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Abstract 
     

In recent years, wind farms (WFs) based on variable speed wind turbine generators (VSWTGs) are 

occupying a significantly increasing market share due to the capability of controlling wind energy generation. 

The power control system in VSWTGs improves the wind energy conversion efficiency, while makes 

VSWTGs more vulnerable to break. Sub-synchronous resonance (SSR) oscillations have been observed in 

WFs based on VSWTGs, causing significant damage and performance degradation. Therefore, a 

comprehensive study of SSR oscillations in VSWTGs is presented in this thesis. Related research in terms of 

SSR analysis methods, the mechanisms and influence factors analysis and existing mitigation methods is 

carried out to proposed improved SSR mitigation schemes.  

The behind root causes of SSR oscillations in WFs based on type 3 and type 4 WTGs are commonly 

believed to be the series capacitor compensation network and the weak grid condition, respectively. Rather 

than focusing the external grid condition, in the thesis, the inherent impedance property of WFs is addressed. 

A comprehensive study is carried on based on the impedance model of VSWTGs to find the internal 

mechanisms and impact factors of SSR oscillations in WFs based on VSWTGs.    

Although different mitigation methods of SSR oscillations have been proposed as a result of the many 

studies, there is not a detailed study which analyzed and compared these methods. Consequently, the 

investigation of alternative approaches to mitigate and to optimize the existing solutions becomes challenging. 

To fulfil this gap, a comprehensive evaluation of the SSR mitigation strategies has been presented in this 

dissertation. And improved SSR damping schemes for WFs based on VSWTGs are proposed. The identified 

improved approaches are presented along with the time and frequency domain simulation results to validate 

their effectiveness.  
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Chapter 1  

Introduction 
 

Wind energy is one of the feasible alternative renewable sources to fulfil the energy demand 

while minimizing bad effects of traditional fossil energy sources. According to the global wind 

report 2018 published in April 2019 [1], the wind energy once again grew in strength in 2018. The 

wind energy industry now exists in more than 90 countries, 30 of which have more than 1,000 

MW installed and 9 with more than 10,000 MW installed. Global wind energy council (GWEC) 

also forecasts that the increased wind installation would become 62.4 GW in 2022 and 62.6 GW 

in 2021. Today with the development of wind energy and power electric control technologies, an 

incredible amount of wind farms (WFs) have been constructed and integrated into the power grids.  

    Wind turbine generators (WTG), as an important part of WFs, extracts power from fluctuating 

wind and converts it into electrical energy. There are four main wind turbine generator (WTG) 

technologies, as shown in Fig. 1-1 [2].  Type 1 WTG is fixed-speed single cage induction generator 

(SCIG) based WTG, as shown in Fig. 1-1(a). In type 1 WTG no power converters are included. It 

has lower maintenance cost and reliable operation due to the simple power conversion 

configuration. But it is not able to control wind power generation due to lack to power converters. 

Besides that, it will suffer grid frequency stabilization issue when wind speed changes. Type 2 

WTG, as shown in Fig. 1-1(b), is semi-variable-speed WTG and able to control a partial rated 

(10%) power flow due to the external resistor. Comparing with type 1 WTG, type 2 WTG has a 

higher energy conversion efficiency. But the external resistor will cause more system losses. Type 

3 WTG, shown in Fig. 1-1(c), is variable-speed WTG which is able to control 25% of rated power 

generation due to the power converters between the rotor and external grid. It has a larger power 

control capability compared to type 2 WTGs. Type 4 WTG, shown in Fig. 1-1(d), is full-power 

generator which can be directly connected to the power system. The wind energy conversion 

efficiency of type 4 WTG is high due to the full variable speed range (0% - 100%). As reported in 

[2], in general, the most commonly installed technologies in today’s systems are type 3 and type 

4 WTGs. The biggest advantage of the WFs based on these variable speed WTGs (VSWTGs) is 

the facility to control the output and generation. However, the power electronics in control system 
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are vulnerable, and their damages would cause the breakdown of the whole WTG system. 

Therefore, the reliability and security of WFs-based on type 3 / 4 WTGs is critical.  

 

Fig. 1-1. The four wind turbine generator technologies,  

(a) type 1 conventional induction generator, (b) type 2 variable rotor-resistance induction generation, (c) doubly-fed 

asynchronous generator, (d) type 4 full-converter generator [2]. 

 

    The sub-synchronous resonance (SSR) oscillations are one of the identified causes behind the 

unavailability of the WFs because of the tripping. Moreover, SSR oscillations give rise to power 

quality issues in the power grid and further degrade system performance. Till now, the SSR 

oscillations have been observed in both type 3 (doubly-fed induction) and 4 (full power converter) 

generators causing much loss [3-11]. Therefore, a close analysis of the SSR oscillations, its root 

cause, effects on the system and mitigation methods would increase the reliability of the WF-based 

on VSWTGs, and consequently increase market penetration of the wind energy conversion 

systems. 

    In this dissertation, the investigation of the SSR problem in WFs based on VSTWGs are 

presented. Comprehensive work is carried out to analyzing the mechanism, impact factors, and to 

finding advanced alternatives to existing SSR mitigation methods. 

This chapter starts with the introduction of basic SSR concept. Then the existing analysis 

methods of SSR oscillations are investigated and compared in detail. Next, a comprehensive 

review of the existing studies of SSR oscillations in type 3 and type 4 WTGs is then provided. 

Last, the objectives and organization of this dissertation is summarized at the end. 
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1.1 SSR definitions 

The term SSR oscillations is defined in the IEEE committee report [12], i.e. “SSR is given power 

system condition where the electric network exchanges energy with turbine generator at one or 

more natural frequencies below the synchronous frequency”. According to the definition, first and 

foremost, it should be considered that what kind of power system condition can generate SSR.  As 

depicted in [12], any power system condition that allows exchange of energy at a given sub-

synchronous frequency may experience SSR oscillations, e.g. the power system including series 

capacitor compensated transmission lines network. Next important factor to be considered is its 

origin. There are many ways in which the system and the generator can interact at sub-synchronous 

frequencies. They can be categorized as 1) the induction generator effect (IGE), 2) the torsional 

interaction (TI), and 3) the torque amplification (TA).  

1.1.1 Induction generator effect (IGE) 

The IGE is caused by self-excitation of the electrical system. Essentially it is brought by the fact 

that positive sequence sub-synchronous frequency (fs) currents in the armature set up a rotating 

magnetic field which induces currents in the rotor of frequency (fs - fo, fso denotes the fundamental 

frequency) [12]. The slip of the machine is  

s o

o

f f
slip

f

−
=  (1-1) 

According to (1-1), the slip is negative when the speed of magnetic field is slower than the rotor. 

Therefore, the resistance of the rotor to sub-synchronous current, seen from the armature terminals, 

is negative. Although the network presents a positive resistance to the sub-synchronous current 

going through it, if this negative resistance of the rotor to sub-synchronous current is greater in 

magnitude than the positive resistance of the network, there will be sustained sub-synchronous 

currents. Hence, due to this negative resistance, the system has a potential to be self-excited at sub-

synchronous frequencies. Such self-excitation gives rise to excessive voltages and currents. 

1.1.2 Torsional interaction (TI) 
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TI can be considered as the energy exchange between the series compensation network and 

mechanical parts of WTG, which is essentially an electro-mechanical phenomenon. TI occurs 

when the induced sub-synchronous torque in the generator is close to one of the torsional natural 

modes of the turbine-generator shaft. When the generator rotor oscillates at a torsional natural 

frequency (fmi), voltage components at a frequency (femi) would be induced into the armature [12],  

emi o mif f f=   (1-2) 

If femi is close to the SSR frequency, generator rotor oscillations will build up and this motion 

will induce armature voltage components at both sub-synchronous and super-synchronous. And 

the induced sub-synchronous frequency voltage is phased to sustain the sub-synchronous torque. 

And sub-synchronous torques will cause sustained mechanical oscillations on the rotor. However, 

the torsional natural frequency (fmi) is quite low (1~5Hz), and corresponding femi is between 55Hz 

and 59Hz when the fundamental frequency is 60Hz. In WFs the SSR frequency usually does not 

appear in that high range. Therefore, for WFs, the TI may not be the concern. 

1.1.3 Torque amplification (TA) 

Both IGE and TI can be considered as the steady-state SSR, and TA is transient SSR which may 

result due to severe disturbance in the power system. After the severe disturbance happened in a 

power system, the sudden change of the rotor current will tend to oscillate at the natural frequencies 

of the network. In a transmission system without series capacitors, these transients are always dc, 

which will decay to zero with a time constant that depends on the ratio of inductance to resistance. 

For networks that contains series capacitors, the transient currents will contain one or more 

oscillatory frequencies that depend on the network capacitance as well as the inductance and 

resistance. If any of these sub-synchronous network frequencies coincide with one of the natural 

modes of a turbine-generator shaft, there can be peak torques that are quite large as these torques 

are directly proportional to the magnitude of the oscillating current. This is the root cause of TA. 

From the above analysis we can see, the IGE is a purely electrical phenomenon only involving 

the rotor electrical dynamic. The TI comprises both the rotor electrical and mechanical dynamics 

and does more severe impacts than IGE. The TA exists as a result of the torque oscillation triggered 

by system disturbances. The existence of the SSR oscillation in the WFs based on fixed speed 

WTGs (FSWTGs - type 1 and type 2 WTGs) can be explained using the above categorization since 
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they are mainly due to the mechanical interactions [13-15], without the involvement of the power 

converters. However, this root cause identification cannot be employed to explain the behavior of 

the WFs based on VSWTGs.  

By now, sub-synchronous control interaction (SSCI) [16] has been identified as one of the root 

causes behind the SSR oscillations in the WFs based on both type 3 and 4 WTGs. In the SSCI, 

there is no involvement of mechanical parts of the WTG system. The control system in type 3 and 

4 WTGs are focused. 

 

1.2 SSR analysis methods  

In this section, the existing SSR analysis technologies are evaluated, which can be categorized 

into two categories: frequency-domain analysis methods (modal analysis, impedance model-based 

analysis and frequency-scanning method) and time-domain simulations. The modal analysis and 

the impedance model-based analysis are the most frequently used method in the literature. 

Therefore, a comprehensive analysis of both methods has been performed to identify the most 

suitable techniques to study SSR oscillations in WFs based on the VSWTGs.  

 

1.2.1 Modal analysis 

Modal analysis is a powerful tool to determine, improve and optimize dynamic characteristics 

of engineering structures. The modal analysis is based on the small-signal model of a linearized 

system. The small-signal model is utilized to analyze the dynamic properties of a system in the 

frequency domain. The modal analysis has been commonly used to study SSR oscillations in WFs. 

[12] and [50] provides a comprehensive explanation of its applications in power system to perform 

low-frequency oscillations and SSR oscillation analysis, respectively. When analyzing SSR 

oscillations, the modal analysis is able to provide a detailed description of the system to identify 

the frequencies and damping of oscillations in a specific SSR mode, to find influencing factors, 

and to design SSR damping controllers (SSRDCs) [17]. 

In modal analysis, three kinds of analysis can be utilized, i.e. Eigenvalue analysis, participation 

factors analysis, and residuals analysis, to obtain a detailed insight of the system. As explained in 
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[12], the eigenvalue analysis can provide a great insight into a system to identify the oscillation 

modes. As a result, SSR oscillation frequencies as well as the damping at corresponding frequency 

can be determined. The participation factors analysis measures the influence of each state of the 

system on different oscillation modes. This analysis helps identify the impact of the different 

system parameters on SSR oscillations. Finally, residuals analysis is employed to design the 

SSRDC, where residues reflect the influences of control parameters on the closed-loop control 

system [51].   

In summary, the modal analysis provides a detailed description of the system having a deep 

insight about SSR oscillations. The quantitative information of a specific SSR mode provides 

information to determine the frequency and damping of oscillation, how multiple parameters 

influence SSR oscillations, and details to design SSRDCs. However, the modal analysis becomes 

complex and tedious when increasing the dimensions of the systems which should expect with the 

modern WFs. Moreover, the complexity of the system linearization process becomes high with 

increased system dimensions. Besides that, the calculation of the eigenvalues of a high dimension 

system needs significant computation power although there is a linearized system model. Despite 

performing modal analysis using advanced software tools like Matlab/SIMULINK and 

DIgSILENT/PowerFactory, it is difficult to obtain results with the required accuracy of a highly 

nonlinear system comprise many elements with nonlinear properties. Therefore, modal analysis 

has a limited capability to analyze modern WFs.  

 

1.2.2 Impedance model-based analysis 

Impedance model-based analysis has been successfully employed to study stability issues in dc-

dc [52] and ac power systems [18] because it provides a clear picture of a system from an electrical 

perspective. Therefore, this method can be applied to analyze WFs based on type 3 and 4 WTGs 

because only the electrical part of the system involves giving rise SSR oscillations. This tool 

provides a detailed description of the system in an easily interpretable way to identify the root 

cause and influencing factors behind the SSR oscillations as explained in [5]. In addition to that, 

there is great flexibility in this method to extend an existing model of a system either adding more 

elements (such as STATCOM or HVDC systems) or changing control strategies. To be specific, a 

new model of a system can be obtained by independently changing the impedance model of the 

modified component. This is because modifications only involve a certain element of the entire 
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system. Besides that, the impedance models are accurate enough to describe the system properties 

under sub-synchronous frequencies. As a result, the overall system model has the required 

accuracy and might not suffer from the inaccuracies visible at the frequencies higher than half of 

switching frequency [55].  

For both modal and impedance model-based analysis, there should be a linear time-invariant 

system since they are performed in the frequency domain using small-signal analysis. However, 

under certain circumstances, it may not feasible to obtain a linearized model as explained above. 

Therefore, in practical applications, the impedance model is obtained by simplifying the real 

system.  

The impedance model is constructed either in the dq [19, 20, 23, 27-30, 32] or sequence 

synchronous [21, 56] reference frames. The following analysis can be performed after obtaining 

the impedance model: (1) resistance analysis (using the real part of the impedance model), (2) 

Bode plot, and (3) Nyquist’s stability criteria. In the resistance analysis, the system resonance is 

identified using the sign of the equivalent resistance of the impedance model. A positive resistance 

stabilizes a system and a negative resistance makes the system unstable. The Bode plot reveals 

occurrence of SSR oscillations. To this end, the sub-synchronous frequency where two impedances 

(WF and the remaining system) having opposite properties can be detected. In this case, one system 

has a capacitive property and other shows an inductive property. The Nyquist’s stability criteria is 

a frequently used method to identify SSR oscillations. To this end, the impedance model should 

be converted into either Thevenin or Norton equivalent forms as shown in Fig. 1 [24]. The voltage 

source shown in Fig. 1-2(a) should be stable when unloaded, and the condition stipulated in (1-3) 

should be satisfied. The condition in (1-4) should satisfy by the current source shown in Fig. 1-

2(b) to have a stable operation. The ZWTG and YWTG represent the equivalent impedance and 

admittance of the WTG, respectively. The ZLine and YLine represent the equivalent impedance and 

admittance of the transmission line, respectively [24]. 

 

 

( ) ( ) 1
( )

( ) ( ) ( ) 1 ( ) / ( )

s s

WTG LINE LINE WTG LINE

V s V s
I s

Z s Z s Z s Z s Z s
= =

+ +
 (1-3) 

( ) 1
( )

( ) 1 ( ) / ( )
s

LINE WTG LINE

I s
V s

Y s Y s Y s
=

+
 (1-4) 
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Fig. 1-2. Equivalent impedance model of WFs with external transmission lines (a) Thevenin equivalent, (b) 

Norton equivalent [22]. 

 

The system is stable when the number of counterclockwise encirclement around (-1 + j0) of the 

ratio term (ZWTG(s)/ZLINE(s)) in the denominator of (1-3), is equal to the number of zeros of 

ZWTG(s)/ZLINE(s) in the right-half complex plane minus the number of poles of ZWTG(s)/ZLINE(s) in 

the right-half complex plane. If all the poles of ZWTG(s)/ZLINE(s) are located in the left-half complex 

plane, then the system is stable if and only if there is no counter clockwise encirclement around (-

1 + j0). In (1-4), the Nyquist’s stability is determined by the ratio YWTG(s) / YLINE(s).  

It is noteworthy that first, the above impedance model-based analysis can be directly applied to 

a SISO system having monotonous power sources to identify the root cause and impact factors of 

SSR. However, for a large system with different power sources, more advanced analysis methods 

like the generalized Nyquist criterion [68] or enhanced impedance analysis method [69] can be 

utilized to identify the resonance. 

Second, the first two analysis methods, i.e. the real part of impedance model analysis and the 

bode plots analysis can provide a clear picture to system with feedback control systems, while the 

Nyquist’s stability is utilized to check the stability of the system with open-loop control. As in this 

research, the impedance property of WFs are focused when studying SSR oscillations and the 

control systems are important parts in VSWTGs. Therefore, when find the mechanisms of SSR in 

WFs based on VSWTGs, it is assumed that the WFs with closed loop control can operate steadily 

at all frequency range and impedance property of WFs are analyzed under sub-synchronous 

frequencies.   
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1.2.3. Other analysis methods 

There are two other analysis methods known as frequency scanning and time-domain simulation 

as summarized below.  

1) Frequency scanning: This method provides a simple but effective way to analyze a non-linear 

system by linearizing the system at a given operating point. In the WF analysis, the impedance of 

the grid is examined at the point of common coupling (PCC) to detect the feasible frequency range, 

where SSR oscillations occur. A dip in the grid impedance curve plotted against frequency helps 

identify a relevant frequency range as explained in [3, 25]. In this method, WF is treated as a black 

box and use the harmonic injection method to obtain the grid impedance as a function of the 

frequency experimentally.  

The frequency scanning analysis can be performed without a linearized small-signal model of 

the system when compared to the model-based analysis. However, this method does not help 

identify the influence of each component of the system to give rise to SSR oscillations. Also, this 

method cannot provide quantitative results, such as the specific SSR frequency or the SSR 

damping. Therefore, it is always used as a pre-detection method to identify the range of sub-

synchronous frequencies and combined with other analysis methods (e.g. modal analysis), for 

further investigations [26]. 

2) Time-domain simulation: The model-based analysis should be performed in a wide operating 

rage since the WFs are non-linear systems. Therefore, in most papers, the IEEE first benchmark 

model (FBM) is adopted to perform nonlinear time-domain simulations to investigate SSR 

oscillations. A detailed description of the FBM is provided in [57], although it is criticized as a too 

simplified model to study SSR oscillations in real systems in [3] since there is no standard to design 

power converters in FBM. 

A brief comparison between the SSR analysis methods is provided in Table 1-1. Comparing the 

advantages and disadvantages of each analyzing techniques, the impedance model-based method 

is selected for the remaining analysis of this paper. 
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Table 1-1. SSR analysis methods (√ indicates the method provides the information, x indicates the method is 

incapable). 

 Modal analysis 
Impedance model-

based analysis 
Frequency scanning 

Time domain 

simulation 

SSR frequency √ √ √ √ 

SSR damping √ √ × × 

Influence 

factors 
√ √ × √ 

Easily 

implement 
× √ √ √ 

 

1.3 Review of prior art for SSR in WFs based on type 3 and type 4 

WTGs  

    There is a growing literature on the SSR oscillations in the WF based on type 3 and 4 WTGs 

to identify the root cause of the SSR oscillations, their effects, influencing factors and mitigation 

methods. They can be summarized in Table 1-2. 

 

Table 1-2. A summary of the state-of-the-art SSR oscillation analysis and mitigation methods. 

 WFs with type 3 WTGs WFs with type 4 WTGs 

Analysis methods 
Modal analysis [17], impedance model-based analysis [4,18-24,27-32,56], frequency 

scanning [25,26], time-domain simulations [3]. 

External causes 
Series compensation [3-5] and HVDC 

transmission networks [11, 27] 

Weak grid [6-10] and HVDC 

transmission networks [28-30, 64, 65] 

Mitigation 

methods 

1) Properly design the WTG system [31,32]. 

2) Active use of power converters in WTGs [33-38]. 

3) Add supplementary devices such as FACTS [39-47]. 

 

The modal analysis [17], impedance model-based analysis [4,18-24], frequency scanning 

method [25,26], and time-domain methods [3] are the well-known techniques to analyze the SSR 

oscillation in the WF based on the VSWTGs. A qualitative and quantitative comparison between 

those techniques helps identify their strengths and weaknesses to have a deep insight into the 

problem to come up with effective alternatives to mitigate them. 
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Besides the SSCI, there are some alternative explanations behind the existence of the SSR 

oscillations in WFs based on VSWTGs as summarized in Table I. In [3-5], the existence of the 

SSR oscillations in WF based on type 3 WTGS has been explained as a result of the series 

compensation network. A weak grid connected to the WF based on type 4 WTGs has been 

identified as the reason in [6-10]. Moreover, an interaction between the HVDC transmission 

system and the WFs based on either type 3 or type 4 WTGs has been identified as another cause 

in [11,27-30,63,65]. However, neither analysis answers the question that although both type 3 and 

type 4 WTGs are VSWTGs, why they interact with external grids having different characteristics? 

Therefore, a thorough analysis focusing on the characteristics of WFs based on VSWTGs would 

help identify the real reason rather than considering the influence of the external grid.  

Moreover, the most important topic in the engineer’s perspective is the mitigation methods. SSR 

oscillations mitigation by the optimal parameter design [31, 32], using power converters in WTGs 

[33-38] and flexible alternating current transmission system (FACTS) controllers [39-47] have 

been proposed as summarized in Table 1-2. Each mitigation method has its own advantages and 

disadvantages and there is no publication compare their performance to identify the approach 

having the best damping performance. Therefore, a good comparison and evaluation of existing 

methods help researchers to find more efficient SSR oscillation damping methods and it is in the 

scope of this paper. 

 

1.4 Objectives 

In recent years, type 3 and type 4 WTGs acquire large market share and becoming most popular 

in WFs. And by now, SSR oscillations have been observed in WFs based on VSWTGs causing 

much damage. Therefore, it is important to investigate SSR mechanisms and mitigation methods 

in WFs, in order to guarantee the reliable and safe operation in WFs based on VSWTGs.  

The main objectives of this thesis can be summarized as follows. 

1) Investigation of SSR mechanisms 
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There are studies investigated the mechanisms of SSR oscillations in WFs based on type 3 and 

type 4 WTGs. As discussed in Section 1.2, it is commonly believed that the series capacitor 

compensation network and the weak grid condition are the root causes behind the SSR oscillations. 

But neither analysis answers the question, although both type 3 and type 4 WTGs are VSWTGs, 

why do they interact with external grids having different characteristics? Therefore, a thorough 

analysis focusing on the characteristics of WFs based on VSWTGs would help identify the root 

cause of SSR oscillations.  

2) Improve Existing SSR mitigation schemes 

Another important objective of this thesis is to improve the existing SSR damping methods used 

in WFs based on type 3 and type 4 WTGs. There are some popular SSR mitigation strategies, e.g. 

using power converters, utilizing flexible alternating current transmission system (FACTS) 

controllers, which have been discussed in Section 1.2. Each mitigation methods have their own 

advantages and disadvantages. Hence, a good comparison and evaluation of existing SSR 

mitigation schemes can help to find more advanced alternatives.  

 

1.5 Dissertation Outline 

    This dissertation consists of six chapters which are organized as follows.  

 

Fig. 1-3. Dissertation organization. 

 

Chapter 1 presents the background and introduction of SSR concepts, analysis methods and 

existing studies of SSR in WFs-based on VSWTGs. 
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    Chapter 2 investigates the SSR oscillations in WFs-based on type 3 WTGs and type 4 WTGs. 

In this chapter, several major aspects such as the mechanism, the influence factors and existing 

mitigation methods of SSR oscillations in WFs based on type 3 and 4 WTGs are investigated in 

detail.  Besides, the SSR happened between the WFs based on VSWTGs and the high voltage DC 

(HVDC) transmission system are studied as well. 

    Chapter 3 focuses on the improvement of existing SSR mitigation schemes. It can be sub-

categorized into two parts. In the first part, the improved SSR damping schemes are proposed by 

taking power converters and control strategies into consideration. To be specific, for WFs-based 

on type 3 WTGs, two types of improved SSR damping strategies are studied. They are parallel-

connected virtual impedance control and STATCOM with SSRDC scheme. And for WFs-based 

on type 4 WTGs, all possible control strategies of GSC in type 4 WTG are studied in order to find 

the most suitable control methods to solve the SSR problem. In the second part, investigations 

about how to eliminate the impact of traditional PLL in SSR oscillations are addressed. First the 

problem of multiple SSR frequencies brought by the traditional PLL is studied. And then the 

modern PLL technologies are reviewed and compared. At last the suitable modern PLL technology 

is utilized to mitigate SSR oscillations. And relevant simulations are provided to prove the validity 

and effectiveness of the proposed SSR mitigation schemes. 

Chapter 4 summarizes the main contribution and conclusion of the dissertation. Possible future 

research works are also suggested.  
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Chapter 2  

Study of SSR in WFs based on VSWTGs 
 

In this chapter, a comprehensive review of SSR in WFs based on VSWTGs and WFs with 

HVDC system are provided. Several major aspects including mechanism, the influence factors and 

existing mitigation methods of SSR in WFs based on VSWTGs are studied in detail. Relevant 

analysis in the frequency domain are provided by using impedance model-based analysis. 

 

 2.1 SSR in WFs based on Type 3 WTGs 

SSR oscillations in WFs based on type 3 WTGs are investigated to identify the root cause, impact 

factors and mitigation methods of SSR oscillations. First, two real-world SSR oscillations in WFs 

based on type 3 WTGs to introduced, and selected as motivational examples to start the detailed 

analysis.  

2.1.1 Two real-world examples 

Two representative cases related to SSR oscillations in WFs based on type 3 WTGs have been 

reported by the Electric Reliability Council of Texas (ERCOT) system [3] and Hebei, China [4]. 

Most of the studies are based on these two study cases. A summary of these two cases are provided 

in Table 2-1. There is a significant difference in behavior due to the configurations of two WFs, 

such as different voltage/power ratings, control parameters, compensation levels of external series 

compensation networks and fundamental frequencies. A root cause identification behind SSR 

oscillations in WFs based on type 3 WTGs has been performed using the impedance model-based 

analysis along with the influencing factors in the following section. 

 

Table 2-1. Two SSR oscillation case studies in WFs based on type 3 WTGs [3,4]. 

 WFs based on type 3 WTGs in ERCOT [3] WFs based on type 3 WTGs in Hebei [4] 

Power rating (MW) / 88 ~ 360 

Fund. frequency (Hz) 60 50 
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Compensation level 

(%) 
75 6.67 (on average) 

SSR frequency (Hz) Around 20 6~8 

SSR behaviors 
The amplitude of oscillation overshot 150% 

of normal within in 200ms (growing fast). 

The amplitude of oscillation reached to 

125% of normal after 33s (growing 

slowly). 

 

2.1.2 Mechanism of SSR in WFs based on type 3 WTGs 

It is a well-known fact that SSR oscillation in WFs based on the type 3 WTGs is caused by the 

series compensation network. It can be intuitively explained using an equivalent impedance model 

of the WF, as shown in Fig. 2-1. Fig. 2-1(a) shows a power converter along with its control system. 

The equivalent impedance model of the WF is shown in Fig. 2-1(b).  A detailed description of the 

impedance model of a WTG can be found in [19]-[23].  

 

               
(a) 

 

 
 

(b) 

Fig. 2-1. WF based on the type 3 WTG (a) configuration of type 3 WTG, and (b) equivalent impedance model. 
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   Type 3 WTG is modelled using two parallel-connected impedances ZSR and ZG; where ZSR 

represents the impedance of rotor side converter (RSC) and induction generator (IG) and ZG 

represents the impedance of the grid side converter (GSC) with a filter. The inner current loop and 

the control delay are considered when deriving the equivalent impedance of the RSC and GSC. 

However, the outer loop is not taken into consideration since the oscillations introduced by the 

outer torque loop is less than 1 Hz [33]. And the dynamics of interest are faster than that of the 

outer control loop.  Therefore, the impedance model of the RSC and GSC are build neglecting the 

outer control. And the commonly used dq-based vector control is utilized as the starting point and 

then the model is transferred from dq reference framework to abc reference framework by 

replacing impedance Z(s) with Z(s-jwo) where w0 denotes angular speeds of the utility grid (377 

rad/s). And the impedance model of RSC and GSC are given by (2-1) and (2-2), respectively; 

where, Gc(s-jwo) is the transfer function of the PI controller, and Gd(s-jwo) is the control delay, 

typically 1.5 times of sample period, and w0 denotes angular speeds of the utility grid (377 rad/s).  

( ) ( )GSC c o d oZ G s jw G s jw= − −   (2-1) 
 

( ) ( ) /RSC c o d oZ G s jw G s jw slip= − −  (2-2) 

 

The equivalent impedances of the RSC with an IG (ZSR) and GSC with an L filter (ZG) are given 

by (2-3) and (2-4), respectively; where Xs and Rs denote the equivalent leakage inductance and 

resistance of the stator circuit and Xr and Rr denote the equivalent leakage inductance and resistance 

of the rotor circuit, Xm denotes the magnetizing inductance of the machine whose value is 

significantly larger than the Xs and Xr, and ZLg presents the impedance of the L filter. slip is the 

slip ratio defined in (2-5). 

(( ) / ) / /SR RSC r r m s s SR SRZ Z R s X X X R R jX= + + + + = +  (2-3) 

G GSC LgZ Z Z= +  (2-4) 

0( ) /rslip w w w= −  (2-5) 

 

The simplified equivalent impedance model of the WF is shown in Fig. 2-2(a). The equivalent 

impedance model including the WF consisting n number of type 3 WTGs as well as the external 

series capacitor compensation network. The equivalent RLC circuit of the WF and the series 
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capacitor compensation network shown in Fig. 2-2(b) can be used to explain the occurrence of the 

SSR oscillations between WF based on type 3 WTGs and the series compensation network. 

( / / ) /DFIG SR G DFIG DFIGZ Z Z n R jX= = +  (2-6) 

 

 
                                                    (a)                                                                                  (b) 

Fig. 2-2. Equivalent impedance model of a WF with external series compensation network (a) simplified model, (b) 

equivalent RLC circuit. 

 

The total equivalent resistance of the WF (RDFIG) is negative when slip (slip) is negative at sub-

synchronous frequencies. Therefore, the total resistance of the system becomes negative (RDFIG + 

RLine < 0) when the absolute value of RDFIG exceeds the resistance of the external transmission line 

(RLine). The oscillations generated by the inductive (XDFIG + XLine), capacitive (XC) impedances of 

the system are amplified by that negative resistance giving rise system resonance. The 

corresponding sub-synchronous oscillation frequency can be obtained by (2-7) when RDFIG + RLine 

<< X and RDFIG + RLine < 0. 

C

sub o

DFIG Line

X
w w

X X
=

+
 (2-7) 

 

The above analysis shows that the internal and the external root causes behind the SSR 

oscillation are the negative equivalent resistance of the RSC and IG combination, and the series 

compensation network, respectively. 

2.1.3 Impedance model-based analysis 

The above analysis can be supplemented using the bode and the resistance plots of a type 3 WTG 

obtained using (2-1)-(2-6). To this end, the transformation of three-phase variables into a rotating 
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dq reference frame is employed to model ac machines and converters. The impedance of the model 

in dq reference frame is given by (2-8).  

ˆ ˆ( ) ( )
=

ˆ ˆ( ) ( )

d dd dq d

qd qqq q

V s Z Z I s

Z ZV s I s

    
    
       

 (2-8) 

 

The inner current loop of the RSC control system is only considered to obtain the model in (2-

8). The outer control loop is ignored since the oscillations introduced by it less than 1 Hz [33] and 

the dynamics of interest are faster than that. Therefore, the outer control loop is considered as 

constant and has not been included in the impedance model [19].  In addition to that, symmetric 

property of the inner current loop in d- and q-axes help simplify the model in (2-8) using the 

relationships given by (2-9). 

0

dd qq

dq qd

Z Z

Z Z

=


= =
 (2-9) 

 

The impedance model can be further simplified by representing it in the abc reference frame by 

replacing the s in (2-1)-(2-6) by (s-jw0).  

The obtained bode and the resistance plots of the impedance model of a WTG are shown in Figs. 

2-3(a) and (b). The used simulation parameters are listed in Table. 2-2.     

Table 2-2. The parameters of the SSR study model in time domain simulations. 

 Parameters Value (p.u.) 

WF based on type 3 WTGs 

(Pbase=2 MW, Vbase=690 V, 

fbase=60Hz) 

Power rating  1 

Voltage rating 1 

Rotor speed (wr)  1.2 

Stator resistance (Rs)  0.023  

Stator inductance (Ls)  0.18 

Rotor resistance (Rr)  0.016 

Rotor inductance (Lr)  0.16 

Magnetizing inductance (Lm)  2.9 

RSC inner current controller 
Kp 6 

Ki 8 

GSC inner current controller 
Kp 0.83 

Ki 5 

Series compensation network 

(Pbase=100 MW, Vbase=120 kV) 

Series inductance (RLine) 0.5  

Series resistance (LLine) 0.02   

Compensated capacitance (LC) 1/(0.1*0.5)   

STATCOM/ESS 

(Qbase=3 MVar, Vbase=25 kV) 

L filter (L)  

DC link voltage (VDC) 2400 V  
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       Fig. 2-3. Impedance analyses of type 3 WTG (a) Bode plot (b) real part (resistance) of the impedance model. 

 

Fig. 2-3(a) shows that the phase angle of a type 3 WTG impedance model is always positive and 

behaves like an inductor. Fig. 2-3 (b) shows that the equivalent resistance is negative at sub-

synchronous frequencies. As a result, the WF based on type 3 WTGs have a possibility to interact 

with the capacitive external systems. Moreover, SSR oscillations cannot be damped due to the 

negative equivalent resistance. 

2.1.4 The effect of system parameters on SSR oscillations  

    The impact of system variables on the SSR oscillations can be investigated using the impedance 

model shown in Fig. 2-1(b). The transmission line resistance (RLine) provides positive damping to 

SSR oscillations. However, large control parameters in both RSC and GSC controllers cause to 

have large negative damping in the WF based on type 3 WTGs (RDFIG). As explained in [19], the 

magnitude of the equivalent impedance of a GSC with L filter (ZG) is much larger than that of an 

RSC with an IG (ZSR).  The impact of the GSC branch behind the SSR oscillations can be neglected 

since ZG is connected in parallel with ZSR. Moreover, large wind speeds lead to a high absolute 

value of the slip ratio, according to (2-5), giving positive damping to SSR oscillations. According 
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to (2-6), the absolute value of equivalent resistance and inductance of the WF decrease when the 

number of parallel connected WTGs (n) goes high. The result is higher SSR oscillation frequency. 

Moreover, the relationship between the sub-synchronous oscillation frequency, the compensation 

level ( C

L

Z
K

Z
= ) and fundamental frequency (fo) can be deduced using (2-7).  These facts are 

summarized in Table 2-3. 

 

 

Table 2-3. The effects of systems parameters on the SSR oscillations in WF based on type 3 WTG [4,5], [17], [23].  

Cause Effect  

Series 

compensation 

network 

Compensation level Large compensation level leads to high SSR frequency [4,5,23].  

Line resistance 
Large line resistance provides positive damping to SSR 

oscillations [5]. 

Wind speed 
Fast wind speed provides positive damping to SSR oscillations 

[4,5,17,23]. 

WF parameters 
RSC controller 

Large control parameters provide negative damping to SSR 

oscillations [5,17]. 

Number of WTGs Large number of WTG moves the SSR frequency higher [4,5]. 

 

2.1.5 Existing mitigation methods for WFs based on type 3 WTGs 

There are two most frequently used SSR mitigation methods; 1) employing flexible alternating 

current transmission system (FACTS) controllers, and 2) actively using power converters of WTG. 

The essential of these two methods is to introduce additional damping into the system, which can 

be obtained either utilizing SSR damping controller (SSRDC) [33-36,40-45] or virtual impedance 

[37]. The typical configuration of an SSRDC is shown in Fig. 2-4 and it is essentially a power 

system stabilizer (PSS). The SSRDC samples the voltage at PCC. The generated auxiliary damping 

signal by SSRDC is fed into the existing control loops of FACTS controllers or to the GSCs of 

WTGs. The virtual impedance method is implemented by introducing additional feedback loops 

(either coupling back line-voltage or current) into existing controllers [58]. It is usually embedded 

into the GSC in WTGs. 
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Fig. 2-4. Structure of the SSRDC. 

 

1) Utilizing FACTS Controllers 

    In FACTS controllers, a thyristor-controlled series capacitor (TCSC) provides damping to SSR 

oscillations without using an auxiliary SSRDC. The TCSC is capable to boost power transfer 

capability into the transmission line as the conventional compensation network, while TCSC can 

provide positive resistance to damp SSR oscillations at the sub-synchronous frequencies [39]. SSR 

damping performance can be further improved through integrating additional SSRDCs in the 

control system of TCSC as proposed in [40]. A gate-controlled series capacitors (GCSC) with an 

additional SSRDC has similar SSR damping performance like a TCSC with an SSRDC [41,42]. 

Although the series-connected FACTS controllers have a significant SSR oscillations damping 

performance, their implementation may not be as simple as shunt connected FACTS controllers 

such as static var compensator (SVC) and static synchronous compensator (STATCOM).  

STATCOM, the most widely used FACTS controller, has been successfully employed to 

mitigate SSR oscillations. STATCOMs are used in WFs to compensate dynamic reactive power 

and support voltage in the existing systems. Therefore, additional SSR damping function can be 

introduced into the control system without additional construction cost. Such SSR mitigation 

scheme has been realized by adding auxiliary SSRDC signals to either d- or q-axis of the 

STATCOM control loop in [43-45]. In most papers, the additional damping signal is added into 

the q-axis of the control loop, as shown in Fig. 2-5. 
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Fig. 2-5. q-axis of STATCOM control loop with additional SSR damping signal. 

 

SSR damping performance of the classical STATCOM with SSRDC has been further improved 

using additional damping introduced into the control loop via a virtual impedance in [46]. In [47], 

a fuzzy logic (FLC) and an adaptive neuro-fuzzy inference system (ANFIS) controllers have been 

employed to generate an auxiliary damping signal.  

2) Utilizing Power Converter of WTGs 

Damping can also be integrated into the system using the power converters of WTGs. As 

discussed previously, parameters of the RSC controller should be as small as possible since it has 

a negative effect on system resonance. Therefore, in most cases, the GSC of WTGs is utilized to 

integrate additional SSR damping signals. The auxiliary SSR damping signal can be generated 

either using an SSRDC [33]-[36] or using the virtual impedance control method [38].  

Fig. 2-6 shows the configuration of GSC with auxiliary SSR damping signal introduced by 

SSRDC. The additional SSR damping generated by SSRDCs is introduced into the reactive power 

control loop of the GSC in [34,35] and into both the reactive power and DC-link voltage control 

loop [33]. In [36, 59], the most suitable point to introduce the SSR damping term has been 

investigated. The d-axis of the GSC control loop is selected as the most suitable point to introduce 

the additional SSR damping signal. 
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Fig. 2-6. Configuration of GSC with auxiliary SSR damping signal. 

 

One of the necessary conditions to exist SSR oscillation is negative equivalent resistance in the 

overall system. Therefore, SSR oscillations can be avoided by controlling the overall system 

impedance to be positive using virtual impedance control. The virtual impedance method 

introduces additional impedance into the system, to provide additional damping. The realization 

of virtual impedance control has been demonstrated in [37], as shown in Fig. 2-7. 

 

 
Fig. 2-7. Configuration of GSC with additional virtual impedance control [35]. 

 

In the next chapter, the above two SSR oscillation mitigation methods; 1) using STATCOM and 

2) using virtual impedance control are studied and compared in detail. Their existing shortcomings 

and pointed out and possible approaches to improve the performance are investigated and validated 

using both frequency and time-domain simulations. 
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2.2 SSR in WFs based on Type 4 WTGs 

A well-known case study had been reported in Xinjiang, China, in July 2015. The SSR 

oscillations in the reported trip three 600 MW WFs [6-9]. There was no series compensation 

network connected to the WF and the observed SSR oscillation components were at 19.4, 29.6, 

39.8 Hz [10] frequency bands. According to [6-9], the root cause behind SSR oscillations is a weak 

AC grid. Next, based on this study case, the mechanism of SSR oscillations in WFs based on type 

4 WTGs will be analyzed. And the impact factors and mitigation schemes are carefully analyzed 

to find a potential improved mitigation method.  

2.2.1 Mechanism of SSR in WFs based on type 4 WTGs 

The impedance model-based analysis is utilized to identify the mechanism behind the SSR 

oscillations in WFs based on type 4 WTGs. The typical configuration of a type 4 WTG with back-

to-back power converters is shown in Fig. 2-8(a). Type 4 WTGs, as a VSWTG, are operated at an 

optimal rotation speed as a function of the wind speed. The machine side converter (MSC) 

typically extracts the maximum possible power using a maximum power point tracking (MPPT) 

algorithm. The GSC maintains a constant DC-link voltage and supplies the active nominal power 

to the grid. There are no direct interactions between the generator and the transmission network 

due to the DC-link capacitor of the power converter. Fig. 2-8 shows the equivalent model of such 

a system, which is obtained only considering the GSC.  

 

 

Fig. 2-8. A type 4 WTG (a) configuration of the control system (b) the simplified system using the equivalent 

model of the generator. 
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A complete description of the impedance model of the type 4 WTG can be found in [30,51,52]. 

The impedance model should be constructed using the dq reference frame due to the asymmetrical 

structure in the d- and q-axes of the GSC of the type 4 WTG. The simplified equivalent impedance 

model of a type 4 WTG is given by (2-9); where RPMSG is the negative equivalent resistance of the 

WTG, XPMSG is the large but negative (capacitive) equivalent impedance [5], and n is the number 

of WTGs.  

( ) /PMSG PMSG PMSGZ R jX n= +  (2-9) 

 

Therefore, SSR oscillations would emerge in a system including WFs with type 4 WTGs and 

weak AC grid having inductive impedance characteristics [5-7, 29].  Comparing WFs based on 

type 3 WTGs with WFs based on type 4 WTGs, we can find that the root cause behind the SSR 

oscillations can be identified as the negative equivalent resistance of the WFs based on either type 

3 or type 4 WTGs. The negative resistance is due to the slip ratio (slip) in the IGs of type 3 WTGs, 

and caused by the impedance characteristics of VSCs in type 4 WTGs. The equivalent impedance 

of two types of WFs has different properties, where it is inductive in WF based on the type 3 WTG, 

and it is capacitive in WF based on the type 4 WTG. Therefore, external factor gives rise to the 

SSR oscillations in type 4 is a weak grid although it is due to the series compensation network in 

the type 3 WTG system. 

2.2.2 Impedance model-based analysis 

    As explained above, the equivalent impedance model of a type 4 WTG can be obtained 

considering only the model of the GSC. Figs. 2-9(a), (b), (c), (d) and (e) show the configurations 

of the current controller, DC voltage controller, reactive power controller and ac voltage controller 

in the control system of a type 4 WTG, respectively. This impedance model is built based on the 

impedance model of VSC in [32,53,54]. 
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Fig. 2-9. Configuration of controllers in GSC, (a) Current controller, (b) VPCC controller, (c) Q controller, (d) VDC 

controller, and (e) P controller. 

 

 

The increments of the reference current on the d-axis when the outer control loop adopts VDC 

control. 

1 2

2

_

1 22 2

_ _ _ _ _ _ _

(( ) ( ) )
 and 

( ) ( )

ref

d gd gq

PCC ref i ref DC ref DC

PCC ref DC DC ref PCC ref PCC ref DC PCC ref DC DC ref PCC ref PCC DC

i T v T v

V y s P C Q C
T T

sV C V V V C sV C V V V C

  =  + 

− + −
 = =

+ +

 (2-10) 

 

where CDC denotes the PI controllers of the outer DC voltage loop. 

The increments of the reference current on the d-axis when the outer control loop adopts P 

control. 

1 2

1 20 2
 and 0

( )

ref

d gd gq

ref

PCC

i T v T v

P
T T

V

  =  + 

= − =
 (2-11) 

 

The increments of the reference current on the q-axis when the outer control loop adopts VPCC 

control. 

1 2

1 2  and 0

ref

q gd gq

PCC

i F v F v

F C F

 =  + 

= − =
 (2-12) 

 

where CPCC denotes the PI controllers of the outer VPCC loop. 
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The increments of the reference current on the q-axis when the outer control loop adopts Q 

control. 

1 2

1

_ _ _ _

1 2

_ _

/ / /
 and  

1 1

ref

q gd gq

ref PCC ref ref PCC ref cc PCC ref ref PCC ref PLL

Q Q

PCC ref Q cc PCC ref Q cc

i F v F v

Q V P V Z V P V G
F C F C

V C f V C f

−

  =  + 

   + −   
 = =   

− −      

 (2-13) 

 

where CQ denotes the PI controllers of the outer reactive voltage loop. fcc denotes the transfer 

function of the inner current loop. 

    The traditional GSC of type 4 WTG controls PCC voltage (VPCC) using q-axis and DC-link 

voltage (VDC) using d-axis. Hence, the impedance model of the GSC can be built using Figs. 2-

9(b) and (d). In this section, only the resistance property will be discussed, and the detailed 

discussion on the impedance property based on the bode plot will be presented in detail in Chapter 

3.  

Fig. 2-10 shows the real part of the impedance model. The real part of impedance Zdd, Zdq, Zqd 

and Zqq is negative at sub-synchronous frequencies.  

 

 

 



28 
 

 

 

Fig. 2-10. Plots of real part of impedance model of a type 4 WTG with different power rating (a) Zdd (b) Zdq (c) Zqd 

(d) Zqq. 

 

 

It can be found from Fig. 2-10 that the equivalent impedance model of the type 4 WTG has a 

negative resistance and capacitive reactance. As the power rating increases, the negative resistance 

increases. Therefore, the WFs based on type 4 WTGs may interact with the weak grid under sub-

synchronous frequencies to give rise oscillations which cannot be damped due to the negative 

resistance. 

2.2.3 The effect of system parameters on SSR oscillations 

The observations of the impedance model-based analysis are summarized in Table 2-4 to identify 

the influencing factors.  

 

Table 2-4.  SSR Influence Factors in WFs based on Type 4 WTGs [8, 10, 60, 61]. 

System variables Influence  

Grid impedance  Large grid impedance makes the SSR frequency lower and SSR oscillations more 

serious [8].  

Wind speed  Fast wind speed provides positive damping to SSR oscillations [8, 60].  

Number of WTGs  Large number makes the SSR frequency lower and provides negative damping to 

SSR oscillations [8].  
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WTG control parameters:   

DC voltage measurement 

delay 

Large delay time makes the SSR oscillations more serious [60]. 

Three PI controllers  I term in VDC and in q-axis current controllers provide negative damping [8]. 

P term in d-/q-axis of current controllers provide negative damping [8]. 

P term in VDC and I term in d-axis current controllers provide non-monotonic 

damping [8]. 

Reactive power injection  Reactive power provides positive damping [10]. 

PLL block SSR oscillations at multiple frequencies, makes the system more unstable [8, 61]. 

 

According to the summary provided Table 2-4, the wind speed provides positive damping to 

SSR oscillations in WFs based on type 4 WTGs. Fast wind speed makes the system less vulnerable 

to SSR oscillations. The number of WTGs has a different impact on the WF based on the type 4 

WTGs. The SSR oscillations frequency is high in WFs based on type 3 WTGs where there is a 

larger number of WTGs. However, there is an opposite trend in the systems based on type 4 WTGs. 

Besides that, the number of WTGs has a nonlinear impact on the damping of SSR oscillations in 

WFs based on type 3 WTGs [5]. The relationship between the number of WTGs and damping of 

SSR oscillations are negatively correlated in WFs based on type 4 WTGs [8]. It is noteworthy that 

when analyzing the impact of the number of PMSGs, the short circuit ratio (SCR) should also be 

taken into consideration as explained in [8]. 

In Section 3.1, the impact of the PLL block of the controller has not been taken into consideration 

as the influence of GSC of WTG control system behind the SSR oscillations can be neglected. 

However, in type 4 WTGs the impact of PLL block in the GSC should not be neglected. For 

example, the SSR oscillations at multiple resonance frequencies due to the PLL block has been 

discussed in [10, 61]. When a signal at the sub-synchronous frequency ws is fed into the PLL block, 

the output of PLL block contains harmonics at (w0 - ws) and 2(w0 - ws) giving rise harmonics at 

frequencies ws, 2w0 - ws, w0 – 2ws, 3w0 - 2ws. All these harmonics negatively affect PLL 

performance and generate SSR oscillations at frequencies ws, 2w0 - ws, w0 – 2ws, 3w0 -2ws, 2w0 -

3ws, 4w0 -3ws, 3w0 -4ws, 5w0 -4ws,.. As explained in [6], the outer control loops of GSC impact 

SSR oscillations, and in Chapter 3 more comprehensive discussion about the impact of outer 

control loops of GSC will be presented. 
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2.2.4 Existing mitigation methods for WFs based on type 4 WTGs 

One alternative to damp SSR oscillations is optimizing the control parameters of the GSC. Such 

optimization can be performed to reshape the equivalent impedance characteristics of type 4 WTGs 

to avoid the SSR oscillations [31]. In [32], the delay time of dc voltage measurement has been 

identified as a reason to increase the SSR oscillations. Therefore, authors have suggested reducing 

the measurement delay time using proved sampling, filtering and processing methods.  

Another alternative would be active use of GSCs to provide additional SSR damping. This idea 

has been proposed in [7,32], which is similar to the case of WFs based on type 3 WTGs. In [61], 

authors have proposed an active damping impedance control method to reshape the impedance 

property of GSC, which is very similar to the virtual impedance method discussed in Chapter 2. 

The virtual impedance method is not capable to mitigate the SSR in WFs based on type 3 WTGs 

since the large IG impedance dominates the total impedance of the WF system. Therefore, adding 

positive damping by increasing the equivalent resistance of the WF system through the controller 

may not solve the problem. However, IG does not appear in the system impedance model of type 

4 WTG. As a result, the virtual impedance model can achieve satisfactory damping performance 

in WFs based on type 4 WTG as demonstrated in [62]. 

In addition to that, supplementary STATCOM devices can be used to damp SSR oscillations. 

Author of [7] has suggested using a STATCOM to operate in reactive power control mode to damp 

SSR oscillations. 

 

2.3 SSR between WFs and HVDC systems 

In this section, an in-depth analysis of SSR oscillations in the systems consists of WFs based on 

VSWTGs and HVDC is provided. As the available literature in this area is mainly based on the 

VSC-HVDC systems. Therefore, the root cause of SSR oscillations in the interconnected system 

containing WFs and HVDC is analyzed by employing the impedance model-based. In addition to 

that, the existing mitigation methods will also be analyzed to identify their limitations to find 

improved alternatives.  
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A real-world example of the SSR oscillations observed in a modular multi-level converter and 

high voltage dc (MMC-HVDC) system has been reported in [11]. The WTGs of that systems are 

based on type 3 and type 4. SSR oscillations at 21 Hz had been observed when each type of WF 

was separately connected to the sending end converter (SEC) of MMC-HVDC transmission 

system. 

2.3.1 Mechanism of SSR in WFs with HVDC connection 

By now, a few case studies can be found in the literature [11], [27-30, 64,65] related to the SSR 

oscillation in these systems. In [11] and [27], the appearance of the SSR oscillations, and its 

distribution and propagation between SEC and REC side of the MMC-HVDC in WF based on 

type 3 WTG has been discussed with a detailed analysis. The SSR oscillations in a similar HVDC 

system but connected to the type 4 WTGs have been studied in [28-30, 64, 65]. In these 

publications, WFs are connected to the SEC of the HVDC system, and the appearance of SSR 

oscillations have been explained as a result of the interaction between GSC of WTGs and SEC of 

HVDC system.   

Impedance model of a WF based on type 3 WTG can be modelled using a negative resistance 

with an inductive reactance in series, and it is negative resistance with a capacitive reactance 

connected in series when considering a WF based on type 4 WTGs. Hence, there is a potential to 

interact WFs based on both type 3 and type 4 WTGs [11, 27-30, 64, 65] with HVDC system to 

give rise SSR oscillations since the equivalent impedance of HVDC system could be either 

inductive or capacitive. Therefore, the impedance properties of HVDC systems have been 

investigated to further validate this assumption. To this end, existing HVDC system control 

strategies have been studied. Fig. 2-11 shows the configuration of an HVDC control system. As 

discussed in [66], one terminal maintains the DC-link voltage while another terminal regulates the 

power flow in conventional systems. Typically, the SEC controls the VPCC and P [11, 27-30, 64, 

65].  
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Fig. 2-11. Configuration of a HVDC transmission system. 

 

2.3.2 Impedance model-based analysis of SSR oscillations in WFs with HVDC 

connection 

The impedance property of HVDC-SEC is studied based on two models. First, the impedance 

model of the SEC is obtained assuming the traditional control strategy of SEC-HVDC using the 

models provided in Figs. 2-9(b) and (e). Since the HVDC-connected WFs can be operated as 

islanded grid, the SEC should control the AC grid voltage and frequency. So, the impedance model 

of SEC is constructed when it controls the VPCC.  

The Bode plots of the system when the HVDC-SEC controls P and VPCC are shown in Fig. 2-12 

and the observations can be summarized as follows. 
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Fig. 2-12. Bode plots of the equivalent impedance of the HVDC-SEC (a) Zdd (b) Zdq (c) Zqd (d) Zqq, when the HVDC-

SEC controls P and VPCC. 

 

Fig. 2-12 shows that;1) Zdd and Zqd is capacitive at all sub-synchronous frequencies, 2) Zdq is 

inductive at all sub-synchronous frequencies 3) Zqq is capacitive at low frequencies (<1 Hz) and 

becomes inductive when the frequency is higher than 1 Hz. Therefore, HVDC-SEC with P and 

VPCC control strategy has an inductive or capacitive property which might interact with WF based 

on type 3 and 4 WTGs. 
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The Bode plots of the system when the HVDC-SEC controls VPCC are shown in Fig. 2-13 and 

the observations can be summarized as follows. 

  

 

  

 

Fig. 2-13. Bode plots of the equivalent impedance of the HVDC-SEC (a) Zdd (b) Zdq (c) Zqd (d) Zqq, when the HVDC-

SEC controls VPCC. 
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Fig. 2-13 shows that;1) Zdq and Zqd is inductive at all sub-synchronous frequencies, 2) Zdd is 

capacitive at all sub-synchronous frequencies 3) Zqq is capacitive when frequencies are below 6 

Hz and becomes inductive when the frequency is higher than 6 Hz. Therefore, HVDC-SEC with 

only VPCC control strategy has an inductive or capacitive property which might interact with WF 

based on type 3 and 4 WTGs. 

      Similar conclusions can be drawn when comparing Figs. 2-12 and 2-13. The HVDC-SEC has 

an inductive or capacitive property which might interact with WF based on type 3 and 4 WTGs. 

2.3.3 The effect of system parameters on SSR oscillations in WFs with HVDC 

connection 

As discussed in [28-30], the WF output power, control schemes and control parameters of both 

GSC of WTG and SEC of HVDC transmission system have a significant effect on the SSR 

oscillation in the system as summarized in Table 2-5.  

 

Table 2-5. SSR Influence Factors in WF with HVDC transmission system [28-30]. 

System variables Influence  

Line impedance between WF and VSC-HVDC  Large impedance causes resonance [30].  

WF 

parameters 

WF output power  Large WF output power leads to resonance [29, 30]. 

GSC current controller  
P term provides positive damping [28, 30]. 

I term has less impact [28, 30]. 

 GSC VDC controller  P term provides negative damping [28, 30]. 

 Control scheme  
The circulating current control in MMC makes HVDC less 

vulnerable to interact with WF [29].  

HVDC SEC current controller   P term provides positive damping [28, 30]. 

 SEC VPCC controller  P term provides positive damping [[28, 30]. 

 

2.3.4 Existing mitigation methods for WFs with HVDC connection 

First, the SSR oscillations can be mitigated by reshaping system impedance. To achieve this 

objective, in [28], the controller bandwidth has been controlled. In [29], authors adopt the virtual 

control method, which is similar to the paralleled-connect virtual impedance method, which would 

be discussed in Chapter 3 in detail, to provide additional damping. In [38], the impedance of SEC 

is regulated by adding resonant compensation blocks. This method is essentially the virtual 
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impedance method, which can be derived by replacing the LPF blocks in Fig. 2-7 with a band-pass 

filter (BPF). The BPF blocks are used to choose SSR signals at specific frequencies. This method 

may have better SSR damping performance if the SSR oscillation frequencies are known in 

advance. However, in practical applications, the SSR frequencies are changing with system 

parameters. Therefore, this method may not be very effective to damp SSR oscillations in practice. 

 

2.4 Summary 

In this chapter, the mechanisms, impact factors and existing SSR damping schemes in WFs 

based on type 3 WTGs, WFs based on type 4 WTGs and WFs with HVDC connection are 

thoroughly investigated. The impedance model-based analysis method is employed during the 

study. 

First, the essential root cause of the SSR issue in WFs is the negative equivalent resistance. The 

negative resistance is caused by the slip in type 3 WTGs and is due to the control systems of GSC 

in type 4 WTGs. For an interconnected system with WFs and HVDC transmission systems, the 

SEC of the HVDC also has a negative equivalent resistance. Therefore, all these systems have a 

potential to suffer the SSR oscillations. 

Second, the different impedance properties of WFs, whether inductive (type 3 WTG-based WFs) 

or capacitive (type 4 WTG-based WFs), dominate the external triggers for SSR oscillations. That 

is for type 3 WTGs the external cause is series compensation networks, and for type 4 WTGs it is 

weak grids. HVDC transmission system interacts with WFs based on both type 3 and 4 WTGs 

since it has either inductive or capacitive impedance characteristics in the different frequency. 

Moreover, the PLL block in the GSC could potentially cause multiple SSR frequencies problem. 
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Chapter 3 

Proposed Improved SSR Mitigation Methods 

 

In this chapter, the improved SSR mitigation methods are studied. First the SSR damping 

schemes in WFs based on Type 3 WTGs are investigated, following by the mitigation methods in 

type 4 WTGs. At last, the problem brought by the traditional PLL block is discussed and advanced 

PLL technologies are employed to eliminate SSR oscillations. The performance of the enhanced 

SSR mitigation methods are validated using simulations in both frequency- and time-domains. 

 

3.1 Mitigation schemes in WFs based on type 3 WTGs 

As discussed in Chapter 2, two most representative SSR mitigation methods in WFs based on 

type 3 WTGs are; 1) GSC with virtual impedance control, and 2) STATCOM with SSRDC. In this 

section, these two methods will be thoroughly analyzed and compared. And the improved methods 

are proposed to realize a better SSR damping performance.   

3.1.1 Virtual impedance scheme 

As shown in Fig. 2-7, the integrated virtual impedance is integrated in the GSC branch using the 

series-connected virtual impedance control [37]. However, regulating the system impedance via 

controlling that of the GSC is difficult. Because it has higher equivalent impedance compared to 

the RSC and RSC and GSC branches are connected in parallel. The total equivalent impedance of 

the system is determined by the RSC branch. Therefore, active GSC control does not provide SSR 

damping at the desired level using existing virtual impedance control. Alternatively, the virtual 

impedance can be connected in parallel with GSC. The modification regulates the overall 

impedance of the system. This concept has been presented in [37] without a detail analysis and 

validation. Therefore, it is further investigated in this section. Corresponding impedance model 

under this control scheme is shown in Fig. 3-1. 
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Fig. 3-1. Configuration of GSC with parallel-connected virtual impedance control. 

 

The equivalent impedance (ZG_withdamping) when there is a series-connected virtual impedance in 

each GSC branch can be obtained based on (2-4), as in (3-1).  

_ 1+G withdamping GSC LgZ Z Z R= +  (3-1) 

     

The total equivalent impedance of the WTG with additional series-connected virtual impedances 

can be obtained as in (3-2) via (2-6) and (3-1). 

 

_ _( / / ) /DFIG series SR G withdampingZ Z Z n=  (3-2) 

     

    The equivalent impedance of the system with parallel-connected virtual impedance is shown in 

Fig. 3-1. The total equivalent impedance of the WTG with the parallel-connected virtual 

impedance is given by (3-3). 

_ 2( / / / / ) /DFIG parallel SR GZ Z Z R n=  (3-3) 

 

The real part of the total equivalent impedance as a function of frequency is plotted in Fig. 3-2 

based on (3-2) and (3-3). When compared to the generator resistance shown in Fig. 2-3(b), whether 

the added series-connected virtual impedance or parallel-connected virtual impedance is capable 

to greatly increase the equivalent resistance of the WTG to compensate the negative resistance at 

the all desired frequencies to damp SSR oscillations. The parallel-connected virtual impedance 

control has better impedance property than the series-connected method. However, the available 
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power rating of the WF becomes a concern in practical applications as impedances are added in 

parallel with the system requires higher damping current. 

 

 

Fig. 3-2. Real part of equivalent impedance of type 3 WTG                                              

with series-connected (dashed line), and with parallel-connected (dotted line) virtual impedance control. 

 

In summary, there are some limitations behind preventing SSR oscillations using series- and 

parallel-connected virtual impedances in practical applications, although they improve the 

impedance characteristics of the system. For example, series-connected virtual impedance cannot 

provide the required damping in IG based system since the overall impedance is determined by 

the RSC branch.  On the other hand, the potential overcurrent caused by parallel virtual impedance 

makes this approach not very practical. 

3.1.2 STATCOM with SSRDC scheme 

Effectiveness of the STATCOM to mitigate SSR damping is investigated to find a suitable SSR 

damping strategy. First, the impedance model of the STATCOMs under the reactive power and 

PCC voltage control modes have been studied. Besides that, impedance characteristics of a system 

based on the STATCOM and SSRDC are also investigated.  

1) Impedance Properties of a STATCOM 

Impedance model of a STATCOM is derived using the impedance model of a VSC provided in 

[53,54]. The d-axis reference signal of the inner current loop (id_ref) is obtained considering the 

DC-link voltage (VDC) control while obtaining the q-axis reference signal (iq_ref) using either by 

PCC voltage (VPCC) control or reactive power (Q) control. As STATCOM is also a voltage source 
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converter (VSC) like GSC in type 4 WTGs, the impedance model of STATCOM can be obtained 

using Figs. 2-9(b), (c) and (d). 

Fig. 3-3 shows the real part of the impedances Zdd, Zdq, Zqd and Zqq, defined in (2-8) when the q-

axis of STATCOM adopts VPCC control and Q control. The impedance is calculated based on per 

unit value of the sub-synchronous frequencies by selecting 60 Hz as the base frequency.  
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Fig. 3-3. Real part of equivalent impedance of STATCOM with VPCC control, and Q control (a) Zdd (b) Zdq (c) Zqd (d) 

Zqq.  

 

The resistance Zdd and Zdq greatly increase in Q control mode and the change in control strategies 

have less impact on Zqd and Zqq. STATCOM may provide negative damping to SSR oscillations 

as the real parts of impedance Zdd and Zdq (resistances of Zdd and Zdq) are negative in the voltage 

control mode. Moreover, the resistance of Zdd becomes positive when the frequency is above 0.2 

p.u. (12 Hz) in the Q control mode. The resistance of Zdq becomes positive when the frequency is 

larger than 0.03 p.u. (1.8 Hz) in the Q control mode. Besides, the resistance of Zqd and Zqq becomes 

negative when the frequency is higher than about 0.6 p.u. (36Hz) under voltage control, decreasing 

the damping to SSR oscillations.  

The overall performance of STATCOM under Q control mode is much better than that under 

VPCC control mode. Hence, STATCOM is suggested to be operated the in Q control mode rather 

than VPCC control mode to obtain positive SSR damping. 

2) Impedance properties of a STATCOM with SSRDC 

In the existing studies, the generated SSR damping signal shown in Fig. 2-4 is usually fed into 

the q-axis of the STATCOM control loop, as shown in Fig. 2-5. Therefore, small incremental 

change in the q-axis reference signal of the inner current loop is given by (3-4) and it is obtained 

by adding damping signal to (2-13); where G(s) is the transfer function of the SSRDC, which can 

be obtained using Fig. 2-4. 

1 2 ( )ref

q gd gq gqi F v F v G s v  =  +  +   (3-4) 
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    The SSRDC transfer is simplified approximating band-pass filter (BPF) characteristics  

2 2

2
( )

2

s

s c

s
G s k

s s



 
=

+ +
.  

However, the SSR damping signal is fed into the d-axis of the STATCOM control loop to 

improve the performance. Therefore, small incremental change in the d-axis reference signal is 

obtained as in (3-5) by adding damping signal to (A.1). 

1 2 ( )ref

d gd gq gdi T v T v G s v  =  +  +   (3-5) 

 

The real part of the impedance model of STATCOM when SSR damping signal fed into q-axis, 

and into both d- and q-axes is plotted in Fig. 3-4.  
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Fig. 3-4. Real part of equivalent impedance of STATCOM without additional damping, with damping at q-axis,  

with damping at both d- and q-axes (a) Zdd (b) Zdq (c) Zqd (d) Zqq.  

     

    Fig. 3-4 (a) shows that both two control strategies can provide more positive damping to the 

system. The system with SSRDC damping signal at both d- and q-axes outperforms the system 

only having the damping signal at q-axis at relatively low frequencies (< 12 Hz). Fig. 3-4 (b) shows 

that there is no significant improvement over each other in Zdq at frequencies above 12 Hz. On the 

contrary, Figs. 3-4 (c) and (d) show that impedance characteristics of Zqd and Zqq can be improved 

at relatively low frequencies (< 5 Hz), although it is not the case when adding damping only at q-

axis. Therefore, improved damping performance can be obtained adding control signals into both 

d- and q-axes.  

The time-domain simulations have been performed to analyze the damping performance of 

adding SSRDC on both d- and q-axis of the control loop. The obtained results shown in Figs. 3-5 

and 3-6 reveal that STATCOM with SSRDC is a feasible solution to damp SSR oscillations in 

WFs based on type 3 WTGs. 
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(a) 

 

(b) 

Fig. 3-5. Simulation results in the time-domain when STATCOM integrating  

(a) SSRDC in q-axis (b) SSRDC in both d- and q-axes.  
 

 

    

(a) 

    

(b) 

Fig. 3-6. FFT analysis results in the time-domain when STATCOM integrating  

(a) SSRDC in q-axis (b) SSRDC in both d- and q-axes.  
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    In summary, the above analysis shows that the desirable SSR damping performance in WFs 

based on type 3 WTGs cannot be obtained using the power converters of the WTG via utilizing 

either series- or parallel-connected virtual impedance control strategy. Instead, additional FACTS 

devices should be employed. When using STATCOM device, the q-axis of the outer loop should 

be used to control the Q rather than VPCC, and the damping signal generated by SSRDC should be 

fed into both d- and q-axes. In this way, desirable SSR damping performance can be obtained 

while providing reactive power compensation using STATCOM. However, SSR damping 

provides by STATCOM may not sufficient in large WFs. Therefore, STATCOM with energy 

storage system (ESS) is viable options that can be considered to damp SSR oscillations. As 

discussed in [67], STATCOM with an ESS system enables the active power control and 

consequently, enables the system to fix unbalanced power flow, transient and dynamic stability 

issues, and power oscillations. 

 

3.2 Mitigation schemes in WFs based on type 4 WTGs 

As discussed in Chapter 2, the outer control loop of GSC has an impact on SSR oscillations. 

Hence, an improved SSR mitigation method is developed by modifying the control strategy of the 

outer control loop. Typically, the vector control strategy is adopted in the full power converters of 

type 4 WTG. The d-axis determines DC-link voltage (VDC) or active power (P) and the q-axis 

controls the voltage at the PCC (VPCC) or reactive power (Q). The configuration of controllers in 

GSC is shown in Fig. 2-9. Altogether, there are four control schemes that can be adapted to control 

GSC: (1) VDC control (d-axis) + VPCC control (q-axis) (the impedance model can be build using 

Figs. 2-9(b) and (d)), (2) VDC control (d-axis) + Q control (q-axis) (the impedance model can be 

build using Figs. 2-9(c) and (d)), (3)  P control (d-axis) + VPCC (q-axis) (the impedance model can 

be build using Figs. 2-9(b) and (e)), and (4) P control (d-axis) + Q control (q-axis) (the impedance 

model can be build using Figs. 2-9(c) and (e)).  

As mentioned in Chapter 2, in the traditional control strategy, the MSC controls the power flow 

and the GSC stabilize the DC-link voltage. Therefore, the GSC adopts VDC + VPCC control. Here, 

the traditional control strategy and the other three control strategies are studied to find the most 
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suitable strategy to mitigate the SSR oscillations. A more detailed discussion about the general 

approach of interchanging the control objectives of the GSC and RSC of a type 4 WTG can be 

found in [69]. The above analysis is performed using the impedance model-based and time-domain 

analyses. The obtained bode plots of GSC impedance model with the four control strategies are 

shown in Figs. 3-7 - 3-10.  

 

 

Fig. 3-7. Bode plot of Zdd plot of when GSC adopting four types of control strategies. 
 

 

Fig. 3-7 shows that the impedance properties of Zdd with the control strategies P + VPCC and P + 

Q control are similar. Their magnitudes are almost the same when the frequency is above 3 Hz. 

Also, the impedance properties of Zdd with the control strategies VDC + VPCC and VDC + Q control 

are similar. Hence, the impact of the control methods on the d-axis (either it is P control or VDC 

control) is significant than that on the q-axis in shaping the impedance property of Zdd. The SSR 

oscillation frequency is lower when adopting P control compared to the VDC control. At the SSR 

frequencies, the phase angles of impedance models are below zero (showing a capacitive property) 

implying an interaction with the weak grid. 
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Fig. 3-8. Bode plot of Zdq plot of when GSC adopting four types of control strategies. 

 

 

The Bode plot of Zdq in Fig. 3-8 shows that the phase angles of the four impedance models are 

above zero under four control strategies. So, Zdq will not contribute to the SSR oscillations in a 

system based on type 4 WTGs and a weak grid. 

 

 

Fig. 3-9. Bode plot of Zqd plot of when GSC adopting four types of control strategies. 

 

 

Fig. 3-9 shows that impedance properties of Zqd are similar when adopting the VDC + VPCC and 

VDC + Q control schemes. The magnitudes of Zqd are almost the same and the phase angles are 

above zero under sub-synchronous frequencies. The impedance Zqd shows the same impedance 

properties when adopting the P + VPCC and P + Q control schemes. These observations also prove 

that the control strategy on the d-axis (either it is P control or VDC control) dominates the 

impedance property of Zqd. The phase angle of the impedance model is above zero (showing an 

inductive property) under SSR frequencies when adopting P control but it is less than zero 
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(showing a capacitive property) when using VDC control. Therefore, the impedance Zqd will not 

interact with the weak grid under P control, and conversely, under VDC control, it will. Hence, the 

P control would be more useful to avoid SSR oscillations under the weak grid conditions. 

 

 

Fig. 3-10. Bode plot of Zqq plot of when GSC adopting four types of control strategies. 

 

 

The bode plots of Zqq shown in Fig. 3-10 have a similar property under four control strategies. 

At sub-synchronous frequencies, the phase shift is less than zero and there is capacitive impedance 

property. Hence, there is a potential to interact with a weak grid. 

In summary, the impedance properties of GSC are similar when adopting VDC + VPCC and VDC + 

Q control schemes. A similar conclusion can be made when GSC adopts P + VPCC and P + Q 

control schemes. Therefore, the control strategy on the d-axis (either it is P control or VDC control) 

dominates the impedance properties of the GSC compared to the strategy based on the q-axis 

(either it is Q control or VPCC control). And P + VPCC and P + Q control schemes are better than 

VDC + VPCC and VDC + Q control schemes to solve the SSR problem in type 4 WTGs with weak-

grid.  

The time-domain simulation results shown in Figs. 3-11 and 3-12 validate the above analysis. 

Figs. 3-11 and 3-12 show the waveforms of grid voltage when adopting four types of control 

strategies and corresponding harmonic contents of the grid voltage. 
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Fig. 3-11. Waveforms of grid voltage when adopting (a) VDC + VPCC, (b) VDC + Q (c) P + VPCC, and (d) P + Q control 

strategies. 
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Fig. 3-12. Harmonic analysis results of grid voltage under (a) VDC + VPCC, (b) VDC + Q (c) P + VPCC, and (d) P + Q 

control strategies. 
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From Fig. 3-11 and Fig. 3-12, SSR oscillations under VDC + VPCC control mode are more serious, 

compared with the other three control strategies. Figs. 12(c) and (d) shows that the SSR damping 

performance is similar with P + VPCC and P + Q control strategies and it has a better performance 

compared to VDC + VPCC and VDC + Q control schemes. Hence, the control strategy based on the d-

axis dominates the SSR damping performance, and P control on the d-axis has a better capability 

to damp SSR oscillations comparing with VDC control on the d-axis. Another important finding 

from fig. 3-13 is that there are multiple SSR oscillations appeared in the system at frequencies ws, 

2wo - ws, wo – 2 ws, 3 wo -2ws. This is due to the traditional PLL block in the control system, which 

will be discussed in detail next in this chapter. 

    In conclusion, both frequency- and time-domain simulation results show that the control scheme 

on the d-axis of GSC has a significant impact on the impedance property of GSC and consequently 

to affect SSR damping performance. The P control on d-axis shows better SSR damping 

performance compared to the conventional control strategy (i.e. Vdc control on d-axis). Hence, to 

avoid SSR oscillations between type 4 WTGs and the weak grid, an improved alternative is let 

MSC could control the VDC + VPCC and let GSC control power flow (i.e. P + Q control).  

The above study of the GSC of type 4 WTGs is also suitable to analyze SEC of an HVDC system 

and STATCOM since all of them are VSCs. The potential to appear SSR oscillations between SEC 

of HVDC and GSC of type 4 WTGs can also be alleviated when SEC adopts P + Q control like 

GSC of a type 4 WTG. Second, in the traditional setup, STATCOM only provides reactive power 

compensation but not active power compensation. The above analysis shows that the active power 

control of VSC alters its impedance property. Hence, STATCOM with ESS systems has more 

flexibility to provide SSR damping for different WF systems than traditional STATCOM.   

 

3.3 Advanced PLL technologies for SSR mitigation 

Based on the previous study, the conventional synchronous reference frame PLL (SRF-PLL) 

block in type 4 WTG will give rise to multiple SSR frequencies in the system. In order to eliminate 

that impact caused by the SRF-PLL block, more advanced three-phase PLL technologies are 

studied and compared in SSR scope. 



52 
 

This chapter starts with the introduction of the mechanism why traditional SRF-PLL block could 

cause the multiple SSR frequencies issue, followed by a brief overview of modern three-phase 

PLL technologies. Next, some alternatives are utilized in type 4 WTGs and corresponding 

simulations to done to validate their performance in SSR damping. The outcome of this chapter 

provides practical PLL scheme in WF to handle SSR oscillations. 

3.3.1 Influence of SRF-PLL block in SSR oscillations 

1) Model of SRF-PLL 

The diagram of the conventional SRF-PLL is shown in Fig. 3-13, in which the phase detector 

(PD), loop filter (LF), and voltage-controlled oscillator (VCO) are included. PD is implemented 

by utilizing the Park’s transformation ( /abc dq ) to the input three-phase input signals ( abcv ). The 

q-axis output of the PD, which contains phase error information, is then passed to the LF. LF is 

realized using the PI (proportional-integral) controller. The VCO, which is essentially a integrator, 

provide the estimated frequency. pll and pll  are the frequency and phase angle estimated by the 

SRF-PLL, respectively; o is the normal grid frequency.   

 

 

Fig. 3-13. The diagram of traditional SRF-PLL block. 

 

The input three-phase signal can be represented as (3-6), 
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The Park’s transformation is denoted as (3-7). 
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By applying (3-7) to (3-6), the transformed signals on the dq reference frame can be obtained 

as (3-8). 
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                                              (3-9) 

At steady state 0PLL t = . 

2) Influence of SRF-PLL to SSR oscillations 

As discussed in [10], the SRF-PLL will cause multiple SSR frequencies problem. This 

phenomenon can also be observed in Fig. 3-13, that is except for the original SSR frequency s

(13Hz) component, some other harmonics, including 2o s − (34Hz), 2 o s − (107Hz), 

2 3o s − (81Hz),  3 2o s − (154Hz), 3 4o s − (128Hz), can also be observed. Next, a brief 

explanation of this phenomenon will be provided. 

Taking the SSR component with frequency s  into consideration, the grid voltage abcv  (with 

dot superscript) composing both fundamental (with f subscript) and SSR (with s subscript) 

components can be expressed as (3-10). 
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Referring to (3-8), then the voltages at d- and q-axes become (3-11). 
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where _f dv  and _f qv  are constant components of voltages in d- and q-axes, respectively. And 

_s dv  are _s qv  resonant components in d- and q-axes. Via (3-7), (3-10) and (3-11), _s dv  are _s qv  

can be obtained as (3-12). 
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As can be seen from (3-9) and Fig. 3-14, the voltage component at q-axis will affect the steady 

state output of SRF-PLL. As can be seen from (3-12), due to the SSR component in grid voltage, 

the signal at q-axis will contain o s −  component. Hence, the phase angle generated by SRF-

PLL block will contain o s −  component pll . And pll can be expressed as 

( )cos[ ]pll o sA t    = − +                                                       (3-13) 
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The above analysis demonstrates when the grid voltage contains SSR component with frequency 

s , the phase angle output of SRF-PLL will contain harmonic component with frequency 
o s − . 

In the control loop, the vector control is utilized, that is the input signal of the control block will 

be transformed from the abc reference frame to the dq reference frame, which is realized via the 

PLL block. Therefore, the control signals obtained in d- and q-axes will be influenced. That is 
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where _s dv , 
2dv  , _s qv , 2qv  are new harmonics considering the output of PLL with o s −  

component. As explained in [59], the 2qv will contain both DC and 2( o s − ) components. The 

DC component does not impact the steady state of the output of PLL block. However, the resonant 

component on the q-axis will once again influence the output of PLL, making 2(
o s − ) 

components appear in the output. Therefore, due to the SSR component in grid voltage, the output 

of SRF-PLL will include o s −  and 2( o s − ) components.  

To obtain the phase reference voltages, the Park’s inverse transformation, i.e. (3-15), needs to 

be utilized to transform the voltage references in d- and q-axes to abc reference frame. 
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For one phase, the voltage reference becomes as (3-16) [61]. 
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We can see the phase voltage now contains s , 2o s − , 2 o s − , 3 2o s −  components. 

And these components can also influence the SRF-PLL block. Finally, the phase voltage could 
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contain contains s , 2o s − , 2 o s − , 3 2o s − , 2 3o s − , 4 3o s − , 3 4o s − … 

components.  

The above analysis displays the mechanism why SSR component could lead to multiple 

harmonics in the system. Next, the investigations are focused on how to improve the SSR damping 

performance through utilizing more advanced PLL technologies. 

3.3.2 Advanced three-phase PLL technologies 

As the output of traditional SRF-PLL may be polluted due to the utility distortions [71], in recent 

years, more and more advanced PLLs have been designed with the aim of enhancing the 

disturbance rejection capability of SRF-PLL. Essentially, these advanced PLL technologies are 

developed based on traditional SRF-PLL, integrated with additional harmonic filters. These 

harmonic filters can be divided into two types [72-73]:  

1) overall harmonic detection, which only eliminates the fundamental component and outputs 

the rest harmonic content;  

2) selective harmonic detection, which filters individual selective harmonics. 

From the real-world examples shown in Chapter 2, for different system worldwide, the observed 

SSR frequencies are different. Besides that, the SSR frequencies would be affected by many 

factors. Therefore, we can infer the PLL technologies based on selective cancellation or extraction 

of harmonics may not be suitable to eliminate the SSR problem, as the SSR frequencies would 

change because of many factors. Therefore, the overall harmonic detection technology is more 

suitable to enhance the traditional SRF-PLL, in order to eliminate SSR oscillations. 

As depicted in [72], the overall harmonic detection can be realized by different ways in different 

reference framework. That is, 1) in stationary abc reference framework, by using Notch Filters or 

Fourier based filters to only remove the fundamental component; 2) in synchronous dq reference 

framework, by using High-Pass Filter (HPF) that eliminates the dc-component; 3) by using the 

instantaneous power theory [74] to filter out the fundamental component by HPF.  

The representative advanced PLLs based on additional harmonics filtering technologies include 

moving average filter-based PLLs (MAF-PLL) [75-77], notch filter-based PLLs (NF-PLL) [78], 

multiple synchronous reference frame-based PLLs (MSRF-PLL) [79], Complex-coefficient filter-
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based PLLs (CCF-PLL) [80], delayed signal cancellation-based PLLs (DSC-PLL) [81-83], dual 

second-order generalized integrator-based PLL (DSOGI-PLL) [84-86]. Among the above PLL 

technologies, the NF-PLL, CCF-PLL, MSRF-PLL and DSC-PLL utilize the selective harmonics 

cancellation technologies, which may not be suitable for SSR mitigation scenario. The MAF-PLL 

and SOGI-PLL utilize the overall harmonic detection technology. Therefore, next the MAF-PLL 

and SOGI-PLL are studied in detail and employed to solve the multiple SSR frequencies problem 

brought by traditional SRF-PLL. 

1) Moving average filter-based PLLs (MAF-PLL) 

Fig. 3-14 shows the configuration diagram of MAF-PLL [75]. It enhanced the SRF-PLL with 

the filtering block (MAF), installed between the PD and LF, which performs as an ideal low-pass 

filter (LFP) to eliminate harmonics in the vd and vq. Essentially, MAF belongs to the second overall 

harmonic detection technologies, that is MAF removes the harmonics in the dq reference 

framework, only the dc-component would be left after the MAF block. 

 

 

Fig. 3-14. The configuration diagram of MAF-PLL [75]. 

 

By applying the MAF block to an input signal x(t), then the output becomes 

1
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=                                                                (3-17) 

 

where Tw denotes the MAF window length. As can be seen from (3-17), the MAF provides the 

mean value of the input signal in the time period from t-Tw to t.  

Based on (3-17), the transfer function of MAF in frequency domain can be obtained as (3-18). 

And corresponding realization of MAF in discrete-time is shown in Fig. 3-15. 
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Fig. 3-15. Discrete-time realization of MAF [73]. 

 

where, N is an integer, determining the MAF order (Tw = NTs, Ts is the sampling time). As can be 

seen from (3-17) and Fig. 3-16, the MAF requires a time equal to its window length to reach the 

steady-state. Hence, the wider the window length is, the slower the MAF transient response 

becomes. That is for a large window in MAF will cause large delay time and undesirable dynamics. 

Hence, the selection of the window length of the MAF is an issue of high performance, and it 

should be done by taking the possible resonances into consideration. By now, some advanced 

MAF-PLL are investigated to improve its dynamic performance, realized by integrating a phase-

lead compensator [76], or a proportional component block [77] into MAF-PLL. 

 Considering the scenario to eliminate SSR harmonics, when the input of SRF-PLL contains s  

component, the d- and q-axes could contain o s −  component after Park’s transform. It can also 

be inferred from (3-17) when the input signal contains sinusoidal components with frequency of k 

* fw (k is an integer and fw is the equivalent frequency of MAF, i.e. fw = 1 / Tw), then the output 

signal will be free of these oscillations. Combining these two properties together, in the SSR 

application scenario, the frequency of MAF can be set to 1Hz, then the harmonics (n * 1 Hz, where 

n is an integer) can be filtered out, which will be tested later.  

2) Dual Second-order generalized integrator-based PLL (DSOGI-PLL)  

SOGI technique can be an alternative of Clark’s transformation to generate orthogonal signals 

and then be used for grid synchronization. It can perform resonant filtering at the fundamental 

frequency. The basic configuration of SOGI is shown as Fig. 3-16. Two integral blocks are utilized 

to realize the interference resistance with output signals gv  and gv  . These two output signals 



59 
 

are shifted by 90 degrees against each other. The transfer functions of SOGI on the D- and Q-axis 

are  
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Fig. 3-16. The configuration diagram of SOGI [84]. 

 

The SOGI block can be utilized for the extraction of fundamental frequency component before 

SRF-PLL input as shown in Fig. 3-18.  As shown in Fig. 3-17, two SOGI blocks are used to extract 

the filtered direct and quadrature versions of v and v . Then the fundamental frequency 

component can be calculated based on instantaneous symmetrical component method. This type 

of PLL structure is often called the Dual SOGI-PLL (DSOGI-PLL). It is widely used for grid 

synchronization in three-phase grid-connected power converters [86]. DSOGI-PLL has excellent 

dynamic performance and can effectively suppress noise, and it is easy to be implemented.     

  

     

Fig. 3-17. Configuration of DSOGI-PLL block [86]. 

 

3.3.3 Advanced PLL technologies in SSR damping 
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As discussed previously, the grid voltage containing SSR components will cause multiple sub-

synchronous frequencies problem when fed into the traditional SRF-PLL block. The advanced 

PLL technologies based on filtering harmonics with unknown frequencies could be alternatives in 

SSR damping. In this section, two advanced PLL technologies, i.e. the MAF-PLL and DSOGI-

PLL, are utilized to improve the PLL performance when facing SSR oscillations. Relevant 

simulations are provided to validate their effectiveness in SSR mitigation.  

The simulation model used in this section is similar to the simulation model used in Section 3.2. 

The configuration of GSC in type 4 WTGs is shown in Fig. 2-8(b). The traditional SRF-PLL shown 

in Fig. 2-8(b) will be replaced with two advanced PLLs, i.e. MAF-PLL and DSOGI-PLL. The 

overall control system of GSC is shown in Fig 2-9. In the following simulations, the GSC adopts 

the traditional VPCC + VDC control scheme. That is the control system of GSC can be built using 

Figs. 2-9 (b) and (d). Therefore, the effectiveness and validity of MAF-PLL and DSOGI-PLL in 

eliminating SSR oscillations can be evaluated by comparing with the SSR damping performance 

of GSC with traditional SRF-PLL employing the traditional VPCC + VDC control scheme and  the 

SSR damping performance with the simulation results of GSC with SRF-PLL employing VPCC + 

VDC control scheme, which is shown in Fig. 3-11(a). 

1) Simulation of MAF-PLL in SSR damping 

First the model of MAF is built according to (3-18). Simulations are done to test the validity of 

this model. The input signal contains resonance component with frequency 47Hz ( o s − ). The 

signal before and after the MAF block is shown as Fig. 3-18. 

 

 

Fig. 3-18. The input signal (solid line) and output signal (dashed line) of MAF-PLL. 
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As can be seen from Fig. 3-18, the sub-synchronous component can be phased out by the MAF 

block. Next, time domains simulations to done to test the performance of MAF-PLL in SSR 

mitigation. The waveform of grid voltage, after using MAF-PLL, is shown Fig. 3-19(a), and 

corresponding harmonics analysis results are shown in Fig. 3-19(b). 

 

 

 

Fig. 3-19. Time domain simulation results after using MAF-PLL,  

(a) grid voltage waveform, (b) harmonics analysis result. 

 

Comparing the Fig. 3-11(a) with Fig. 3-18, we can see the sub-synchronous components are 

greatly reduced. A quite admiring SSR mitigation performance can be achieved by using MAF-

PLL to take place of traditional SRF-PLL block.  

2) Simulation of DSOGI-PLL in SSR mitigation  
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First, according to (3-19) and (3-20), the basic SOGI model is built. Bode plots of transfer 

function (3-19) and (3-20) are drawn to check the attribute of SOGI in frequency domain, shown 

in Fig. 3-20. The fundamental frequency is set to be 60 Hz. 

 

 

 

Fig. 3-20. Bode plots of transfer function of SOGI in D- and Q-axes, (a) D(s), (b) Q(s). 

 

From Fig. 3-20, we can see the SOGI is able to generate two quadrature signals and can achieve 

an admiring frequency selection performance. Next, we enhance the traditional SRF-PLL with 

Dual SOGI blocks shown as Fig. 3-17. The transfer function of SRF-PLL and DSOGI-PLL are 

shown as follows 
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where F(s) is the transfer function of PI block, F(s) = Kp + Ki / s. Then the small signal model of 

SRF-PLL and DSOGI-PLL can be obtained as Fig. 3-21. 

 

  

Fig.3-21. Small signal model of (a) SRF-PLL block, (b) DSOGI-PLL block. 

 

According to the model shown in Fig. 3-21, the bode plots of SRF-PLL and DSOGI-PLL can 

be obtained shown in Fig. 3-22. 

 

 

Fig. 3-22. The bode plots of small signal model of SRF-PLL (solid line) and DSOGI-PLL (dashed line). 

 

    As can be seen from Fig. 3-22, comparing with SRF-PLL, the DSOGI-PLL has a better 

fundamental frequency selection property. Next, simulations in the time domain are conducted to 

check the performance of DSOGI-PLL block. The waveform of grid voltage after using DSOGI-



64 
 

PLL is shown in Fig. 3-23 (a), and corresponding harmonics analysis results are shown in Fig. 3-

3-23(b).  

 

 

(a) 

 

(b) 

Fig.3-23. Time domain simulation results after using DSOGI-PLL,  

(a) grid voltage waveform, (b) harmonics analysis result. 

 

By comparing Fig. 3-11(a) with 3-23, we can find that by replacing the traditional SRF-PLL 

with SOGI-PLL block, a desirable SSR damping performance can be achieved. Therefore, SOGI-

PLL could be an ideal alternative to conventional SRF-PLL when facing the SSR problem. 

From the above analysis, we can find that the both MAF-PLL and DSOGI-PLL can be good 

alternatives to traditional SRF-PLL. These advanced PLL technologies based on harmonic filtering 

can phase out the sub-synchronous components before the LPF in the SRF-PLL, to protect the 

output of PLL from containing sub-synchronous components, hence the multiple SSR frequencies 

issue brought by traditional SRF-PLL block can be eliminated. Therefore, the advanced PLL 

technologies can also be adopted in reality to help solve the SSR problem. 
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The restriction when using advanced PLL technologies to mitigate SSR oscillations should also 

be pointed out. In the above simulations, only one WTG is involved in the system, when the 

number of WTGs increases, the SSR damping performance of both the above two strategies will 

deteriorate badly. Fig. 3.24 shows the simulation results of GSC with SOGI-PLL, when the number 

of type 4 WTGs increases to five. And these simulation results are almost same as simulation 

results when the GSC employing a MAF-PLL.  

 

(a) 

 

(b) 

Fig.3-24. Time domain simulation results after using DSOGI-PLL with 5 WTGs in the system,  

(a) grid voltage waveform, (b) harmonics analysis result. 

     

As can be seen from Figs. 3-24 (a) and (b), even with advanced PLL technology taking place of 

traditional SRF-PLL block, limited progress can be made in SSR damping. And the system still 

suffers from multiple SSR frequencies problem.  

Although advanced PLL technologies are capable to help alleviate SSR oscillations and solve 

the multiple SSR frequency problem brought by traditional SRF-PLL. Its SSR damping capability 
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is still limited when facing large WFs based on type 4 WTGs in the real world. Hence, it is 

suggested to combine the advanced PLLs with the control strategy suggested in Section 3.2, i.e. P 

+ Q control in GSC to achieve a better SSR damping performance in practical application 

scenarios. 

 

 

3.4 Summary 

    In this chapter, the existing SSR damping schemes in WFs based on type 3 and type 4 WTGs 

are compared and improved SSR damping methods are proposed, which are supported by the 

simulations in both frequency- and time-domains. 

First, for WFs based on type 3 WTGs, the virtual impedance method cannot achieve an admiring 

SSR mitigation performance. A better alternative could be utilizing STATCOM devices with 

SSRDC. However, the SSR damping capability of this method is still limited due to the 

incapability of active power control of STATCOM devices. Hence, the STATCOM with ESS 

would be better to be utilized in SSR damping.   

Second, for WFs based on Type 4 WTGs, four types of existing VSC control strategies have 

been analyzed with special attention on their SSR oscillation mitigation potential and damping 

properties. As shown in this chapter the VSC with the direct active and reactive power control 

strategy has a much better damping performance compared to the scheme having voltage control 

in the outer loop. 

Third, the impact of PLL block in SSR oscillations are discussed. And the SSR damping scheme 

by using advanced PLL technologies is proposed. By replacing the traditional SRF-PLL with 

advanced PLL technologies, i.e. MAF-PLL and SOGI-PLL, a desirable SSR damping performance 

can be achieved.  
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Chapter 4 

Conclusions and Recommendation 

 

4.1 Conclusions 

As SSR oscillations have been observed in WFs based on VSWTGs and have caused series 

damage and tripping of WFs, therefore, SSR problems should be investigated. The mechanisms of 

SSR should be studied and clarified and consequently proper mitigation methods can be proposed 

to solve this problem.   

In this dissertation, the SSR oscillations in WFs based on VSWTGs have been investigated in 

detail. First a comprehensive review of SSR has been done to identify the mechanisms, impact 

factors of SSR in WFs based on type 3 and type 4 WTGs. Then existing damping schemes are 

evaluated and compared. Based on existing methods, improved SSR damping methods have been 

proposed. The main topic covers the root cause identification, impedance model-based analysis, 

influence factors and existing and potential improved mitigation methods in WFs based on type 3, 

type 4 WTGs and in WFs with HVDC connection. 

Based on the impedance model, we can conclude the essential cause of the SSR issue in WFs is 

the negative equivalent resistance. For a type 3 WTG-based WF, the negative equivalent resistance 

of the WF is due to the slip; for a type 4 WTG-based WF, the negative equivalent resistance is 

generated by the GSC; for an interconnected system with WFs and HVDC transmission systems, 

the SEC of the HVDC also has a negative equivalent resistance. The negative equivalent resistance 

will provide negative damping to SSR oscillations. Therefore, all these systems have a potential 

to suffer the SSR problem. 

The different impedance properties of WFs, whether inductive (type 3 WTG-based WFs) or 

capacitive (type 4 WTG-based WFs), dominate the external triggers for SSR oscillations, i.e. 

whether series compensation networks (type 3 WTG-based WFs) or weak grids (type 4 WTG-

based WFs). HVDC transmission system interacts with WFs based on both type 3 and 4 WTGs 
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since it has either inductive or capacitive impedance characteristics in the different frequency. 

Moreover, the PLL block in the GSC could potentially cause multiple SSR frequencies problem. 

The existing SSR mitigation schemes have been investigated in detail and improved methods 

have been proposed. For WFs based on type 3 WTGs, the SSR damping performance of existing 

virtual impedance schemes are limited. The STATCOM with SSRDC could be an alternative for 

SSR mitigation. STATCOM devices provide more positive damping when adopting the reactive 

power control on the q-axis of the control loop rather than using PCC voltage control. Besides, an 

admiring SSR mitigation performance could achieve when STATCOM with SSRDC signals 

integrated in both d- and q-axes. In this way, traditional STATCOM devices which are not capable 

to control active power flow may show a limited SSR damping performance in large WFs systems. 

Therefore, STATCOM with ESS is viable option that can be considered to damp SSR oscillations. 

For WFs based on Type 4 WTGs, the existing VSC control strategies have been analyzed with 

special attention on their SSR oscillation mitigation potential and damping properties. The study 

shows that the VSC with the direct active and reactive power control strategy has a much better 

damping performance compared to the scheme having voltage control in the outer loop. 

The multiple SSR frequencies issue caused by traditional SRF-PLL on SSR oscillations are 

investigated. And advanced three-phase PLL technologies based on overall harmonic detection 

technology are studied and utilized to avoid the inferences brought by SRF-PLL block. Two 

representative PLL technologies based on overall harmonic detection technology, i.e. MAF-PLL 

and SOGI-PLL are studied in detail. These advanced PLL technologies are capable to solve the 

multiple SSR frequencies issue brought by conventional SRF-PLL.   

 

4.2 Recommendations 

The following work is suggested for future research. 

1) Enhance the capability of STATCOM in SSR damping with ESS 

As discussed in Section 3.1, the capability of STATCOM in SSR damping is limited since in 

STATCOM devices only the q-axis is utilized to inject SSR damping, which is not large enough 
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for large WFs. Therefore, STATCOM with ESS is viable options that can be considered to improve 

the capability of STATCOM to damp SSR oscillations.  

2) Coordinated control of WFs and HVDC systems 

As discussed in Section 2.4, it becomes complex when studying SSR oscillations between WFs 

and HVDC systems, as the VSCs on both sides should be concerned. That is the interaction 

between the GSC of type 4 WTGs and the SEC of HVDC systems should be considered. And the 

control strategies of VSC impact the SSR damping performance which has been discussed in 

Section 3.2. Therefore, the coordinated control of both WFs and HVDC systems should be 

considered to avoid SSR oscillations. 
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