation  

Real Value QCap 

(Mvar) 

Objective Value of 

Filter Connected elements Filter 

12 L =0mH, R =1.3Ω R1, R2 L =0mH, R =1.304Ω 

24 L =0mH, R =0.9Ω R1, R2, R3 L =0mH, R =0.9092Ω 

, R2, R3, R4, R5, 
6, R7 

L =1.0909mH, R =0.3010Ω 36 L =1.1mH, R =0.3Ω L1, L2, R1

R

48 L =0.5mH, R =0.6Ω L1, L2, L3, L4, R1, R2, R3, R4 L =0.5090mH, R =0.6041Ω 

60 L =0mH, R =0.6Ω R1, R2, R3, R4 L =0mH, R =0.6041Ω 

72 L =0mH, R =0.5Ω R1, R2, R3, R4, R5 L =0mH, R =0.5028Ω 

 

Table XXXI.  Filter elements for the operation case with one overhead line. 
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Real Value QCap 

(Mvar) 

Objective Value of 

Filter Connected elements Filter 

12 L =0mH, R =1.5Ω R1 L =0mH, R =1.5Ω 

24 L =0mH, R =0.9Ω R1, R2, R3 L =0mH, R =0.9092Ω 

36 L =0.8mH, R =0.6Ω L1, L2, L3, R1, R2, R3, R4 L =0.8000mH, R =0.6041Ω 

48 L =0mH, R =0.6Ω R1, R2, R3, R4 L =0mH, R =0.6041Ω 

60 L =1.5mH, R =0.4Ω L1, R1, R2, R3, R4, R5, R6 L =1.5mH, R =0.4018Ω 

72 L =1.1mH, R =0.5Ω L1, L2, R1, R2, R3, R4, R5 L =1.0909mH, R =0.5028Ω 

 

Table XXXII.  Filter elements for the operation case with one transformer. 

Real Value QCap 

(Mvar) 

Objective Value of 

Filter Connected elements Filter 

12 L =0mH, R =1.5Ω R1 L =0mH, R =1.5Ω 

24 L =0mH, R =0.9Ω R1, R2, R3 L =0mH, R =0.9092Ω 

36 L =0.8mH, R =0.6Ω L1, L2, L3, R1, R2, R3, R4 L =0.8000mH, R =0.6041Ω 

48 L =0mH, R =0.6Ω R1, R2, R3, R4 L =0mH, R =0.6041Ω 

60 L =1.5mH, R =0.4Ω L1, R1, R2, R3, R4, R5, R6 L =1.5mH, R =0.4018Ω 

72 L =1.1mH, R =0.4Ω L1, L2, R1, R2, R3, R4, R5, R6 L =1.0909mH, R =0.6041Ω 

 

According to the results shown in the above three tables, the selected inductors and 
resistors can results in the values, which are close enough to the expected values of 
filter, with different switch combinations. A central controller is needed that gets as 
input the state of the capacitor banks, of the 115-kV overhead lines and of the 
substation transformers. From this information and a look-up table, the optimal 
combination of inductance and resistance is determined. 

5 Discussion and Conclusions 

the case. A harmonic resonance 

frequency would be needed, but for practical studies it is sufficient to know the 

 

Harmonic resonances come in two types: harmonic series resonances and harmonic 
parallel resonances. Harmonic resonances occur always whenever both capacitive and 
inductive elements are present, which is always 
results in an amplification of the harmonic voltage and/or current distortion. The 
amount of amplification depends mainly on the amount of resistive damping present 
in the system. For harmonic studies it is therefore important to know the amount of 
resistance present in the system. Ideally, the resistance of all elements as a function of 
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resistance values around the resonance frequency. Of importance for the impact of a 
harmonic resonance is not only the amplification but also the emission level. 
Emission levels are highest for harmonics 5 and 7 so that the concern traditionally has 
been most with resonance frequencies below about 400 Hz (in a 50-Hz system). 

The presence of capacitor banks at a low-voltage or medium-voltage substation will 
often result in resonances around harmonic 5 or 7. This holds for public distribution 
systems as well as for the distribution system in a wind farm (typically referred to as 
the “collection grid”). The case studies show that the capacitance of the 
medium-voltage cables has only a minor impact on the resonance frequency. The 

ies for parallel and series resonance are 

 that wind turbines often produce a broadband spectrum superimposed on 

at the medium-voltage substation in the wind farm. The source of 

 these frequencies might 

 above three are not unlikely. 

inductance of induction machines has a more significant impact on the resonance 
frequency and should not be neglected. With other types of turbines (double-fed 
induction machines, full-power converter) the inductance to be used for harmonic 
studies is similar so that also these should not be neglected. 

In most practical cases, the resonance frequenc
close. The difference is however in the source of the distortion and in the 
consequences. A parallel resonance amplifies the current distortion from any source 
downstream of the resonance point (which is mostly the capacitor bank). The result is 
high voltage distortion over the capacitor bank and high current distortion through the 
substation transformer connecting the wind farm to the grid. In case of a wind farm 
the emission from the turbines is amplified by a parallel resonance. Measurements 
have shown
the characteristic harmonics of a six-pulse converter (5, 7, 11, 13, etc). The emission 
at the characteristic harmonics is rather low. The impact of a parallel resonance with 
low damping will therefore likely be unacceptably high levels of non-characteristic 
harmonics and of interharmonics. We will continue this discussion below, especially 
with reference to the term “unacceptable”. 

A series resonance will amplify the harmonic voltage distortion from the HV bus to 
the MV bus. The result will again be high currents through the substation transformer 
and high voltages 
the emission is in this case the voltage distortion in the transmission or transmission 
grid to which the wind farm is connected. The main distortion present in these grids is 
at the fifth and seventh harmonic. Any resonance close to
result in unacceptably high voltage and/or current distortion. From the case study we 
saw that amplification factors

At this stage we should make a distinction between two types of unacceptability; a 
distinction that is often blurred in discussions on harmonic distortion. A high 
distortion level may result in damage or other adverse consequences or it may exceed 
a limit set in a standard or by the network operator. 

A certain harmonic voltage or current level may be unacceptable because it results in 
damage to equipment, mal-operation of equipment, loss-of-life-of-equipment or other 
types of interference (light flicker or audible noise are examples). In that case there is 
no doubt that measures should be taken to reduce the distortion. In case of wind parks 
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and parallel or series resonance, high currents through the substation transformer and 
high voltages at the medium-voltage substation result, as was mentioned before. The 
currents through the transformer could result in excessive heating especially through 
the forming of hot-spots. The so-called K-factor model in IEEE Std C57-110 can be 
used to estimate the impact of a non-sinusoidal current on the transformer and to 
determine a corrected rating. For heavily-distorted currents this corrected rating may 
be exceeded for large wind-power production. A temporary solution in that case is to 

 reported. The distortion level at which 

onics and 

grid is almost exclusively in the form of integer harmonics with harmonic five 
and seven dominating. 

ay be occasionally used by network operators for power-line 
on. 

y wind turbines, 

eristic harmonics and for interharmonics. This is a 
t these frequencies 

limit the production. A more suitable solution is to overrate the transformers during 
the design of the windpark or to install suitable harmonic filters.  

High levels of harmonic voltage at the medium-voltage bus will result in excessive 
heating of the capacitor bank. Again model calculations of the capacitor bank should 
be used to estimate the impact and this is most appropriately done in the design stage 
of the wind farm. When excessive heating is expected, either the capacitor bank can 
be overrated or the harmonics can be filtered. 

High harmonic current distortion may also result in unwanted tripping of protection 
relays. In fact, several cases of this have been
these unwanted trips occur depends on the details of the protection algorithm used and 
no general conclusions can be drawn about this. A discussion with manufacturers of 
protection relays may be started to take up this issue when it is confirmed that 
unwanted trips are due to the way in which the protection relay treats harmonic 
distortion. 

The second type of unacceptability occurs when the limits set in standards or set by 
the network operator in the grid code are exceeded. In case of a wind farm this only 
concerns the currents through the substation transformer. The collection grid is a 
“private network” where it is up to the owner of that grid to decide about which levels 
are accepted. Using the voltage-distortion limits set in international standards like EN 
50160 or IEC 61000-2-2 will in most cases prevent interference with equipment but it 
could also result in overdesign especially for non-characteristic harm
interharmonics.  

It is difficult to give general conclusions here because each installation is different; 
but we still want to use the following basic assumptions: 

 The emission from individual wind turbines is low and in the form of a 
broadband spectrum. 

 The background voltage distortion in the transmission and subtransmission 

 Interharmonics m
communicati

Parallel resonances together with the broadband spectrum emitted b
could result in emission limits (set in the grid code, for the wind farm as a whole) 
being exceeded for non-charact
consequence of the limits being set in a time when the emission a
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was almost non-existing. A discussion should be started, preferably at international 
level, to obtain reasonable limits at these frequencies. It should be noted that the 

atters. We do not expect the harmonic voltages or currents with 

ended to perform a detailed study in any case during the design of the 

 only a concern when they are close to the fifth or 

; the high voltages at the medium-voltage bus could 

his should however 

s or currents have no adverse effects within the wind 

possible. The duration of the communication signals used is 
normally limited to a few seconds and no thermal effects are expected.  

on the operational state of the wind farm and the 
grid. It is thus needed to consider the harmonics for all possible operational states. 

le operational 
tates should be considered. In this report a possible design of a harmonic filter is 
resented that covers all (N-1) operational states. The described filter requires a 

al controller that chooses the optimal filter from the operational state. 

The main uncertainty found during the calculations is the knowledge of the 
resistances around the resonance frequency. Detailed models exist for cables and 
overhead lines but application of these is rather complicated and time consuming. But 
from our studies we draw the preliminary conclusion that the main impact on the 
amplification is by the resistance of the transformers and the turbines around the 
resonance frequency. It may be worth the effort to have a closer look at this in the 
future. 
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