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CHAPTER I 
Introduction 

1.1 Introduction 

Nowadays, a large amount of power electronic-based devices is connected to 
electric power systems. These devices behave like nonlinear devices and generate 
harmonics into grids. Moreover, the use of renewable energy sources such as wind 
power is increasing due to a demand of clean energy when the possibility of scarcity 
of fossil energy resources and pollution problem from the power plants that are 
running on these resources is forthcoming. Wind power is exploited increasingly in 
energy policy of each country over the world. However, the integration of wind 
power plants into the power system supported by power electronic interfaces 
possibly results in harmonic relating issues such as harmonic distortion, harmonic 
resonances and so on. These problems can affect negatively to power quality, 
particularly voltage and current quality. 

1.2 Motivation 

Harmonic resonances should be an issue paid attention when considering power 
systems connected to wind power plants. Although wind power plants generate 
inappreciable harmonics into grids, possibility of harmonic resonances is unavoidable. 
Assessing harmonic propagation and analyzing origins of harmonics causing harmonic 
resonances are crucial. Operating condition of wind power plants is distinct to the 
conventional power plants due to impacts of variable wind speed and geographic 
location. As a result, harmonic resonance analysis in grids connected wind power 
plants is also more challengeable than that in traditional grids. The reliable 
information from harmonic resonance analysis will help utilities and system engineers 
prevent power systems from risky problems. Furthermore, the integration compliance 
issue will be taken into account better in the light of the additional information 
provided from harmonic resonance study. 

So far, frequency scan analysis is still the prominent method used for identifying 
harmonic resonance frequencies. However, a little information provided by this 
method leads to require an improvement or other methods that can bring more 
information about possible resonances. Recently, harmonic resonance mode analysis 
proposed has been paid attention significantly in harmonic study. This method has 
overcome restrictions of frequency scan analysis; the information provided is not 
only resonance frequencies but also includes the buses participating during harmonic 
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resonances and so on. Besides harmonic resonance mode analysis, state-space based 
method, which also is developed on modal analysis, has presented well in harmonic 
resonance study. Nonetheless, when analyzing each method’s advantages and 
disadvantages, harmonic resonances mode analysis (HRMA) shows more 
advantageous. Thus, conducting this method in harmonic resonance analysis in grids 
connected wind power plants is a valuable task in order to achieve the goal of 
detecting and attenuating possible resonances effectively. 

1.3 Objectives 

The work in this thesis is to analyze harmonic resonances in power systems when a 
wind power plant is integrated into systems. There are two objectives presented in 
this thesis: 

1. To analyze harmonic resonances in power systems with a wind power plant 

2. To determine the resonance path during resonances 

1.4 Scope of Study 

1. The research focuses mainly on harmonic resonance analysis. 

2. Parallel is the main interest in this thesis due to its frequent occurrence and 
more serious impact than series resonance. 

3. Electric power systems are assumed to be balanced system. 

4. Harmonic resonances are analyzed in the study up to 2500 Hz referring to 50 
Hz fundamental frequency of system. 

5. Variable speed wind generator types III and IV are considered mainly in 
harmonic resonance analysis. 

1.5 Methodology 

1. Perform literature reviews on background knowledge about harmonic 
resonance analysis and equivalent models of wind power plants. 

2. Collect necessary data 

3. Conduct harmonic resonance mode analysis and modal sensitivity indices 

4. Develop a program that is capable of harmonic resonance analysis based on 
harmonic resonance mode analysis 

5. Analyze the phenomenon based on theoretical and actual data 

6. Verify results and improve the developed program 
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The methodology is summarized in Figure. 1.1. 

Collect Data from field 
measurements

Modeling the system
Modeling  network components

Modeling Harmonic Sources

Analyze the collected data

Conduct Harmonic Resonance 
Mode Analysis & Modal 

Sensitivity indices

Figure out possible harmonic 
resonant frequencies

Reveal most excitable & 
observable buses

Determine the resonance path
Verify the simulation results with 

actual measurement results

Modeling conventional network 
components

Modeling wind power plants.

Discussions and Conclusions

Literature Reviews on Harmonic 
resonance analyses

 
Figure 1.1 The methodology 

1.6 Expected Contribution 

The information provided from harmonic resonance analysis is useful to construct 
the resonance paths. These resonance paths constructed will help utilities and 
system engineers in design stage of power systems when an integration of wind 
power plants is taken into account. Moreover, conducting harmonic resonance 
analysis also helps figure out the most network components and main aspects 
influencing on harmonic resonances. This information is necessary not only for 
planning in case of system expansion, but also for preventing systems from negative 
effects of resonances. 

1.7 Outline of Thesis 

The thesis contains six chapters presented as follows. 

Chapter 2 presents general understanding about harmonic resonances in term of 
definition and their impacts on power systems. Harmonic resonances are considered 
in power systems with a wind power plant; therefore, general configuration of wind 
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turbine generators is summarized in order to help point out harmonic components 
that are possible to cause harmonic resonances. This chapter also presents some 
standards used for assessing harmonic resonances in power system. 

Chapter 3 summarizes literature reviews of available methods for harmonic 
resonance analysis and harmonic models of wind power plants. Those noticeable 
methods for harmonic resonance analysis are summarized in this chapter. Based on 
this summary, a comparison is also presented in order to figure out the suitable 
method for harmonic resonances.  

Chapter 4 presents problem formulation, and a methodology is conducted for 
analyzing harmonic resonances. A verification procedure is also presented in this 
chapter. The verification with field measurement data is used in order to validate the 
simulation results. 

Chapter 5 shows simulation results and verification with actual measurement data. 
The discussion is presented in this chapter as well. 

Chapter 6 concludes the study, and future work is also suggested. 
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CHAPTER II 
Harmonic Resonances in Power Systems with Wind Power Plants 

The chapter aims to provide an overview of harmonic resonances in power systems. 
Definition in accordance with current international standards including the Institute of 
Electrical and Electronic Engineer (IEEE) and International Electro-technical 
Commission (IEC), and categories of harmonic resonances are presented. 
Furthermore, this chapter also elaborates harmonic issues in wind power plants by 
summarizing the state of the art of electronic applications for wind turbines. Based 
on these summaries, this chapter provides useful information and explains possibility 
of potential harmonic resonances in power systems with wind power plants. 

2.1 Harmonic Resonances 

The IEEE and IEC standards are widespread standards used throughout the world. 
Therefore, both standards are considered as main standards in this study. The 
fundamental perception of harmonics is regarded to both standards. 

2.1.1 Resonance Definition 

Harmonic resonances are mentioned in both IEEE 519-1992 and IEC 61000-3-6 
standards [1, 2]. Generally, harmonic resonance can be defined as a phenomenon 
that happens in power systems when a natural frequency produced by power 
systems containing both inductive and reactive components coincides with a 
frequency generated from harmonic sources incorporated into those power systems 
[3]. 

2.1.2 Harmonic Resonance Categories 

The classification of harmonic resonance types depends on the direction  of 
harmonic current flows that result in resonances in power systems. Harmonic 
resonances can be categorized into two types: series and parallel resonances [1, 2]. 
Although most of serious problems of resonances are parallel resonance, it is more 
general to present both types of resonances in this part. Figure. 2.1 depicts potential 
harmonic resonances.  
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Harmonic 
Source

Harmonic
 Source

High Currents

High Voltages

 
Figure 2.1 The system with potential parallel and series resonances [3] 

2.1.2.1 Parallel Resonance 

Regarding IEEE 519 standard [1], parallel resonance happens in power systems is 
described as follows. 

The harmonic current flows into the system through reactive and inductive elements 
that are parallel connected to each other in accordance with the direction of 
harmonic current flow. At a certain frequency of harmonic sources, the reactance 
and inductance of those aforementioned elements are cancelled each other, which 
lead to the largest impedance seen from bus injected by the harmonic current. This 
largest impedance results in very high voltage at the bus of interest, and harmonic 
currents flowing through those reactive and inductive elements are magnified as 
well. This phenomenon is called parallel resonance. The direction of harmonic 
current resulting in parallel resonance can be depicted in Figure. 2.2.  

Harmonic
 Source

High Voltages

High Harmonic 
Current

 
Figure 2.2 Potential parallel resonance 
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2.1.2.2 Series Resonance 

Series resonance results from cancellation of reactive and inductive impedance of 
the corresponding elements at a certain harmonic frequency. These inductive and 
reactive elements are connected in series in accordance with the flow of harmonic 
currents through power systems. Series resonance leads to very low impedance seen 
from bus injected by harmonic sources, which can cause considerably high voltage 
distortion and harmonic currents. 

Figure. 2.3 describes the direction of harmonic current that can account for series 
resonance. 

Harmonic
 Source

High Voltages
DistortionHigh Harmonic 

Current

 
Figure 2.3 Potential series resonance 

2.1.3 Impacts of Harmonic Resonances on Power Systems 

The influences of harmonic resonances on power systems are documented rather 
well in IEEE 519-1992 and IEC 6100-3-6 standards [1, 2]. The main impacts of 
harmonic resonances on power system can be summarized in following points: 

- Fundamentally, harmonics resonances persist harmonic currents and voltages at 
very high values. Those harmonic currents and voltages result in very high harmonic 
distortion, which leads to maloperation of power apparatus in grids.  

- High values of harmonic voltages and currents due to harmonic resonances also 
cause unsuccessful integration of distributed generation into power systems such as 
wind power plants and photovoltaic.  

- Harmonic resonances take place frequently in power systems incorporating 
capacitor banks, which can account for serious failure of capacitor banks due to over 
currents and over voltages in such resonances [3]. 
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2.2 Harmonic Resonance Issues in Wind Power Plants 

Wind power plants are playing a role of harmonic sources in electric power systems. 
The electronic applications used account for generation of harmonics into main grids. 
The perception of power electronic applications for wind turbines is necessary to 
harmonic resonance study.  

2.2.1 Power Electronic Applications for Wind Turbines 

Wind turbines can be classified into two main categories: fixed speed and variable 
speed turbines. Furthermore, wind turbines can also be categorized as four major 
types known as type I, II, III and IV. Type I refers to fixed speed wind turbines. Type II 
refers to limited variable speed wind turbines and type III and IV refer to variable 
speed wind turbines [4-7]. The wind turbine generators used include both 
synchronous and induction generators. 

The configuration of wind turbines connected with grids is shown in Figure 2.4. 

Gear Box

WRIG
WRSG
PMSG

Transformer 
Grid

Reduced – capacity Power 
Converters

TYPE IV

Gear Box

DFIG
WRIG

Transformer 
Grid

Reduced – capacity Power 
Converters

TYPE III

Gear Box

WRIG   Soft Starter Transformer 
Grid

TYPE II

Capacitor
Bank 

Gear Box

SCIG   Soft Starter Transformer Grid

TYPE I

Capacitor
Bank 

 
SCIG  : Squirrel Cage Induction Generator 

WRIG: Wound Rotor Induction Generator 

WRSG: Wound Rotor Synchronous Generator 

PMSG : Permanent Magnet Synchronous Generator 

Figure 2.4 Wind turbine configurations [6, 7] 

A further classification of wind turbines is based on the type of power control: stall, 
pitch, and active stall. This classification is described in Table 2.1. 
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Table 2.1 Wind turbine categories classified by power control [7] 

Speed Control 
Power control 

Stall Pitch Active stall 

Fixed speed Type I Type I0 Type I1 Type I2 

Variable speed 

Type II *Type II0 Type II1 *Type II2 

Type III *Type III0 Type III1 *Type III2 

Type IV *Type IV0 Type IV1 *Type IV2 

* Note: those types with a star indicate that there is no combination between speed 
and power control topologies [7]. 

Fixed speed and variable speed wind turbines configured by popular power 
electronic applications are presented more in details in next sections [5], [7], [8].  

2.2.1.1 Soft Starter for Fixed Speed Wind Turbine Generators   

The basic configuration of a fixed speed wind turbine is shown in Figure. 2.4 type I. 
The squirrel cage induction generator (SCIG) is connected to the step – up 
transformer through a soft starter. The soft starter is configured by six thyristors, 
which are equipped in two per phase in anti-parallel. The connection of wind turbine 
generators to system results in high inrush currents that trigger disturbances in 
systems. RMS value of inrush currents is limited due to application of soft starter [5]. 

2.2.1.2 Power Electronics for Variable Speed Wind Turbines 

Nowadays, the technology for speed control in wind turbines has shifted from fixed 
speed to variable speed wind turbines, which aims to fulfill the requirement of 
maximizing captured power and reducing mechanical stress. The most popular 
configuration of variable speed wind turbines is known as doubly fed induction 
generator (DFIG) and full rated converter wind turbines [8]. 

 Doubly Fed Induction Generator (DFIG) Wind Turbines 

The configuration of DFIG wind turbine is depicted as type III in Figure. 2.4. A back-to-
back converter is used to supply the current from the grid to the rotor of the 
generator. Figure 2.5 depicts a system configuration of a DFIG, which is the same as 
the configuration in Figure 2.4. 
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Gear Box

DFIG
Transformer 

Grid

Reduced – capacity 
Power Converters

 
Figure 2.5 The system configuration of a DFIG [6] 

The converter consists of two bidirectional converters connected together by a 
common DC link. The converter used in this configuration is capable of controlling 
both the active and reactive power supplied to electric power systems.  

 Full Rated Converter (FRC) Wind Turbines 

The most common configuration of a full rated converter (FRC) wind turbine is 
depicted as type IV in Figure. 2.4. Generators can be one of three types of generators, 
which are permanent magnet multi-pole synchronous generator (PMSG), wound rotor 
induction generator (WRIG), and wound rotor synchronous generator (WRSG). A back-
to-back converter is usually used to connect wind turbine generators to grids. The 
configuration of the converter is similar to the converter used in DFIG wind turbine. 

2.2.2 Harmonic Emission 

Generally, harmonic emission from those wind turbine generators without electronic 
converters including fixed speed wind turbine generators type I and limited speed 
wind turbines type II  is not known of serious problems with grids or customers [6], 
[7]. Nonetheless, for those variable speed wind turbines, harmonic emission needs to 
be paid attention. Inverters and converters in wind turbines with DFIG or FRC are 
origins of harmonics in power system  [6], [7]. The contents of harmonics depend 
considerably on the switching frequency used in equipped converters. Pulse width 
modulated (PWM) inverters designed with the switching frequencies in the range of 2 
– 3 kHz can produce harmonics in the range of some kilohertz [7]. Figure. 2.6 depicts 
a spectrum of harmonic currents generated by a full rated converter wind turbine. 
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Figure 2.6 Harmonic current emission of a variable speed wind 
turbine [7] 

2.3 Assessment of Harmonic Resonances  

For assessing harmonic resonance in power systems connected with wind power 
plants, the IEC 61400-21 standard is considered as the main standard in the study [9]. 
The standard does not document specifically the compliance issues with harmonic 
resonances; however, impacts of harmonic resonances on voltages and currents are 
reasons to regard resonances with harmonic issues stated in IEC 61400-21 standard.  
IEC 61400-21 standard documents the applicable limits for harmonic emission that 
are referred to IEC 61000-3-6 standard [2, 9]. Regarding harmonic resonances, the 
indices characterizing harmonic resonances are total harmonic distortion (THD), which 
is calculated in term of voltage as 

 

50

2

2

1

i
i

V
THD

V
                                         (2.1) 

where V1 is the voltage at fundamental frequency, and harmonic components are 
taken into account up to the 50th . 

Based on IEC 61000-3-6 standard, the total harmonic current at the point of common 
coupling is calculated as 
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where: 

Nf  : the number of wind turbine generators 

Ih  : the magnitude of the h-th harmonic generated by the i-th source.  

ni  : the ratio of the transformer at the i-th wind turbine  

  : the summation exponent is looked up in Table 2.2 below. 

Table 2.2 Summation Exponents 

Harmonic order   
h < 5 1.0 

 5 h 10  1.4 

h >10 2.0 

The compliance limit for harmonics is addressed in IEC 61000-3-6 standard as in 
Table 2.3 [2]. 

Table 2.3 Voltage distortion limits for harmonics in low and 
medium voltage power systems 

Odd harmonic non multiple 
of 3 

Odd harmonics multiple 
of 3 

Even harmonics 

Order h 
Harmonic 
voltage 

% 
Order h 

Harmonic 
Voltage 

% 
Order h 

Harmonic 
Voltage 

% 

5 6 3 5 2 2 
7 5 9 1.5 4 1 
11 3.5 15 0.3 6 0.5 
13 3 21 0.2 8 0.5 
17 2 > 21 0.2 10 0.5 
19 1.5   12 0.2 
23 1.5   > 12 0.2 
25 1.5     

> 25  
25

0.2 1.3
h  

    

NOTE – Total harmonic distortion (THD): 8% 
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CHAPTER III  
Harmonic Resonance Analyses and Modeling Wind Power Plants 

Harmonic resonance analysis methods are summarized in this chapter. Based on this 
summary, the most suitable method is chosen for harmonic resonance study. In 
addition, this chapter presents the model of wind power plants used in the research. 

3.1 Reviews on Harmonic Resonance Analyses 

Harmonic resonance phenomenon happens in a power system when the system 
frequency coincides with one of the frequencies generated from harmonic sources. 
Harmonic resonances result in high increase of voltages and currents flowing through 
the system. The methods used for harmonic resonance analysis can be classified into 
two main classes, the former class of the method is known as frequency scan 
analysis, and the latter ones are the methods based on modal analysis [10]. The 
noticeable differences among these methods including theoretical understanding and 
implementation issues have been documented well in [10]. Methods based on 
modal analysis include mainly harmonic resonance mode analysis and state-space 
model based analysis [11-15]. Basically, the methods for analyzing harmonic 
resonances can be classified as shown in Figure. 3.1. 

Harmonic Resonance 
analysis

Frequency Scan 
Analysis Modal analysis 

Harmonic Resonance 
Mode Analysis

State Space Model 
based Analysis

Descriptor Y(s) matrix
 

Figure 3.1 Classification of harmonic resonance analysis method 

3.1.1 Frequency Scan Analysis 

The most common method for harmonic resonance analysis is known as frequency 
scan analysis [16, 17]. Frequency scan analysis is based on characteristics of harmonic 
impedance matrix to construct the system response as a function of frequency. The 
method can be summarized briefly as follows. 
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Equation Chapter 3 Section 1 [ ] [ ] [ ]h bus h hI Y V                                            (3.1) 

  1[ ] [ ] [ ] [ ] [ ]h bus h h bus h hV Y I Z I                         (3.2) 

where:  

h        : harmonic order 

[Ybus]h  : system admittance matrix 

[Zbus]h  : system impedance matrix 

[I]h      : harmonic current injection 

[V]h     : bus voltage matrix 

Since Ybus and Zbus contain linear elements; this linear property can be used for 
estimating bus voltages as in the equation (3.2). The voltage of a bus of interest are 
calculated by using a harmonic current source with the value of  01 0  (A or p.u) that 
injected directly into this bus while other harmonic sources at remaining buses are 
grounded. By doing in similar manner for various harmonic frequencies, voltages of 
the buses of interest at different frequencies are determined. The curve plotted by 
voltages against corresponding harmonic frequencies is known as frequency scan 
curve. This curve shows the resonance points that are indicated by the peaks (the 
highest impedance associated with parallel resonance) and the valleys (the lowest 
impedance associated with series resonance) as illustrated in Figure. 3.2.  

 
(a) Simulated system      (b) Frequency response in frequency domain 

Figure 3.2 Frequency response of a system with resonances [17] 

The frequency scan analysis is a simple method that allows identifying the resonance 
frequency easily, but this method does not show the components affecting directly 
harmonic resonance, and lacks of additional information to solve harmonic 
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resonance effectively as well. Moreover, this method is time consuming because it 
needs to the invert an admittance matrix. 

3.1.2 Harmonic Resonance Mode Analysis 

The later method developed by using the modal theory is harmonic resonance 
mode analysis (HRMA) [15, 17]. As compared in the [10], the proposed method has 
overcome the restriction of previous methods. Furthermore, that harmonic 
resonance mode analysis allows presenting the responses in the frequency domain, 
and bringing a familiar approach in harmonic resonance assessment. HRMA not only 
figures out correctly the harmonic resonance points but also reveals observable and 
excitable buses in power system. The results found by harmonic resonance mode 
analysis are considerably informative. The following studies in [10, 18-22] continue 
advancing and representing the validity of the proposed method. Harmonic 
resonance mode analysis can solve well both resonance phenomena. Although the 
method shows some drawbacks as there are two different approaches in analyzing 
series and parallel resonance, the information provided by HRMA is worth taking into 
account in harmonic resonance analysis.  

The method is based on the eigen - decomposition by considering the singularity 
characteristic of system admittance matrix. These characteristics are worthwhile to 
harmonic resonance study when each eigenvalue is close to zero or considerably 
small resulting in very high voltage. Harmonic resonance analysis can be understood 
from 

  1[ ] [ ] [ ]
f f f

V Y I                                      (3.3) 

where [Y]f is the system admittance matrix at harmonic frequency f, and [V]f and [I]f 
are the node voltage and nodal current injection respectively. Assuming that 
harmonic resonance happens at the frequency f in the system, the subscript f will be 
omitted hereinafter for convenience. The matrix [Y] can be decomposed in 
accordance with the matrix theory [23]. 

 [ ] [ ][ ][ ]Y L T                                         (3.4) 

where: 

L (= [l1, l2,…,ln]) and T (= [t1, t2,…, tn])
T : the left and right eigenvector respectively 

 1[ ] [ ]L T . Super script T demonstrates matrix transpose. 

  :  the diagonal admittance matrix with eigenvalues  1 , ..., n  
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The modal impedance matrix is obtained by the inverse of    as follows. 

 
 1[ ] [ ][ ] [ ][ ]V L T I                                    (3.6) 

 
 1[ ][ ] [ ] [ ][ ]T V T I                                    (3.7) 

By defining [U] = [T][V] or [V] = [T]-1[U] = [L][U] and [J] = [T][I], the equation (3.7) is 
written as 

 
 1[ ] [ ] [ ]U J                                           (3.8) 

From the equation (3.6) (3.7) and (3.8), inverse of eigenvalue is called modal 
impedance. The smallest eigenvalue is named a critical eigenvalue. Since [L] and [T] 
are constant matrices, those vectors [U] and [J] are proportional to [V] and [I] 
respectively. The frequency corresponding to the critical eigenvalue is called the 
critical mode frequency. The plot of modal impedance as a function of the 
frequency can reveal the point of resonance. The corresponding left and right 
eigenvectors will characterize the locations that are observable and excitable buses 
of critical mode respectively. 

Moreover, the method offers modal sensitivity indices, which are modal impedance 
[10] and modal frequency sensitivities [22]. These indices are taken into account 
importantly in harmonic mitigation scheme [22], which can be calculated as follows. 

Modal impedance sensitivity 
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| |norm
                             (3.9) 
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Modal frequency sensitivity 
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where 

Zm   : modal impedance   

fm    : harmonic resonance frequency 

    : network component parameter 

3.1.3 State-Space Model Based Method 

One of those two noticeable methods based on modal analysis for harmonic 
resonance study is the state-space model based method [10]. In comparison with 
frequency scan analysis, the state-space model based method has overcome the 
restriction. By using the theory of modal analysis and sensitivity, the state space 
model based method can reveal the resonance points from the constructed transfer 
function; furthermore, network components influencing on harmonic resonances also 
are pointed out by using modal sensitivity [14]. The method consists of two 
techniques used in order to model the electric power system in state space that are 
called descriptor and Y(s) matrix. 

The first technique, known as the descriptor, models the power system by using 
state-space equations as follows [13].  

  
.
x Ax bu                                             (3.12) 

   y Cx                                                  (3.13) 

where: 

x : the system variables are the capacitor voltages and inductor currents 

u : input vector – harmonic source current 

y : output vector – voltage 

A, b and C: constant matrices. A: state space matrix 

Applying the Laplace transformation, the system impedance is found as follow 

    1  X sI A BU                                 (3.14) 
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( - )

( )
det( - )

y adj sI A
Z s C B

u sI A
                          (3.15) 

 





1 det( )
( ) .

det( )
i

i
i

sI A
Z s

C sI A
                              (3.16) 

where: 

Ai      : the matrix obtained from A after removing the row and column corresponding 
to Vi 

Ci      :   the capacitance of the capacitor bank at bus i 

The eigenvalue of the system impedance will reveal the series and parallel harmonic 
resonance points. This method allows identifying both resonance conditions in power 
systems; the eigenvalue and its sensitivity calculation in the manner with harmonic 
resonance mode analysis helps locate the most participated buses in resonance 
condition.  

The second technique is known as Y(s) matrix [14, 24]. The Y(s) constructed as nodal 
admittance matrix in s – domain. Resonant frequencies are identified from the 
following equations 

        .s x sY B u s                                     (3.17) 

      .y s C x s                                           (3.18) 

   1( ) . ( ) .
y

Z s C Y s B
u

                                 (3.19) 

Thus  
 1( ) . ( ) .Z s C Y s B                                     (3.20) 

The poles of the system revealing resonant frequencies are determined from the 
following equation. 

      0det Y s                                           (3.21) 

The sensitivity indices are also conducted in this approach in order to identify the 
most observable bus and network components influencing on harmonic resonance.  

All in all, the advantages and disadvantages of each method listed above are 
summarized in Table 3.1 in following. The comparison points out that harmonic 
resonance mode analysis method is the most advanced method for harmonic 
resonance analysis. Therefore, this method is conducted in this study. 
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3.2 Modeling of Wind Power Plants 

3.2.1 Reviews on Modeling of Wind Power Plants 

Modeling of wind power plants plays an important role in harmonic assessment 
while the capacity of wind power plants is getting larger nowadays. A model of wind 
power plants needs to satisfy imperative requirements that are accuracy and time 
constraints. Many equivalent models of wind power plants have been proposed; 
however, some of these methods are still theoretical and need to be verified in 
practice [4, 26-29]. Generally, modeling wind power plants in harmonic assessment 
can be classified into two main groups in Figure. 3.3. as follows [30, 31]. 

Wind Power Plant 
Model

Explicit method Aggregation 
Techniques

Reduction Method NREL Method Aggregated Current 
Injection  

Figure 3.3 Summary of modeling of wind power plants 

3.2.1.1 Explicit Model 

The explicit model demonstrates all the wind turbine generators as complete and 
detailed models [4, 32, 33]. The method achieves considerable accuracy; 
nonetheless, the method requires a great amount of time on simulation. A 
sophisticated model still needs more investigation in order to achieve the objective 
of simulating the system manner well in harmonic assessment. 

3.2.1.2 Aggregate Model 

The aggregate model is becoming the noticeable trend in modeling wind power 
plants. The aggregate model allows simplifying analyses, and minimizing the 
simulation time. There are some pronounced aggregate methods in following.  

The most simple aggregate model is based on IEC 61400-21, and IEC 61000-3-6 
standards [2, 9]. The aggregate model represents wind power plants as harmonic 
current sources with or without the lumped capacitance at the collector [27]. The 
model is advantageous when considering connection compliance because of the 
simplicity. However, the model is limited in harmonic assessment, especially 
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harmonic resonance analysis because the impact of medium voltage system is 
totally neglected [27]. 

The other model of wind power plants mentioned is based on the reduction method 
[27]. The method is developed from two-port theory and dynamic transformation 
between two-port model and distributed parameter PI model that is used in 
modeling transmission lines [16]. The harmonic source is modeled as a harmonic 
current source, which matches accuracy significantly in comparison with the explicit 
model in calculation of individual harmonic voltage distortion. However, the 
disadvantage of the model is the shift of resonant frequencies, which can result in 
erroneous emission limit. 

The last model is proposed by National Renewable Energy Laboratory (NREL) [34]. 
The model is based on the loss balance condition to construct an equivalent model. 
Wind power plants can be modeled including an equivalent transformer connected 
to the collector bus by the cable systems modeled as a PI model. The model has 
been validated by verifying with actual measurement data in power flow analysis, 
stability, harmonic emission and electromagnetic transient studies [35-37]. Although 
these studies have done for wind power plants in the range of 50 - 300 MW and 
provide good match with detail model in range of 0 – 2 kHz in harmonic emission 
study with type III wind turbines, conducting this model in harmonic resonance study 
is still worth considering. Details of this method will be summarized next. The 
validation among these aggregate models has been documented in [38] in light of 
field measurement verification. 

The advantages and disadvantages of those methods listed above can be 
summarized in Table 3.2 in following. The comparison shows that NREL method is 
more advantageous than the others although some limitation still exists. Therefore, 
this study conducts NERL method for modeling of the wind power plant. 
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Disadvantages 

Advantages 
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3.2.2 Equivalent Model of Wind Power Plants 

Wind power plants modeled in this study are based on the method proposed by 
National Renewable Energy Laboratory (NREL) [34]. The procedure of the method can 
be represented in Figure.3.4. 

Group 1

Group 2

Group i

Group n
Group n-1

Group n

Group 1

Generator Pad-mount 
Transformer Cable Cable of main 

Feeder

Group i

 
Figure 3.4 The procedure of equivalencing the wind power plant 

The equivalent parameters of the model illustrated in Figure 3.4 calculated are 
based on an assumption that all wind turbine generators are assumed to inject 
currents with the same magnitude into system [26, 34]. The difference of phase 
angles of currents among wind turbine generators is neglected. 

The following sections present in details how each equivalent parameter of each 
corresponding component in Figure 3.4 is calculated. 

3.2.2.1 Equivalent Parameters of Main Feeders 

Figure 3.5 illustrates the promising parameters for calculating those parameters of 
equivalent model for those main cables of feeders in the wind power plant. 

The equivalent parameters of each feeder are calculated as 
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Parameters of an equivalent model of the wind power plants are 



 24 

 





 
 
 
 






1
2

1

1

2

;

N

ieq N
i

eq eq ieqN i

i

i

i

Z n
Z B B

n
                  (3.23) 

where: 

mi            : the number of wind turbine generators in the i-th group. 

Zi and Bi   : series impedance and shunt susceptance of each cable of the actual  

collector system. 

ni            : the number of wind turbine generators in feeder i-th. 

N            : the number of feeders. 

m2 m3
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Figure 3.5 Equivalent model of a wind power plant 

3.2.2.2 Equivalent Parameters of Remaining Components 

The remaining components include cables, pad-mount transformers and wind 
turbine generators. These components are calculated by using the same procedure 
because of the similarity of position. 
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The cables, which connect between main platforms and pad-mount transformers, 
are taken as an example to calculate remaining components. Figure 3.6 represents 
the combination of all cables in an equivalent model. 
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Figure 3.6 Equivalent parameters of cables connected between 
main feeders and pad-mount transformers 

where: 

Zi and Bi   : series impedance and shunt susceptance of each cable  

ni            : the number of wind turbine generators in feeder i-th. 

By analogy, those equivalent parameters of remaining components are also 
calculated by the equation (3.24). 
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CHAPTER IV 
Problem Formulation and Solution 

In this chapter, the problem is formulated and a methodology is represented as well 
in order to figure out how harmonic resonances are pointed out. The harmonic 
resonance mode analysis is conducted as core method in determining harmonic 
resonances. Harmonic models of network components are also presented in this 
chapter. 

4.1 Problem Formulation 

Harmonic resonances lead to high voltages or currents, which mainly result in high 
total voltage distortion. The study aims to analyze harmonic resonances well in term 
of voltage and current quality in accordance with standards. Harmonic resonance 
analysis is to identify potential harmonic resonances, and provide necessary 
information in order to support harmonic resonance mitigation. However, a harmonic 
resonance analyzing method is only considered validly when the results found in 
theory are valid in light of verification of field measurement. The problem in 
harmonic resonance analysis can be illustrated in Figure.4.1. 

Power Systems 
incorporating Wind 

Power Plants

 Wind Power Plants generating 
harmonics

 Power Systems include inductive 
and reactive components

Potential Harmonic 
Resonances

Verify the 
simulation 
results with 

measurement

The conclusions of 
Harmonic 

Resonances
Analyze actual 

measurement data 

Conduct harmonic 
resonance analysis 

methods in simulation

Potential Harmonic 
Resonances

 
Figure 4.1 Problem formulation 

4.2 Harmonic Modeling 

Harmonic modeling of network components is a promising issue in harmonic study. 
The accuracy of used models affects directly reliability of simulation results. 
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Harmonic modeling of power systems is classified into two categories: harmonic 
sources and network components [39].  

4.2.1 Supply Source Impedance 

Supply source impedance is modeled as a series impedance in following: 

Equation Chapter (Next) Section 1  s s SZ R jhX   (4.1) 

where:  Rs, Xs are resistance and reactance calculated at fundamental frequency. 

            h is harmonic order. 

4.2.2 Overhead Lines and Underground Cables 

Overhead line and cable can be modeled as Pi or distributed parameter model 
(exact PI model) whose parameters are calculated at fundamental frequency. The 
normal PI model is usually applied for short line; however, the distributed parameter 
model is used when considering long line effect. The accuracy of each applied 
model depends on the length of overhead line and cable. The most significant 
difference between overhead line and underground cables is the shunt capacitance. 
As a result, the long line effect on cables is more significant than that on overhead 
lines [40].  

The parameters of PI model, which is depicted in Figure.4.2, are calculated as 
follows. 

Zpi

Ypi Ypi

 
Figure 4.2 PI model 
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Distributed parameter model  
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where: 

R0, X0, B0  : parameter of overhead line and cable (Ω/km, S/km) 

           : length of the overhead line and cable (km) 

h            : harmonic order  

The skin effect is considered in simulation. Regarding the method proposed by 
Electricite de France (EDF) for overhead lines and cables at the voltage below 225 kV 
and harmonic order is above the second harmonic as follows [16]. 

Overhead line 

At voltage 150; 90 kV 
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Cables 

Voltage 150; 90 kV 

  0 (0.187 0.532 )R R h   (4.5) 

4.2.3 Transformers 

The classical model in [16] is used for modeling transformers in harmonic analysis. 
The model for single phase with no coupling between phases is represented simply 
as a short circuit impedance, which consists of frequency dependent parameters as 
in equation (4.6). The skin effect is incorporated in the harmonic model. 

  Z R h jhX   (4.6) 

where: R and X are resistance and reactance calculated at fundamental 
frequency 

A sufficient harmonic model of a transformer needs to contain the following factors: 
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1. Magnetizing branch, in which transformers are taken into account as harmonic 
sources because of core saturation conditions [17, 41]. However, this issue is 
only included when transformers are main harmonic sources in power 
systems. 

2. Capacitances of transformer windings should be taken into account of 
harmonic models when the area of analyzed frequency is up to 4 kHz 

3. Transformer winding connection in Delta-Y also affects harmonic cancellation 
[17]. A phase shift of 300 in voltage needs to be included in the harmonic 
model. 

4.2.4 Asynchronous Generators 

The harmonic model of an asynchronous generator includes a resistance being 
connected in series with a reactance as [16, 42]. 

  Z R h jhX   (4.7) 

where the reactance is calculated in case of locked rotor; the sum of rotor and stator 
reactances is the equivalent reactance.  

4.2.5 Synchronous Generators 

It is similar equation in (4.7) to calculate the parameters of harmonic model used for 
asynchronous generators. However, the resistance is calculated from the power 
losses of the machine, and the reactance is the sub-transient reactance [16] 

4.3 Solution Method 

The solution method is depicted in Figure.4.3. 
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Figure 4.3 Solution Method 

As discussed in chapter 3 part 3.1, reviews on harmonic resonance analyses show 
that harmonic resonance mode analysis method brings more advantages in 
resonance study than other methods. Harmonic resonance mode analysis not only 
points out possible resonances but also provide necessary information to harmonic 
mitigation when those most participated buses and resonance paths are determined 
during resonances. 

However, the simulation results found by using harmonic resonance mode analysis 
need to be verified with actual measurement data in order to validate the method 
applied. The verification results worked out help clarify two following points: 

1. Applicability of harmonic resonance mode analysis 

2. Validity of the model of the wind power plant in harmonic resonance study 

Harmonic resonance mode analysis has been presented in chapter 3, nonetheless, 
those details of this method have not documented well. The following parts will 
present elaborately this method and the procedure of actual measurement 
verification as well. 

4.3.1 Harmonic Resonance Mode Analysis 



 31 

As harmonic resonance mode analysis has been partially documented previously; 
the most important information is presented as well. The following is those details of 
this method. 

The key of harmonic resonance mode analysis technique is to determine the 
smallest eigenvalue of network admittance matrix that is named as critical 
eigenvalue. Those promising indices in the technique are illustrated in Figure. 4.4 as 
follows. 

Determine the 
critical 

eigenvalues

Plot Frequency Response based 
on Critical Eigenvalues

Calculate Participation Factor 
(PF)

Calculate Modal Impedance 
and Frequency Sensitivity

Identify harmonic resonant 
frequencies

Point out most participated 
buses

Locate resonance paths

 

Figure 4.4 Diagram of calculating indices in harmonic resonance 
mode analysis 

The critical eigenvalues are calculated as  
 1[ ] [ ] [ ]f f fV Y I                                            (4.8) 

 [ ] [ ] [ ] [ ]f f f fY L T                                    (4.9) 

where  

[Y]f             : the system admittance matrix at harmonic frequency f,  

[V]f and [I]f  : the node voltage and nodal current injection respectively.  

L (= [l1, l2,…,ln]) and T (= [t1, t2,…, tn])
T : the left and right eigenvector  1[ ] [ ]L T . 

Super script T demonstrates matrix transpose. 

             :  the diagonal admittance matrix with eigenvalues  ,...,1 n   
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The modal impedance matrix is obtained by the inverse of   . By defining [U] = 
[T][V] or [V]  = [T]-1[U] = [L][U] and [J] = [T][I], equation (4.9) is rewritten as 

 


 1[ ] [ ][ ] [ ][ ]V L T I   (4.10) 

 


 1[ ][ ] [ ] [ ][ ]T V T I   (4.11) 

 


 1[ ] [ ] [ ]U J   (4.12) 

The inverse of the smallest eigenvalue at each certain harmonic frequency is called 
modal impedance. The curve of modal impedance with corresponding harmonic 
frequencies plotted helps identify the harmonic resonance points at the peaks of this 
curve. This curve is illustrated in Figure. 4.5 as below [15]. 

 

Resonant Points

 
Figure 4.5 Frequency scan based on harmonic resonance mode 
analysis technique  

Without loss of generality, 1  is assumed to be the smallest eigenvalue of 
admittance matrix at a certain harmonic frequency f. The promising indices are 
calculated corresponding 1  as. 

Participation factors (PF): 

Equation (4.10) can be derived in following as 1  is the smallest eigenvalues [15]. 
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  (4.13) 

The main diagonal line of matrix derived in equation (4.13) includes participation 
factors. The largest element identifies the largest participation factor, which is used 
to figure out the most participated bus during resonance. As derived in (4.13), the 
participation factors can be calculated by product of corresponding elements of the 
left and right eigenvectors . Generally, the participation factor can be calculated as. 

  bm mbPF L T   (4.14) 

where 

PF           : participation factor 

&mb bmL T  : elements of left and right eigenvectors that correspond to mode m and 
bus b  

Modal impedance and frequency sensitivity indices and resonance paths: 

As chapter 3 part 3.1: 

Modal impedance sensitivity  
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Modal frequency sensitivity 
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where    is a network component, mf  is a resonant frequency. 

Based on those indices calculated, the method provides a scheme of harmonic 
mitigation in Figure.4.6 if harmonic resonances are possible. 

Frequency Scan based on Harmonic 
Resonance Mode Analysis

Figure out the most participated network 
components affecting to harmonic resoance

Adjusting the mentioned components to 
mitigate harmonic resonance

Find out the critical eigenvalue & 
its corresponding eigenvector

Calculate the participation factor

Calculate Modal Frequency 
Sensitivity

Calculate Modal Eigen Sensitivity/ 
Impedance Sensitivity

 

Figure 4.6 Harmonic resonance mitigation scheme [22] 

Both modal impedance and frequency sensitivity indices are used to point out most 
participated network components into resonances as in Figure 4.6. There is a slight 
difference between these indices in light of their sensitivity to variation of resonant 
frequency [22]. The modal frequency sensitivity index is more sensitive to the change 
of network component parameter in term of the shift of resonant frequencies while 
model impedance sensitivity relates mostly to the variation of magnitude of 
frequency response of the system. However, both indices cooperate with each other 
in identifying those components affecting mainly resonances. In other word, the goal 
of mitigating harmonic resonances can be caught by using these indices. 

Furthermore, these indices are also used to define resonance paths in following.  
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Resonance Paths 

Resonance paths can be defined as an area that includes those most participated 
network components in resonances, which are figured out by sensitivity indices. 

As the scheme is shown in Figure 4.7, those most participated network components 
are used to construct resonance paths that provide crucial information on  
adjustment of network parameters in avoiding resonances. In other words, resonance 
paths provide a full picture about harmonic resonance propagation through power 
systems. Figure 4.7 illustrates a resonance path in a simple distribution network. 

Harmonic 
Source

Harmonic
 Source  

Figure 4.7 A resonance path in a simple network  

4.3.2 Verification Procedure 

The simulation results found by using harmonic resonance mode analysis technique 
are verified with actual measurement data. The actual measurement data analyzed 
are based on the procedure that is illustrated in Figure 4.8 below. 

Observe high harmonic distortion 
points

Use FFT to analyze harmonic 
components in frequency domain and 

conclude the dominant orders

Observe the recorded data 
corresponding to dominant harmonic 

orders in time domain

Conclusion of harmonic resonances Verify with simulation results
 

Figure 4.8 Verification procedure 
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Parallel resonance is considered as a main phenomenon in this study. As mentioned 
previously, harmonic resonance leads to very high harmonic voltage distortion. 
Consequently, based on this characteristic, harmonic resonances are detected when 
analyzing actual measurement data. Observing the high harmonic total distortion 
helps predict skeptical points of resonances. The skeptical points corresponding to a 
certain recorded time will be analyzed in frequency domain by using Fast Fourier 
Transform (FFT) in order to figure out dominant harmonics. These dominant 
harmonics will be considered against time domain to give conclusion of resonance. 
The conclusion is used to verify the simulation results.  
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CHAPTER V 
Test Results and Analysis 

In chapter 5, the proposed method is applied to the test system, which is the first 
wind farm in Thailand. Simulation results are then verified with the actual 
measurement data, which is based on the procedure of verification proposed in 
chapter IV. 

5.1 Test Result 

Harmonic resonance mode analysis (HRMA) method is applied to the test system, 
which is described in details in chapter IV. Wind power plants modeled by using 
NERL method will be considered for two cases. The former model includes entirely 
network components that is called an equivalent of complete collectors (EOCC), and 
only the main cables of feeders are modeled in latter one, which is named as an 
equivalence of main lines (EOML) [26, 34].  

5.1.1 Simulated Power System 

The test system used in the study is the first wind power plant in Thailand, which is 
located in Nakorn Rachasrima province in Northeastern part of Thailand. The wind 
power plant has capacity of 90 MW consisting of 45 wind turbine generators with 
rated power of 2.3 MW each. All wind turbine generators are equipped in the wind 
power plant are full rated converter induction generator type IV with terminal 
voltage of 690 V. The wind power plant is connected to medium voltage system by 
45 pad-mount transformers and underground cables 33 kV. The power from wind 
power plant is transmitted to the main grid through two step-up transformers 33/115 
kV at the substation and 115 kV transmission overhead line system. The tie circuit 
breaker at 33 kV bus bar is operated as normally open (NO). 

There are four meters (M1, M2, M3 and M4) equipped in the wind power plant and 
high voltage system. The procedure of measurement is in accordance with IEC 
61400-21standard [9]. The data were collected in 8 days from 5th of March to 13th of 
March 2013 with 10-minute average data recorded. All the collected data were 
handled by using MATLAB software for harmonic analysis. 

The main configuration of wind turbines used in the wind farm is illustrated in Figure 
5.1. Main components of the wind farm and the system configuration with the meter 
location are described in Figures 5.2 and 5.3 respectively. A single line impedance of 
the test system is illustrated in Figures 5.4 and 5.5. 
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Table 5.1 Number of wind turbine generators (WTGs) in the test 
system 

Feeder 1 Feeder 2 Feeder 3 Feeder 4 Feeder 5 

WTGs 11 WTGs 7 WTGs 9 WTGs 11 WTGs 7 

MW 25.3 MW 16.1 MW 20.7 MW 25.3 MW 16.1 

Gear Box

SCIG Transformer Grid

Reduced – capacity 
Power Converters

 
SCIG: Squirrel Cage Induction Generator 

Figure 5.1 The configuration of wind turbines 
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Figure 5.2 Main components of the wind farm 
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Figure 5.3 Single diagram of test system 
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Figure 5.4 The single phase impedance of test system modeled by 
using EOCC 
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Figure 5.5 The single phase impedance of test system modeled by 
using EOML 

5.1.2 Simulation Results 

Two scenarios are considered in simulation. The first scenario is in full operation of 
wind turbine generators, and only group 1 or group 2 is taken into account in the 
second scenario. The 115 kV bus is the point of common coupling (PCC) bus, and 33 
kV bus is the collector bus of the wind power plant. Therefore, these buses are 
considered mainly in the simulation. 

The scenarios are considered in different operation of the wind power plant, which 
helps point out the possible harmonic resonances in the system. The influences of 
network components on harmonic resonances also are evaluated by using sensitivity 
indices. The variation of resonant frequencies is recorded to assess the impacts of 
the wind farm’s operation on the applicability of harmonic resonance mode analysis. 

5.1.2.1 Scenario 1 

The first scenario considers full wind turbine generators in operation. Both EOML and 
EOCC are used in modeling the wind power plants in order to evaluate the influence 
of entire wind power plants on the accuracy of identifying harmonic resonances. 

Simulation results found by using harmonic resonance mode analysis are presented 
in Table 5.2. 
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Table 5.2 Results of modal frequency scan analysis with EOCC 
model of the wind power plant 

Resonant 
Frequency 

(P.U) 

Critical 
mode 

Critical 

Eigenvalue 

Modal 

Impedance 

Participation 
Factor 

(P.U) 

Most 
Part.Bus 

Least 
Part.Bus 

6 1 0.0008 1217.593 0.0542 19 1 

16.4 1 0.0008 1265.671 0.0716 16 2 

19.4 1 0.0017 585.8302 0.0908 16 2 

45.8 1 0.009 110.5709 0.1668 16 9 

47.5 20 0.0069 145.2056 0.1869 20 10 

Table 5.3 Results of modal frequency scan analysis with EOML 
model of the wind power plant 

Resonant 
Frequency 

(P.U) 

Critical 
mode 

Critical 

Eigenvalue 

Modal 

Impedance 

Participation 
Factor 

(P.U) 

Most 
Part.Bus 

Least 
Part.Bus 

6.7 10 0.0012 869.0115 0.1178 8 1 

18.5 10 0.0016 624.2397 0.1826 4 2 

23.7 1 0.0038 262.6373 0.2706 1 2 

* Most Part.Bus – Most Participated Bus      Least Part.Bus – Least Participated Bus 

The frequency response of the system derived from modal frequency scan analysis is 
illustrated in Figure 5.6. Furthermore, frequency scan analysis is also conducted at 
115 kV and 33 kV buses corresponding to bus 2 and 3, 9 respectively in Figure 5.5. 
Frequency responses at these buses are depicted in Figures 5.6 and 5.7. 
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Figure 5.6 The frequency response of the test system  

 
Figure 5.7 Frequency scan analysis conducted at 115 kV and 33 kV 
buses 

The frequency response in Figure 5.6 shows that harmonic resonant frequencies 
found with EOML of the wind power plant are close to resonant frequencies in 
complete model of the wind power plant. The results indicate that harmonic 
resonances tend to happen in the area of low frequency. Therefore, from the Figures 
5.6 and 5.7, it reveals that harmonic resonances potentially happen between 5th and 
6th harmonics, and between 19th and 20th harmonics at both 115 kV and 33 kV buses. 
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There is only a resonance happening between 16th and 17th harmonics at 33 kV bus, 
and another resonance is potential to happen between 45th and 46th harmonics. 
However, frequency scan based on modal analysis indicates that the amplification of 
the resonance between 45th and 46th harmonic frequencies is insignificant, which is 
also observed at frequency scan analysis at 33 kV bus. 

To point out the most participated bus and locate the resonance paths in harmonic 
resonance, calculating the sensitivity indices are necessary. Modal eigen - sensitivity 
or modal impedance and frequency sensitivity indices are tabulated in Tables 5.4- 
5.13, those graphs presenting these indices are plotted in Figures 5.8 - 5.17. 

 At resonant frequency h = 6 

The eigen and frequency sensitivity indices are tabulated in Tables 5.4-5.5. Those 
graphs of these indices are shown in Figures 5.8 – 5.9 respectively. 

Table 5.4 Eigen sensitivity at h = 6 

No. Components -   







(%)

 
1 System resistance -1029.67 

2 Transformer reactance branch 2-9 -841.333 

3 Transformer reactance branch 2-3 -663.262 

4 Transformer resistance branch 2-9 -124.558 

5 Transmission line resistance branch 1-10 -101.826 

6 Transformer resistance branch 2-3 -92.8288 

7 Transmission Line reactance branch 2-10 -54.9276 

8 System reactance 28.4069 

9 Transmission line reactance branch 1-10 3.7122 

10 Transmission line resistance branch 2-10 -0.9713 

  



 44 

Table 5.5 Frequency sensitivity at h = 6 

No. Components -   



( )
100%

f rad

 
1 Transformer reactance branch 2-9 38.3559 

2 Transformer reactance branch 2-3 29.7974 

3 System reactance -13.4265 

4 Transmission Line reactance branch 2-10 -4.2521 

5 System resistance 2.9358 

6 Transmission line reactance branch 1-10 -1.3268 

7 Transformer resistance branch 2-9 -0.8045 

8 Transmission line reactance branch 1-10 -0.6273 

9 Transformer resistance branch 2-3 0.4835 

10 Line charging transmission line branch 2-10 0.0148 

 
Figure 5.8 Eigen-sensitivity at h = 6 
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Figure 5.9 Frequency sensitivity at h = 6 

There is a small difference in the order of the most sensitivity network components 
affecting harmonic resonance at the 6th harmonic. The frequency sensitivity indices 
seem to be reasonable when the most participated component in harmonic 
resonance is reactance of the step up transformers while the system resistance is 
pointed out in calculation of eigen - sensitivity. Basically, resistance is commonly 
known as a damping factor, and resistance and capacitance are main origins in 
harmonic resonance. As a result, the calculation in Tables 5.4 and 5.5 and those 
graphs in Figures 5.8 and 5.9 partially show theoretically impacts of network 
components on the harmonic resonance. Generally, both sensitivity indices are quite 
compatible in calculation with respect to first five network components. Transformer 
and transmission line affect mainly harmonic resonance while the wind power plant 
does not contribute any component to consideration of factors influencing on the 
harmonic resonance. In other words, a few adjustments of main grid components can 
results in significantly harmonic resonant frequencies in the system  

 At resonant frequency h = 16.4 

The eigen and frequency sensitivity indices are tabulated in Tables 5.6-5.7. Those 
graphs of these indices are shown in Figures 5.10 – 5.11 respectively. 
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Table 5.6 Eigen sensitivity at h = 16.4 

No. Components -   







(%)

 
1 Transformer reactance branch 2-9 -43235 

2 Transformer reactance branch 2-3 -34565 

3 Transformer resistance branch 2-9 1739.77 

4 Transformer resistance branch 2-3 1462.31 

5 Equivalent resistance of main cable feeder 1 -65.915 

6 Equivalent resistance of main cable feeder 3 -29.516 

7 Equivalent resistance of main cable feeder 5 -19.199 

8 Equivalent reactance of main cable feeder 1 -8.7698 

9 Equivalent resistance of main cable feeder 4 -7.8966 

10 System resistance -7.4853 

Table 5.7 Frequency sensitivity at h = 16.4 

No. Components -   



( )
100%

f rad

 
1 Transformer reactance branch 2-9 -847.06 

2 Transformer reactance branch 2-3 -696.09 

3 Transformer resistance branch 2-9 -29.665 

4 Transformer resistance branch 2-3 -24.035 

5 Equivalent resistance of main cable feeder 1 0.8496 

6 Equivalent resistance of main cable feeder 3 0.3799 

7 Equivalent resistance of main cable feeder 5 0.2469 

8 Transmission Line reactance branch 2-10 -0.1633 

9 Equivalent reactance of main cable feeder 1 0.1589 

10 System reactance 0.1083 
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Figure 5.10 Eigen-sensitivity at h = 16.4 

 
Figure 5.11 Frequency sensitivity at h = 16.4 

As shown in Tables 5.6 and 5.7 and those graphs in Figures 5.10 and 5.11, main grid 
components still play an important role in considering influences on the resonance 
between the 16th and 17th harmonics. However, some equivalent components of the 
wind power plants also impact on the harmonic resonance in this case. 

 At resonant frequency h = 19.4 

The eigen and frequency sensitivity indices are tabulated in Tables 5.8 - 5.9. Those 
graphs of these indices are shown in Figures 5.12 – 5.13 respectively.  
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Table 5.8 Eigen sensitivity at h = 19.4 

No. Components -   







(%)

 
1 Transformer reactance branch 2-3 -30398 

2 Transformer reactance branch 2-9 -22611 

3 System reactance -1409.8 

4 Transformer resistance branch 2-3 1299.49 

5 Transformer resistance branch 2-9 1098.34 

6 System resistance -905.41 

7 Transmission line reactance branch 2-10 -770.16 

8 Transmission line resistance branch 1-10 -327.86 

9 Transmission line reactance branch 1-10 -211.24 

10 Equivalent resistance of main cable feeder 1 -76.248 

Table 5.9 Frequency sensitivity at h = 19.4 

No. Components -    



( )
100%

f rad

 
1 Transformer reactance branch 2-3 -1135.2 

2 Transformer reactance branch 2-9 -875.22 

3 Transmission line reactance branch 2-10 -47.933 

4 Transformer resistance branch 2-3 19.324 

5 Transformer resistance branch 2-9 15.2397 

6 System reactance -10.286 

7 System resistance -9.0344 

8 Transmission line resistance branch 1-10 -2.1662 

9 Transmission line reactance branch 1-10 -1.8608 

10 Equivalent resistance of main cable feeder 1 -0.8884 
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Figure 5.12 Eigen-sensitivity at h = 19.4 

 
Figure 5.13 Frequency sensitivity at h = 19.4 

Similarly what observed at resonant frequency of the 6th order, both sensitivity 
indices calculated in Tables 5.8 and 5.9 are quite consistent. Most participated 
network components in harmonic resonances are transformer and transmission line 
reactance, which is pointed out by both sensitivity indices. 
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 At resonant frequency h = 45.8 

The eigen and frequency sensitivity indices are tabulated in Tables 5.10 - 5.11 Those 
graphs of these indices are shown in Figures 5.14 – 5.15 respectively. 

Table 5.10 Eigen sensitivity at h = 45.8 

No. Components -   







(%)

 
1 Equivalent resistance of main cable feeder 1 -690.17 

2 Equivalent reactance of main cable feeder 1 -540.49 

3 Transmission Line reactance branch 1-10 -279.77 

4 Transformer reactance branch 2-3 -170.12 

5 Equivalent resistance of main cable feeder 4 -103.82 

6 Equivalent reactance of main cable feeder 4 -64.371 

7 System reactance -52.452 

8 Transformer reactance branch 2-9 -49.303 

9 Transformer resistance branch 2-3 20.4507 

10 Equivalent resistance of main cable feeder 3 -4.8682 

Table 5.11 Frequency sensitivity at h = 45.8 

No. Components -   



( )
100%

f rad

 
1 Transformer reactance branch 2-3 -202.47 

2 Equivalent reactance of main cable feeder 1 55.4969 

3 Transformer reactance branch 2-9 -44.577 

4 Equivalent reactance of main cable feeder 4 11.2807 

5 Transmission Line reactance branch 1-10 7.99 

6 Equivalent line charging of main cable feeder 1 -2.4985 

7 Equivalent resistance of main cable feeder 1 -1.6324 

8 Transmission line reactance branch 2-10 -1.1822 

9 System reactance 1.0824 

10 Equivalent resistance of main cable feeder 3 0.6938 
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Figure 5.14 Eigen-sensitivity at h = 45.8 

 
Figure 5.15 Frequency sensitivity at h = 45.8 

As observed in Figure 5.6, magnitude of modal impedance is insignificant in 
comparison with other modal impedance at previous resonant frequencies. The 
modal impedance is used to predict the severity of the harmonic resonance; thus, 
the severity of the resonance between the 45th and 46th harmonics is not significant. 
This is also represented by sensitivity indices calculated in Tables 5.10 and 5.11. 
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 At resonant frequency h = 47.5 

The eigen and frequency sensitivity indices are tabulated in Tables 5.12 - 5.13. Those 
graphs of these indices are shown in Figures 5.16 – 5.17 respectively. 

Table 5.12 Eigen sensitivity at h = 47.5 

No. Components -   







(%)

 
1 Equivalent resistance of main cable feeder 3 447.685 

2 Equivalent resistance of main cable feeder 5 397.163 

3 Equivalent reactance of main cable feeder 3 377.98 

4 Equivalent reactance of main cable feeder 5 299.427 

5 Transmission Line reactance branch 1-10 3.7392 

6 Equivalent line charging of main cable feeder 3 -1.8802 

7 Equivalent reactance of pad-mount transformer  feeder 5 -1.6768 

8 Equivalent resistance of main cable feeder 1 1.1124 

9 Transformer reactance branch 2-3 0.8809 

10 Equivalent reactance of main cable feeder 2 0.8513 

Table 5.13 Frequency sensitivity at h = 47.5 

No. Components -   



( )
100%

f rad

 
1 Equivalent reactance of main cable feeder 3 -43.479 

2 Equivalent reactance of main cable feeder 5 -35.433 

3 Transformer reactance branch 2-9 4.3723 

4 Transformer reactance branch 2-3 2.9441 

5 Equivalent line charging of main cable feeder 5 1.117 

6 Equivalent line charging of main cable feeder 3 1.1127 

7 Equivalent resistance of main cable feeder 5 0.2479 

8 Equivalent resistance of main cable feeder 3 0.2417 

9 Equivalent reactance of main cable feeder 1 -0.1133 

10 Equivalent reactance of main cable feeder 2 -0.1016 
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Figure 5.16 Eigen-sensitivity at h = 47.5 

 
Figure 5.17 Frequency sensitivity at h = 47.5 

As similar to the resonance between 45th and 46th harmonics, the resonance in this 
case is not severe. However, it seems that the influences of the wind power plant on 
harmonic resonance are more considerable than the previous cases when most of 
the largest sensitivity indices related to parameters of equivalent components of the 
wind power plant. 

 Resonance Paths  

From those sensitivity indices calculated above, resonance paths corresponding to 
each resonant frequency are plotted in Figure 5.18. The frequency sensitivity indices 
are mainly used to plot resonance paths because the influences of these indices on 
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harmonic resonance are more accurate than that with eigen-sensitivity indices. 
However, in case, frequency sensitivity indices are comparable, the eigen - sensitivity 
indices are used to identify which components are more sensitive to resonant 
frequency.  
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Figure 5.18 Resonance Paths 
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5.1.2.2 Scenario 2 

The test system is balanced, and the wind turbine generators connected to different 
sections of 33 kV bus bar match balance power generation condition. As a result, 
only group 1, which is depicted in Figure 5.3, will be taken into account for 
calculation of sensitivity indices. The frequency scan based on harmonic resonance 
analysis is conducted. Figure 5.19 shows system responses corresponding to cases of 
only group 1 or 2 in operation, and Table 5.14 tabulates simulation results. 

Table 5.14 Harmonic resonant frequencies in p.u 

 HRMA 
Frequency Scan Analysis 

At 115 kV bus At 33 kV bus 

Only group 1 in operation 7; 18.5; 45.4 7; 18.5 7; 18.5; 45.4 

Only group 2 in operation 6.8; 18.2; 47.4 6.8; 18.2 6.8; 18.2 

 
a. Modal Frequency Scan Analysis             b. Frequency scan analysis 

Figure 5.19 System responses  

There is not a significant difference between simulation results by considering 
different groups of wind turbine generators in operation due to the balanced system. 
Resonant frequencies obtained by both harmonic resonance mode and frequency 
scan analyses are consistent. Harmonic resonance mode analysis can figure out 
entirely possible harmonic resonant frequencies in the system in a unique plot while 
frequency scan analysis requires scanning at every bus in system. Therefore, 
harmonic resonance analysis points out another harmonic resonance between 47th 
and 48th harmonics as shown in Figure 5.19.  
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The sensitivity calculation is conducted in case of the group 1 in operation. Since the 
system is balanced as explained previously, it is unnecessary to calculate sensitivity 
indices in both cases. Tables 5.15-5.20 show calculation results, and Figures 5.20 - 
5.25 illustrate graphs of sensitivity indices at resonant frequencies respectively. 

 At resonant frequency h = 7 

Table 5.15 Eigen sensitivity at h = 7 

No. Components -   







(%)

 
1 Transformer reactance branch 2-3 -2212.91 
2 System resistance -1332.44 
3 System reactance -584.299 
4 Transmission line resistance branch 1-10 -105.911 
5 Transmission line reactance branch 1-10 -43.3764 
6 Transmission Line reactance branch 2-10 -29.9763 
7 Transformer resistance branch 2-3 -10.1794 
8 Equivalent resistance of main cable feeder 1 -2.1612 
9 Transmission line resistance branch 2-10 1.5999 
10 Equivalent resistance of main cable feeder 4 -0.3478 

Table 5.16 Frequency sensitivity at h = 7 

No. Components -   



( )
100%

f rad

 
1 System resistance -15.6984 
2 Transformer reactance branch 2-3 10.6139 
3 Transmission Line reactance branch 2-10 -3.0272 
4 Transmission line resistance branch 1-10 -1.2448 
5 System reactance 0.8216 
6 Transformer resistance branch 2-3 -0.5565 
7 Transmission line reactance branch 1-10 0.2962 
8 Equivalent resistance of main cable feeder 1 -0.0269 
9 Transmission line resistance branch 2-10 0.0134 
10 Equivalent resistance of main cable feeder 4 -0.0044 
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Figure 5.20 Eigen-sensitivity at h = 7 

 
Figure 5.21 Frequency sensitivity at h = 7 

Sensitivity indices show that the most participated network components in the 
harmonic resonance around the 7th harmonic belong to main grid. The sensitivity 
with respect to changes of equivalent components of the wind farm is 
inconsiderable.  
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 At resonant frequency h = 18.5 

Table 5.17 Eigen sensitivity at h = 18.5 

No. Components -    







(%)

 
1 Transformer reactance branch 2-3 -50983.1 

2 Transformer resistance branch 2-3 2807.578 

3 System reactance -895.075 

4 System resistance -517.75 

5 Transmission Line reactance branch 2-10 -353.027 

6 Transmission line reactance branch 1-10 -151.184 

7 Equivalent resistance of main cable feeder 1 -123.795 

8 Transmission line resistance branch 1-10 -87.0964 

9 Equivalent reactance of main cable feeder 1 -25.9226 

10 Transmission line resistance branch 2-10 22.3798 

Table 5.18 Frequency sensitivity at h = 18.5 

No. Components -    



( )
100%

f rad

 
1 Transformer reactance branch 2-3 -2630.01 

2 Transformer resistance branch 2-3 45.8339 

3 Transmission Line reactance branch 2-10 -32.2901 

4 System reactance -8.1963 

5 System resistance -7.1474 

6 Equivalent resistance of main cable feeder 1 -1.8812 

7 Transmission line resistance branch 1-10 -1.236 

8 Transmission line reactance branch 1-10 -1.1094 

9 Equivalent reactance of main cable feeder 1 -0.3552 

10 Transmission line resistance branch 2-10 0.3485 
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Figure 5.22 Eigen-sensitivity at h = 18.5 

 
Figure 5.23 Frequency sensitivity at h = 18.5 

Calculation of sensitivity indices in this case also point out similar observation to the 
resonance around the 7th harmonic. The grid still affects mainly the harmonic 
resonance. 
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 At resonance frequency h = 45.4 

Table 5.19 Eigen sensitivity at h = 45.4 

No. Components -   







(%)

 
1 Equivalent resistance of main cable feeder 1 -611.223 

2 Equivalent reactance of main cable feeder 1 -451.961 

3 Transmission line reactance branch 1-10 -443.853 

4 Transformer reactance branch 2-3 -96.5799 

5 Equivalent resistance of main cable feeder 4 -88.7523 

6 System reactance -84.0941 

7 Equivalent resistance of main cable feeder 4 -51.1184 

8 Equivalent reactance of pad-mount transformer feeder 1 34.9157 

9 Equivalent reactance of pad-mount transformer feeder 4 29.2059 

10 Transformer resistance branch 2-3 11.8928 

Table 5.20 Frequency sensitivity at h = 45.4 

No. Components -   



( )
100%

f rad

 
1 Transformer resistance branch 2-3 -89.3632 

2 Equivalent reactance of main cable feeder 1 -20.009 

3 Transmission line reactance branch 1-10 -7.6396 

4 Equivalent resistance of main cable feeder 1 -6.0295 

5 Equivalent line charging of main cable feeder 1 2.4647 

6 Transmission line reactance branch 2-10 -1.8437 

7 System reactance -1.8011 

8 Equivalent resistance of main cable feeder 4 -0.6905 

9 Equivalent reactance of main cable feeder 1 0.5639 

10 Equivalent reactance of pad-mount transformer feeder 1 -0.3931 
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Figure 5.24 Eigen-sensitivity at h = 45.4 

 
Figure 5.25 Frequency sensitivity at h = 45.4 

In the area of high frequencies, the participation of the wind farm component in 
harmonic resonance becomes more significant. In other words, harmonic resonances 
in the area of high frequencies are likely to happen due to the wind farm. However, 
the most significant component to the resonance between the 45th and 46th 
harmonics is step up transformer. The wind farm can affect considerably severity of 
resonances because the largest eigen-sensitivity index is the sensitivity with respect 
to equivalent resistance of main feeder 1. 
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Based on the indices in Tables 5.15 - 5.20 and those graphs shown in Figure 5.20 - 
5.25, resonance paths corresponding to resonant frequencies are plotted in Figure 
5.26. 
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Figure 5.26 Resonance paths 

All in all, from the simulation results, some noticeable conclusions are given as 
follows. 

1. The most dominant harmonics found are close to 6th and 16th harmonics. 
The simulation results predict the resonances surrounding the 6th harmonic 
can be the severest problem. 

2. Most participated components affecting significantly harmonic resonances in 
the systems connected with the wind power plant are system impedance, 
transmission line and transformers. The wind power plant also participates in 
harmonic resonances; however, this participation is not as appreciable as the 
network components in main grid are mentioned. 

3. The order of most participated network components is changed with distinct 
resonant frequencies. At the area of low frequency, the resonance is likely to 
result from mainly step up transformers. 

4. Harmonic resonant frequencies found when wind power plants are modeled 
as an EOCC or EOML are quite close to each other. However, the results 
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found using EOCC must be reasonable because EOCC model partially 
includes entire components of medium voltage systems. The simulation 
results found by using EOML bring a good prediction for harmonic resonances. 

5. By considering two scenarios, frequency scan based on harmonic resonance 
mode analysis points out that resonant frequencies are shifted by various 
operation of the wind power plants. Particularly, resonant frequencies found 
in system with only group 1 of the wind power plant in operation tend to be 
shifted to the area of lower frequencies. It is because the influences of the 
cables in the wind power plant on harmonic resonances. Even though the 
sensitivity indices show that the main participated network components in 
harmonic resonances belong to main grid, the impacts of medium voltage 
networks on harmonic resonances at both high and medium voltage buses 
are unavoidable. 

6. There is no harmonic resonance happening in the area of high frequency at 
115 kV bus, but there are two resonances observed at 33 kV buses. The 
resonance paths show that there are more network components of wind 
power plants participating in when harmonic resonances happen in this area 
of frequency. 

5.2 Verification with Actual Measurement Data 

The procedure of verification has been explained in detail in chapter 4. The location 
of meters used in collecting data has been described in Figure 5.3 as well. Since the 
number of meters is limited, only the frequency scan results at 115 kV and 33 kV 
buses are taken into account for verifying with actual measurement data. In 
simulation, harmonic resonances have been pointed out by conducting harmonic 
resonance mode analysis. The resonant frequencies calculated by both modal and 
frequency scan analyses at both 115 kV and 33 kV buses are consistent. Therefore, 
the verification with resonant frequency found at these buses is completely 
reasonable to validate the results found by using harmonic resonance mode analysis. 
Table 5.21 and Figure 5.27 summarize those simulation results, and Figure 5.28 
illustrates the configuration of test system with equipped meters. The frequency scan 
at those buses paid attention is also depicted in Figure 5.28. 
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Table 5.21 Resonant frequencies at 115 kV and 33 kV buses 

 Resonant frequencies in p.u 

Bus Scenario 1 Scenario 2 

115 kV bus (bus 2) 6 ; 19.4 6.8 ; 18.2 ; 

33 kV bus (bus 3) 6 ; 16.4 ; 19.4 ; 45.4 6.8 ; 18.2 ; 45.4 

 

a. Harmonics resonance mode analysis           b. Frequency scan analysis 

Figure 5.27 System response at 115 kV and 33 kV buses with full 
wind turbines in operation 

 

Figure 5.28 The test system configuration with equipped meters 
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Harmonic resonances lead to very high harmonic voltage distortion. This index is 
used as an indicator to identify harmonic resonances from actual measurement data. 
The total voltage distortion at 115 kV and 33 kV buses is depicted in Figures 5.29 and 
5.30 respectively. 

 
Figure 5.29 Variation of harmonic distortion with respect to active 
power at 115 kV bus by meter M4 

 
Figure 5.30 Variation of harmonic distortion with respect to active 
power at 33 kV bus by meter M2 and M3 

The frequency scan analysis at 115 kV and 33 kV buses shows that two common 
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discussed in simulation results, harmonic resonances tend to shift to the area of low 
frequency. Thus, it is reasonable to state that harmonic resonances can happen at 
the frequency between 5th and 6th harmonics when the harmonic resonant order 
found is at 6, and the other resonance will happen at the frequency between 19th 
and 20th harmonics. At 33 kV buses, there are two other harmonic resonant 
frequencies observed, which are between 16th and 17th harmonics and between 45th 
and 46th harmonics.  

As shown in Figures 5.29 and 5.30, some areas of high total voltage distortion are 
quite similar at both 115 kV and 33 kV buses. It might be explained by those 
common resonant frequencies between 5th and 6th and 19th and 20th harmonics. 
However, as illustrated in Figure 5.27, the magnitude of impedance seen at 115 kV 
bus at the frequency between 19th and 20th harmonics is not appreciable. It means 
that the harmonic resonance is unlikely to happen at this frequency. 

5.2.1 Verification of Resonances at 115 kV Bus 

At 115 kV bus, the actual measurement data recorded during 5th – 13th in March 2013 
show that the 5th harmonic voltage coincides with the variation of total voltage 
distortion. The peaks of the 5th harmonic voltage considerably match up with peaks 
of total voltage distortion curve shown in Figure 5.31. In other words, the harmonic 
resonance is possible to happen at the 5th harmonic. Nonetheless, look at the data 
at the 6th harmonic voltage and total voltage distortion, the remaining peaks, which 
are not matched up with the 5th harmonic voltage, catch peaks of the 6th harmonic 
voltages. Figure 5.32 illustrates the variation of total harmonic voltage distortion and 
the 6th harmonic voltage. 

 
Figure 5.31 The 5th harmonic voltage and total harmonic voltage 
distortion 
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Figure 5.32 The 6th harmonic voltage and total harmonic voltage 
distortion 

By analyzing the harmonic voltage spectrum at 115 kV bus as shown in Figure 5.33, 
actual measurement data show that harmonic resonances are possible to happen at 
both 5th and 6th harmonics. However, the 5th harmonic is still the most dominant 
component in harmonic spectrum, and the influence of the amplification of the 5th 
harmonic is severer than that of the 6th harmonic. Particularly as illustrated in Figure 
5.33, the amplification of the 5th harmonic is three times as large as the 6th harmonic 
is amplified in resonances. Moreover, the fact that high harmonic voltage distortion 
resulting from the amplification of the 5th harmonic take place longer than that is 
observed with the 6th harmonic. The short duration of the 6th harmonic amplification 
is not a significant sense of resonances. In other words, the severity of the harmonic 
resonance at the 6th is not a big problem to the system, which can be seen more 
clearly in analyzing the voltage at 115 kV in time domain as shown in Figure 5.34.  
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The 6th harmonic

The 5th harmonic 

 
Figure 5.33 The harmonic voltage spectrum at 115 kV bus 

Corresponding to the harmonic spectrum in Figure 5.33, Figure 5.34 shows the 
different influences of resonances at 5th and 6th harmonics on waveforms of voltage 
at 115 kV bus. While the amplification the 5th harmonic results in considerable 
distortion of the waveform, the waveform seem to be unaffected by the 6th harmonic 
amplified.  

 

Figure 5.34 The voltage waveforms at 115 kV bus corresponding to 
the 5th and 6th harmonics amplified 
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By doing similar procedure previously, there is no harmonic resonance observed at 
the 7th harmonic at both 115 kV and 33 kV buses. The resonance in simulation at 
frequency between 19th and 20th harmonics is not considerable; moreover, actual 
measurement data do not show any correlation that it is possible for harmonic 
resonances at this frequency. Figure 5.35 illustrates 19th and 20th harmonic voltages. 

Vh19

VTHD

Vh20

VTHD

 
Figure 5.35 The 19th and 20th harmonic voltages 

5.2.2 Verification of Resonances at 33 kV Bus 

By analogy with the verification of the 5th harmonic resonance at 115 kV bus, actual 
measurement data also point out that the harmonic resonance also happens at the 
5th harmonic. The actual measurement data show similar observation as considered 
at 115 kV bus. However, the harmonic resonance recorded only happens at the 5th 
harmonic. The 5th harmonic is dominant components, and its amplification is more 
appreciable than the others.  

Figures 5.36 – 5.39 illustrate the observation from actual data recorded during 5th – 
13th in March 2013. 
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Figure 5.36 The 5th harmonic voltage and total harmonic voltage 
distortion 

 
Figure 5.37 The 6th harmonic voltage and total harmonic voltage 
distortion 
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The 5th harmonic

The 5th harmonic

 

Figure 5.38 The harmonic voltage spectrum at 33 kV bus 

Figure 5.39 The voltage waveforms at 33 kV bus 

To verify harmonic resonance at the frequency between 16th and 17th harmonics and 
between 19th and 20th harmonics, the voltages at these harmonics are shown in 
Figure 5.40. 
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Figure 5.40 Harmonic voltages 

As observed in Figure 5.40, the harmonic voltage is amplified at the 16th and the 
peaks observed match with the peaks of total harmonic distortion curve shown in 
the figure as well. There is no corresponding point observed at the other harmonic 
frequencies. Therefore, it can be stated that the simulation also points out the 
resonance at the 16th harmonic, but resonance does not happen between 19th and 
20th harmonics. 

The last frequency need to be verified is between 45th and 46th harmonics. These 
harmonic voltages are plotted with respect to active power as in Figure 5.41. 

 
Figure 5.41 Harmonic voltages 
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As illustrated in Figure 5.41, harmonic resonance does not happen at the frequency 
between 45th and 46th harmonics. It is likely to match with the frequency scan 
analysis, which shows that the magnitude of impedance seen at 33 kV bus at 45.4 is 
not significant, and the field measurement data clarify this prediction. 

5.3 Discussion 

The two scenarios drawn in the study shows the shifts of harmonic resonances in 
various operation modes of the wind power plant. The particular influence of the 
operation of wind power plants represented in shifts of resonant frequencies in area 
of low frequency. 

The verification show that the simulation results match considerably with the field 
measurement. Identification of harmonic resonances in area of low frequencies is 
quite accurate. However, there is a deviation from harmonic resonances in area of 
high frequencies; simulation results do not match with field measurement. It might 
be explained because the wind power plant does not generate an appreciable 
content of harmonics in this area of frequencies. Figure 5.42 depicts harmonic 
generation at the recorded time when total harmonic distortion reaches the highest 
point at both 115 kV and 33 kV buses. The most dominant harmonic is the 5th, so the 
harmonic resonance resulting from the 5th is observed most clearly in verification.  

 
Figure 5.42 Harmonic generation of a wind turbine generator at the 
highest harmonic voltage distortion at 115 kV and 33 kV buses 

The 6th harmonic also results in amplification of voltage at both 115 kV and 33 kV 
buses, which the peaks of the harmonic voltage curve match quite well with the 
peaks of total harmonic distortion curve. However, the sudden amplification of the 
6th harmonic voltage at both observed buses is not big problem because the 
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content of the 6th harmonic is not significant. The similar observation also comes 
along with the 16th harmonic. The harmonic resonance is possible at the 16th 

harmonic at 33 kV when some peaks of the 6th voltage curve match with the 
corresponding peaks of total harmonic distortion curve. 

The results verified show that harmonic resonance mode analysis is a useful tool for 
harmonic resonance analysis though the deviation exists between simulation results 
and field measurement data. The deviation can be explained due to some 
resonance including the harmonic models used in simulation, and specially the 
model of the wind power plant 
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CHAPTER VI 
Conclusion and Future Work 

6.1 Conclusion 

Harmonic resonance mode analysis has been conducted in a practical system with a 
wind power plant connected in order to figure out the harmonic resonance 
problems. Potential harmonic resonances, which have been verified with field 
measurement, confirm the validity of this method. Some conclusions of the study 
are summarized as follows. 

1. Harmonic resonance mode analysis potentially points out all possible 
harmonic resonances existing in the electric power system. Instead of running 
frequency scan analysis at all buses as traditional procedure of frequency 
scan analysis, frequency scan based on harmonic resonance mode analysis is 
taken into account as a time saving technique in simulation. In verification 
with field measurement at 115 kV and 33 kV buses, the simulation results 
found by using this method cover entirely resonant frequencies found by 
using frequency scan analysis.  

2. The severity of resonances is revealed in simulation with harmonic resonance 
mode analysis. The field measurement data has partially validated this issue. 

3. The information provided by harmonic resonance mode analysis including 
participation factors and sensitivity indices is useful to construct harmonic 
resonance paths, which reveal main components affecting harmonic 
resonances. The field measurement data have not verified elaborately this 
point in verification. 

4. The deviation between simulation results and field measurement data still 
exists. The differences can be understandable when considering those issues: 

 The limitation of the model of wind power plants can affect simulation 
results. The aggregate model supports time saving simulation and 
provides good prediction for harmonic resonances; nonetheless, the 
requirement of absolute accuracy is still a difficult task.  In other words, 
the simulation results can only cover a large range of possible resonant 
frequencies, which can contain some of actual potential resonant 
frequencies.  
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 The limitation of harmonic models of network components can also 
influence on simulation results. 

6.2 Future Work 

Harmonic resonance analysis in power systems with wind power plants has done at 
some points. Furthermore, the study needs more investigations in the following 
issues. 

1. Assessing the severity of possible harmonic resonances has not been worked 
out well. This information will be significantly imperative in harmonic 
resonance assessment. As a result, this task should be paid more attention. 

2. The verification with actual measurement data needs more data in order to 
verify the simulation results more accurately, especially the validation of 
sensitivity indices. 

3. The simulation results indicate that impacts of the system configuration on 
harmonic resonances is more momentous than that of wind power plants’ 
operation condition. This is because the harmonic generation of wind power 
plants has not documented well in the harmonic model. A deeper 
investigation into harmonic emission needs to be done in order to assess 
completely the influences of harmonic resonances on network components.  

4. Harmonic resonance mode analysis is just applied for balanced system. 
Conducting this method in three phase system is necessary to provide whole 
picture about the applicability of the method. 
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APPENDIX 



Network and the wind power plant data 

Network Data 

Table A. 1. Network impedance in P.U based on 100 MVA 
 R X B Section 

System 0.02706 0.1736 0 - 
Transmission 
Line 

0.0192 0.1198 0.03377 1 
0.0019 0.0119 0.00338 2 

Transformer 115/33 kV 0.0033 0.1333 0 - 
Wind Power Plant Data 

Table A.2 Impedances of cables of main feeders 1, 2, 3, and 4 in 
P.U based on 100 MVA 

 
R X B No.WTGs 

Feeder 1 

0.011 0.008 0.0024 5 
0.0117 0.0132 0.0012 1 
0.0104 0.0117 0.0011 1 
0.006 0.0067 0.0006 1 
0.008 0.009 0.0008 2 
0.053 0.0598 0.0055 1 

Feeder 2 
0.0072 0.0066 0.0005 3 
0.0105 0.0119 0.0011 2 
0.028 0.0316 0.0029 2 

Feeder 3 
0.0355 0.0325 0.0026 3 
0.0074 0.0084 0.0008 4 
0.0525 0.0593 0.0054 2 

Feeder 4 

0.0118 0.0071 0.0004 2 
0.0095 0.0087 0.0007 1 
0.0133 0.015 0.0014 1 
0.0189 0.0213 0.0019 2 
0.02 0.0226 0.0021 2 

0.0139 0.0157 0.0014 3 
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Table A.3 Impedances of cables of the main feeder 5 in P.U based 
on 100 MVA 

Feeder 5 

R X B No.WTGs 

0.0096 0.0087 0.0007 3 
0.0064 0.0072 0.0007 1 
0.0046 0.0052 0.0005 1 
0.0164 0.0185 0.0017 1 
0.0517 0.0583 0.0053 1 

* The impedance of each section along each feeder is listed from the furthest 
section to the collector bus. No.WTGs stands for number of wind turbine generators. 

Table A.4 Impedances of cables connecting between main feeders 
1, 4 and pad-mount transformers in P.U based on 100 MVA 

To feeder 1 To feeder 4 

R X B R X B 

0.00261 0.00067 2.55E-05 0.00261 0.00067 2.55E-05 
0.03129 0.00804 0.002359 0.00261 0.00067 2.55E-05 
0.00261 0.00067 2.55E-05 0.00261 0.00067 2.55E-05 
0.00261 0.00067 2.55E-05 0.00261 0.00067 2.55E-05 
0.00261 0.00067 2.55E-05 0.02973 0.00764 0.000291 
0.0217 0.00558 0.000212 0.00261 0.00067 2.55E-05 
0.00261 0.00067 2.55E-05 0.04355 0.01119 0.000426 
0.00261 0.00067 2.55E-05 0.00261 0.00067 2.55E-05 
0.00261 0.00067 2.55E-05 0.03437 0.00884 0.000336 
0.00261 0.00067 2.55E-05 0.00261 0.00067 2.55E-05 
0.0471 0.01211 0.00046 0.02206 0.00567 0.000216 
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Table A.5 Impedances of cables connecting between main feeders 
2, 3 and pad-mount transformers in P.U based on 100 MVA 

To feeder 2 To feeder 3 

R X B R X B 

0.03568 0.00917 0.000349 0.00261 0.00067 2.55E-05 

0.00261 0.00067 2.55E-05 0.01773 0.00456 0.000173 

0.05044 0.01296 0.000493 0.04454 0.01145 0.000435 

0.06238 0.01603 0.00061 0.04235 0.01089 0.000414 

0.00261 0.00067 2.55E-05 0.00261 0.00067 2.55E-05 

0.00261 0.00067 2.55E-05 0.04861 0.0125 0.000475 

0.00261 0.00067 2.55E-05 0.05737 0.01475 0.000561 

- - - 0.04506 0.01158 0.00044 
- - - 0.00261 0.00067 2.55E-05 

Table A.6 Impedances of cables connecting between the main 
feeders 5 and pad-mount transformers in P.U based on 100 MVA 

To feeder 5 

R X B 

0.05216 0.01341 0.00051 

0.01857 0.00477 0.000181 

0.00261 0.00067 2.55E-05 

0.00261 0.00067 2.55E-05 

0.00261 0.00067 2.55E-05 

0.00261 0.00067 2.55E-05 

0.00595 0.00153 5.81E-05 
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Table A.7 Impedances of pad – mount transformers in P.U based 
on 100 MVA corresponding to feeders 1 and 4 

To feeder 1 To feeder 4 

R X R X 

0.255556 2.003333 0.255556 2.02 

0.255556 1.966667 0.255556 2.096667 

0.255556 1.986667 0.255556 2.066667 

0.255556 1.993333 0.255556 2 

0.255556 1.953333 0.255556 2.156667 

0.255556 1.923333 0.255556 1.986667 

0.255556 2.116667 0.255556 1.976667 

0.255556 2.07 0.255556 1.953333 

0.255556 2.143333 0.255556 2.13 

0.255556 2.153333 0.255556 2.066667 

0.255556 2.026667 0.255556 1.966667 

Table A.8 Impedances of pad – mount transformers in P.U based 
on 100 MVA corresponding to feeders 2 and 3 

To feeder 2 To feeder 3 

R X R X 

0.255556 2.173333 0.255556 2.023333 

0.255556 2.16 0.255556 2.15 

0.255556 2.063333 0.255556 2.113333 

0.255556 2.156667 0.255556 1.996667 

0.255556 2.153333 0.255556 1.996667 

0.255556 2.056667 0.255556 2.003333 

0.255556 2.036667 0.255556 1.983333 

- - 0.255556 0.255556 

- - 0.255556 1.966667 
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Table A.9 Impedances of pad – mount transformers in P.U based 
on 100 MVA corresponding to feeder 5 

To feeder 5 

R X 

0.255556 1.953333 

0.255556 1.94 

0.255556 1.986667 

0.255556 1.96 

0.255556 2.003333 

0.255556 2.046667 

0.255556 2.156667 

* Note: each row of the table corresponds to parameters of a pad – mount 
transformer used to connect to the main feeder. 

Table A.10 Impedances of asynchronous generators in p.u based 
on 100 MVA 

R X 

0.294 0.895 
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