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Abstract—This paper presents a measurement-based method 

for real-time determination of the wind farms or wind turbines 

that contribute most significantly to a subsynchronous resonance 

(SSR) event. The method is based on the concept of subsynchro-

nous power (SSP). This paper has shown it is the SSP that drives 

the SSR. By monitoring the direction and amount of SSPs pro-

duced by different wind farms or turbines, the most critical wind 

farms or turbines can be identified and quantified. A dq0 trans-

form based algorithm is developed to calculate the SSP in real time. 

The method overcomes the interference of fundamental frequency 

components and non-steady-state SSR components on the extrac-

tion of the SSP component. Several test cases have demonstrated 

the usefulness of the proposed concept and method. 

 
Index Terms—Subsynchronous resonance (SSR), wind farm, 

subsynchronous power, SSR source detection.  

 

I. INTRODUCTION 

T is well known that the series compensated wind farm sys-

tems are vulnerable to subsynchronous resonance (SSR) due 

to the interaction between the series capacitor and the doubly-

fed induction generator (DFIG) [1]. Several SSR events have 

been reported in wind farms of USA and China [2]-[4]. During 

these incidents, SSR became so strong that it caused the tripping 

of a large number of wind turbines (WTs) or even damaged 

some of the generators’ crowbar circuits.  

A wind-farm supplied power system usually consists of mul-

tiple geographically distributed wind farms and each wind farm 

contains different numbers and types of WTs. As a result, wind 

farms respond differently during an SSR event. It is thus of 

great importance to identify the critical wind farms or individ-

ual WTs that have significant contributions to an SSR event. 

This problem may be called the “SSR source detection” prob-

lem. Appropriate actions can be taken only after the SSR 

sources are identified correctly and timely.  

SSR source detection can be potentially achieved by using 

the model-based methods. For example, the state-space based 

small signal analysis [5]-[8] can calculate participation factors 

of wind farms. Another method is the impedance based analysis 

[4], [9]-[12]. This method establishes equivalent impedances 

for the wind farms and then analyzes the system stability based 
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on impedance-based criterion. All these methods require de-

tailed data regarding internal components, control parameters, 

and the structures of the wind generators. Since generator man-

ufacturers are reluctant to provide controller data, such methods 

are difficult to apply with confidence [14]. Furthermore, the ac-

curacy of the results is also affected by the power output of each 

wind turbine. The outputs can be different even for turbines 

within a wind farm. Consequently, they cannot be used to pre-

dict or determine SSR sources reliably. In summary, such tools 

are more suitable for offline based scenario studies. 

The above concern leads to the development of measure-

ment-based methods. However, our extensive literature review 

found that very limited effort has been devoted in this area. 

Only one related work is found in [14]. Although not clearly 

stated, the paper tries to use the measured resistance of the wind 

farms to determine whether it is contributing to the negative 

damping. Unfortunately, the non-steady-state nature of SSR 

current and voltage imposes challenges on Fourier-transform 

based impedance estimation.  

Subsynchronous frequency is essentially an interharmonic 

frequency. The problem of SSR source detection can therefore 

be approached from the perspective of interharmonic source de-

tection. Based on this reasoning and the work of [15], this paper 

proposes to use the power generated by various wind farms or 

turbines at the subsynchronous frequency, called subsynchro-

nous power (SSP), as an indicator to rank critical wind farms or 

turbines. An algorithm for SSP calculation using real-time 

measurements taken at the interconnection points of wind farms 

or wind turbines is developed for the purpose. 

The remainder of this paper is organized as follows. Section 

II explains the source of SSR from the perspective of power 

generation at the subsynchronous frequency and introduces the 

concept of subsynchronous power. Section III presents an algo-

rithm for online measurement and monitoring of subsynchro-

nous power. Sensitivity studies are also conducted to show its 

robustness. In section IV, case studies are conducted to validate 

the usefulness of the proposed method for SSR source detection 

and ranking. 

II. THE CONCEPT OF SUBSYNCHRONOUS POWER  

This section explains the idea of SSP and uses a simple cir-

cuit to illustrate its characteristics. The challenges of measuring 
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SSP are then discussed. 

A. Mechanism of Subsynchronous Power Generation 

Fig. 1 depicts a simple DFIG-based wind farm connected to 

the grid through a series compensated line. The system has a 

natural resonance frequency due to the series resonance be-

tween the series capacitor and the combined inductance of the 

line and the wind farm. The resonance frequency could be lower 

than the fundamental frequency of the system, i.e. it is at the 

subsynchronous frequency. If the series circuit has a positive 

resistance overall at that frequency, the resonance is damped 

and the system can operate normally.   

 
Fig. 1 A DFIG-based wind farm connected to the system with series compen-

sation 

It is well known that an induction generator produces power 

by behaving as a negative rotor resistance at the fundamental 

frequency. This negative resistance is caused by the negative 

slip. Similarly, the slip with respective to the subsynchrnous 

frequency in a DFIG is also negative. Thus, the rotor resistance 

can be negative at that frequency as well. If this frequency co-

incides with the series resonance frequency mentioned earlier 

and the overall circuit has a net negative resistance, the reso-

nance could be amplified. A subsynchronous resonance is pro-

duced.  

There is another way to explain the above phenomenon: the 

rotor produces a power at the subsynchronous frequency. This 

power is defined as the SSP in this paper. It is the SSP that 

drives and sustains the subsynchronous resonance. Thus, we 

can monitor the SSPs produced by various wind farms or indi-

vidual DFIGs to identify the sources of SSR and to determine 

which wind farms or DFIGs contribute the most to an SSR 

event. This reasoning is also applicable to cases where the con-

trollers of wind generators cause the SSR. It has been reported 

that poorly designed controllers can contribute to the negative 

resistance, leading to a more severe SSR phenomenon [16]. 

Interharmonic power has been used successfully to identify 

interharmonic sources [15]. The proposed SSP concept is in-

spired by the interharmonic source detection research but there 

are two main differences: (1) the interharmonics are steady-

state phenomena while an SSR is a dynamic phenomenon 

which involves non-steady-state (i.e. growing) voltage and cur-

rent waveforms. As a result, steady-state based interharmonic 

source detection method cannot be applied here directly. (2) A 

system typically has one interharmonic source at the interhar-

monic frequency of concern. There could be multiple SSR 

sources in a system. There is, therefore, a need to identify and 

rank the sources according to their impacts to an SSR event. 

B. Characteristics of SSP 

A simple third order system shown in Fig. 2 is adopted to 

illustrate the concept and characteristics of SSP. In the figure, 

the two parallel branches represent two DFIG-based wind tur-

bines. One branch has a negative resistance and the other has a 

positive resistance. To replicate an SSR phenomenon, the sys-

tem parameters are selected to yield the following two features: 

• The system has a positive resistance under fundamental fre-

quency (ω0), namely, the system is stable at this frequency. 

• The system experiences an amplified oscillation at a subsyn-

chronous frequency, denoted as ωssr. At this frequency, the 

equivalent resistance of the whole circuit is negative. 

 
Fig. 2 Studied third order system  

Table I shows one set of parameters meeting the above re-

quirements. The SSR frequency of the circuit can be determined 

as 31.63Hz and the damping ratio is -0.54. In the simulation, 

the SSR event is triggered by an impulse voltage source Vimpulse. 

This source contains all frequency components, so it is used to 

mimic system disturbances that can excite an SSR event. The 

circuit response is shown in Fig. 3. It can be seen that the current 

waveform measured at the PCC is modulated by a growing 

component of SSR frequency. The response of the instantane-

ous power [defined as v(t)×i(t)] is more complex since it con-

tains more than one modulation frequencies. 

Table I 
Parameters of studied third order system 

L C R R1 L1 R2 L2 V0 

0.2 H 100 μF 1 Ω 60 Ω 0.02 H -3 Ω 0.05 H 1000 V 

 

 
(a) Current response 

 
(b) Power response 

Fig. 3 Circuit response of the studied third order system  
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Circuit analysis can show that the voltage and current at the 

PCC contain three components as shown in (1), where I0, V0 are 

the magnitudes of fundamental current and voltage, respec-

tively. Issr, Vssr are the magnitudes of SSR current and voltage, 

respectively. θ0, δ0 are the phase angles of fundamental current 

and voltage, respectively. θ, δ are the phase angles of SSR cur-

rent and voltage, respectively. α is the damping ratio of the SSR 

component. Id and Vd are the DC current and voltage, and αd 

represents the corresponding damping ratio.  

 
0 0 0

0 0 0

( ) cos( ) cos( )

( ) cos( ) cos( )

d

d

tat

ssr ssr d

tat

ssr ssr d

i t I t I e t I e

v t V t V e t V e





   

   

−−

−−

= + + + +

= + + + +
  (1) 

Since the DC components decay rapidly (αd=961.7), the ex-

pression of the instantaneous power can be established by ig-

noring the DC terms, as shown in (2). 
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As seen from (2), there are four terms in the instantaneous 

power expression. The first term is the fundamental frequency 

power (with a frequency of 2ω0). This term has no relationship 

with the SSR event. The second and third terms represent the 

interaction between the SSR components and the fundamental 

frequency components (with frequencies of ω0-ωssr and 

ω0+ωssr). It can be shown that the average powers associated 

with these two terms can be either positive or negative. The po-

larities are strongly affected by starting time of the SSR event, 

i.e. θ and δ. Therefore, they do not contain consistent infor-

mation on the characteristics of SSR. The fourth term is clearly 

related to the SSR voltage and current. Following the definition 

of the active (i.e. average) power at fundamental frequency, the 

average value of this term over the period of SSR frequency is  
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As expected, the above power is not a constant. This is due 

to the non-steady-state nature of the SSR phenomenon. (If an 

SSR event were in steady-state, α=0, then Pssr would become a 

constant). We propose to remove the sinusoidal component 

(with frequency of 2ωssr) with one more level of averaging over 

half of the SSR period, i.e. π/ωssr, as follows 

        
1

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

s
ssr

ssr k ssr k ssr k ssr s
k n
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P t P t P t P t n
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where, k stands for the kth sample of the raw voltage or current 

waveform data and ns is the sampling rate. This operation leads 

to the following (moving) average power: 
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The above power is the defined SSP in this paper. Fig. 4 

shows the trend of SSP obtained based on (5) and circuit simu-

lation results. The results are highly consistent except there is a 

transient response in simulated SSP. The reason is that the sim-

ulation result includes the DC component of (1). Negative 

power in the figure means power is injected to the series branch. 

The defined SSP in Fig. 4 can represent SSP of an individual or 

collective of same wind turbines.  

 

 
Fig. 4 Trend of subsynchronous power. 

In the following, we will show that the above definition can 

capture the main characteristics of the power that drives the un-

stable SSR in the circuit of Fig. 2. Here we examine the energy 

stored in the series capacitor since this capacitor makes the sys-

tem resonant. From t to t+T, the energy stored in the capacitor 

can be determined as  
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where, “uc” stands for capacitor voltage. By selecting T as the 

least common multiple of the fundamental period and SSR pe-

riod, the energy expression in (6) can be rewritten as 
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The above expression shows that E(t) has two components: 

(1) Component that grows at a rate of e-at which is the 1st term. 

The coefficient of this term (the underlined items) can be either 

positive or negative depending on the angles. It means that this 

term does not lead to the accumulation of energy in the capaci-

tor.  (2) Component that grows at a rate of e-2at, i.e. the 2nd term. 

This component always grows in one direction due to the cos2(x) 
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characteristic. As a result, energy builds up in the capacitor. 

This is clearly the unstable component that is directly related to 

SSR. Since the SSP defined earlier also grows at the rate of e-

2at, we can conclude that the proposed SSP concept is able to 

capture the nature of the SSR phenomenon. Of course, there are 

many power/energy components with different frequencies in 

an actual SSR event. The above analysis indicates that the SSP 

defined here can represent reasonably well the main power 

component that leads to an SSR event. 

A further justification for the validity of the SSP definition is 

the following: the frequency of oscillation of instantaneous 

power is twice of the frequency of the current and voltage pro-

ducing that power. Since the SSR voltage and current have a 

frequency of ssr. Their corresponding power component ought 

to have a frequency of 2ssr. The SSP defined earlier is the only 

component that has a frequency of 2ssr among the four com-

ponents shown in (2).  

Although the above discussions are based on an example cir-

cuit, the analysis relies on the voltage and current at the PCC 

and the capacitor only regardless the circuit components. There-

fore, the conclusions of this section have general applicability 

to actual power systems. 

C. Challenges of measuring SSP  

Accordingly, if the SSP can be measured in real time, it is 

possible to locate the driver (i.e. the source) for an SSR event. 

However, the SSP component cannot be easily extracted due to 

the following real-time challenges: 

• The only measurable component is the instantaneous power 

p(t) (i.e. calculated from i and v). Since the SSR frequency 

is not known a prior so an average over an SSR period can-

not be done. In addition, there is no guarantee that such an 

average can eliminate components of other frequencies; 

• The SSR voltage and current have exponential components, 

so FFT cannot be used to extract them accurately for SSP 

calculation. Even if the exponential component is small and 

the waveform can be considered as quasi steady-state (i.e. 

interharmonics), a long data window is needed for estimat-

ing the subsynchronous frequency [17]. It is also difficult to 

determine the window length in practice. 

• The SSR voltage and current might be extracted by using a 

low pass filter (LPF) in time domain. However, the wide 

range of possible SSR frequencies makes it difficult to de-

sign an LPF with guaranteed performance. The exponential 

component could corrupt the results as well.  

• The Prony method may extract the parameters of the SSR 

voltage and current. SSP can then be calculated based on the 

results. This is an indirect method and it is relatively slow 

for real-time implementation. The method can also intro-

duce larger errors if the SSR component is relatively small 

such as at the early stage of an SSR event.  

There is therefore a need for a fast and easy to implement 

method for direct calculation of SSP based on measured voltage 

and current waveforms. This is the subject of the next section.  

III. METHOD TO EXTRACT SUBSYNCHRONOUS POWER 

In an SSR event, three phase currents and voltages can be 

described as 
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where, a, b and c represent the phase sequence. It should be 

noted that there may be supersynchronous components during 

SSR events. However, this paper focus on the SSR caused by 

the interaction between DFIGs and series-compensated systems. 

For such case, the supersynchronous components are negligible 

as the phenomenon is mainly induced by the induction genera-

tor effect (IGE).    

A. DQ frame based SSP extraction 

This paper proposes to use dq transformation to facilitate the 

SSP extraction. A dq frame is selected to be synchronous with 

the fundamental frequency. Thus, dq transformation can be de-

scribed as (9). 

    
2
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and [F]abc denotes the voltages or currents in abc frame. [F]dq 

denotes the voltages or currents in dq frame. Substituting (8) 

into (9), we can obtain 
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The active power P(t) including both fundamental frequency 

components and SSR frequency components can be then calcu-

lated by applying the classic active power calculation equation 

in dq frame, as shown in (15). 
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The terms in (15) are similar with those in (2), except the 

former one represents the three-phase power while the latter one 

represents the single-phase power. Integrating the fourth term 

in (15) over the SSR period leads to (16). It can be found that 

(16) is exactly same with the defined SSP. 
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To isolate the fourth term in (15), the first three terms need 

to be removed from P(t). It is noticeable that four terms in (15) 

can be classified into two categories: 1) AC power which in-

cludes the second and third terms and 2) DC power which in-

cludes the first term (fundamental frequency power) and the 

fourth term (SSP). Since the practical SSR frequency is rarely 

close to the fundamental frequency, the frequency of the AC 

power i.e. ω0-ωssr is much greater than zero. Thus, it is practi-

cally feasible to design a low pass filter to remove the AC power. 

In terms of the fundamental frequency power, its value is ex-

pected to be unchanged at the early stage of the SSR event [3], 

hence this component can be eliminated by subtracting the DC 

power before the SSR event. Fig. 5 compares the SSP of the 

wind farm in Fig. 2 calculated by its definition in (5) and by the 

proposed method to extract fourth term in (15). The system is 

changed to three-phase with the same parameters in each phase， 

in which (5) still holds for SSP in each phase. It can be observed 

that there is a small difference between the defined SSP and the 

SSP obtained by the proposed algorithm. This difference is 

caused by the delay of the LPF. To validate this inference, the 

SSP defined in (4) is processed with a same LPF. It can be seen 

that there is a good agreement between the defined SSP with 

filter delay and that calculated by the proposed algorithm.  

 
Fig. 5 SSP calculated based on the proposed algorithm and definition. 
 

The above derivation assumes the SSR current and voltage 

are purely positive sequence. In practice, the SSR components 

may contain small part of negative sequence quantities. By fol-

lowing the same process, it can be shown that the negative se-

quence SSR components would lead to similar results. The only 

difference is that the frequency of the AC power becomes ω0+ω. 

As the frequency ω0+ω is higher than ω0-ω, this component can 

be more easily filtered by the low pass filter. Thus, the proposed 

algorithm can extract the SSP at both the positive sequence and 

the negative sequence simultaneously.   

B. Practical Considerations 

This subsection investigates the impact of harmonic distor-

tions, the low pass filter design and fundamental frequency 

power variations on the proposed method. 

1) Impact of harmonic distortions 

The real-life power system contains harmonics. It would be 

straightforward to eliminate the impact of harmonics by using 

an additional LPF on the raw data at the beginning stage. How-

ever, such a solution induces additional delays. In the following 

analysis, it will be shown that the proposed algorithm is in fact 

robust against system harmonic distortions. By including a pos-

itive-sequence harmonic component with the frequency of ωh, 

the voltage and current waveforms in (8) can be rewritten as 

(17). Only phase A quantities are shown due to the limited space.  
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where Vh and Ih represent the magnitudes of harmonic voltage 

and current respectively, δh and θh represent the phase angles of 

harmonic voltage and current respectively. Current and voltage 

in dq frame can be computed by the transformation in (9). The 

active power is then derived as follows 
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(18) 

Similar as (15), terms in (18) also can be classified into AC 

power and DC power. The AC power in (18) consists of sinus-

oid signals with three frequencies: ωh-ω0, ωh-ωssr, and ω0-ωssr. 

Since the low pass filter is designed for filtering the components 

with the frequency of ω0-ωssr, its performance can be guaran-

teed at higher frequencies i.e. ωh-ω0 and ωh-ωssr. The DC power 

in (18) includes the fundamental frequency power, the har-

monic power and the SSP. Since the harmonic power is also a 

steady-state power, it can be removed by subtracting the DC 

power measured before the SSR event. Therefore, the harmonic 

distortion is expected to have limited impact on the proposed 

method. Fig. 6 shows the calculated SSP under different system 

harmonic distortions. It can be seen that the results are con-

sistent regardless of the system distortion level. Note that if the 

harmonic component is in negative sequence, ωh-ω0 and ωh-ωssr 

in (18) should be replaced by ωh+ω0 and ωh+ωssr, respectively. 

The results are similar as the AC power still can be filtered by 

the low pass filter. 

 
Fig. 6 SSP under various harmonic distortions  
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2) Low pass filter 

In the proposed method, a low pass filter is needed to filter 

the AC power with the lowest frequency of ω0-ω. Since the pro-

posed method does not determine the value of ω, the filter 

should be pre-designed for general SSR events.  

In practice, the SSR frequency is expected to be lower than 

45Hz (for a 60Hz system) [6]. According to real-life SSR events 

in recent years, the reported SSR frequencies are between 

6~8Hz in China [4] and around 22Hz in ERCOT of US [2]. 

Thus, a FIR LPF (Equiripple) specified with a pass band edge 

of 15Hz and stopband edge of 25Hz is selected in this paper. 

The passband ripple is set as 0.1 while the stopband attenuation 

is 80. It should be mentioned that using the LPF causes certain 

transient response and time delay, which can be seen in Fig. 5-

Fig. 6. The time delay of the LPF used is around 150ms.  

3) Variation of fundamental frequency power 

In the previous illustration, the fundamental frequency power 

is assumed to be unchanged after SSR occurrence. However, 

this assumption does not always hold in practice, as the funda-

mental frequency power may vary, for example due to the trip-

ping of WTs. A statistical method is further proposed below to 

address this issue.  

During an SSR event, the DC power extracted by dq trans-

form can be described as: 

0( ) t

DC ssrP t P P e −= +                           (19) 

where, P0 represents the steady state power including the fun-

damental frequency power and the harmonic power, and Pssre-αt 

is the SSP. Assuming P0 does not change for consecutive three 

points, we can obtain 
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where, Δt represents the time interval. Solving the above equa-

tion leads to 
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e

P t P t t

 −  − − 
=

− − 
                 (21) 

For a certain short period such as 30Δt (4ms for a sampling 

rate of 7680 Hz), if all calculated eαΔt are roughly equal which 

can be checked by (22), PDC can be then considered to follow 

the formulation in (19). In other words, P0 is roughly constant 

and the calculated SSP can be trusted. Otherwise, the calculated 

SSP should be discarded. 

max( ) min( )
( ) 1.2

( )

t t
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−
                 (22) 

A simulation study has been conducted to validate the effec-

tiveness of the above method by using the third-order circuit in 

Fig. 2. A variation in fundamental frequency power is created 

by increasing the fundamental frequency voltage to 1.5 times of 

its previous value at 3s. The SSP calculated with and without 

the statistical check are illustrated in Fig. 7. For comparison, the 

real SSP is obtained by removing the fundamental frequency 

source in the third-order circuit. As can be seen from Fig. 7(a), 

the result without the statistical check experiences large errors 

when the fundamental frequency power varies. By using the 

proposed statistical check, the SSP can always be tracked accu-

rately. Note no result is provided around 3s in Fig. 7(b) as the 

change of the fundamental frequency power makes (22) invalid. 

Since the fundamental frequency power is unlikely to change 

all the time, such a short time of blank has no significant impact 

on the SSR source detection. 

Fig. 7 SSP results by base method and statistical check method 

IV. CASE STUDIES 

This section demonstrates the usefulness of the proposed al-

gorithm in SSR source detection by using the modified IEEE 

first benchmark model.  

A. System Description 

The studied system is shown in Fig. 8. There are three wind 

farms connected to the point of coupling (PCC) by collectors. 

The length (impedance) of collectors may vary due to different 

locations of the wind farms. Among three wind farms, wind 

farm1 (WF1) is PMSG based, while wind farm 2 (WF2) and 

wind farm 3 (WF3) are DFIG based. Rated power for single 

PMSG and DFIG are 2MW and 1.5MW respectively. The pa-

rameters of the collectors and transmission lines can be found 

in [12], [17].  

grid

500kV/220kV

220kV/690V

220kV/690V

220kV/690V

XL
RXC
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Collector2

Collector3

WF1

WF2
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Xs

PCC P11
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P31
P32

P12

P22
DFIG

WF3

PMSG

 
Fig. 8  System diagram in simulation 
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B. Modelling of Wind Farms 

Modelling of DFIG and PMSG has been well documented in 

previous publications [18]-[21]. Fig. 9 shows the typical struc-

ture of a 1.5MW DFIG, where a sixth-order model of induction 

generator is used, with a two-mass drive model to represent the 

generator shaft. An inductance at the entrance of the grid side 

converter is used to eliminate the switching frequency distor-

tions, and one shunt RC filter is also added for the same purpose. 

The control schemes of rotor side converter (RSC) and grid side 

converter (GSC) are illustrated in Fig. 9(b) and Fig. 9(c), re-

spectively. The outer loop of RSC is used to control the active 

power (Ps) and the reactive power (Qs) of the generator, while 

the outer control loop GSC is used to control the DC link volt-

age (Vdc) and the reactive power (generally set as 0). Propor-

tional-integrate (PI) controller is used in these control loops.  

 

 
Fig. 9 DFIG-based windfarm. (a) System structure, (b) Control block diagram 

of RSC, (c) Control block diagram of GSC. * subscript “d” means d axis, “q” 

means q axis, and “ref” means reference value.  

The typical structure of a PMSG-based windfarm is designed 

as Fig. 10(a), where a wind turbine with a PMSG is connected 

with the grid through back-to-back converters. There are two 

converters for controlling purpose: machine side converter 

(MSC) controls the generator side while the grid side converter 

(GSC) is designed to control the grid side. It is well known that 

GSC is more critical for dynamic analysis, and its control 

scheme is illustrated in Fig. 10(b). The outer control loops of 

GSC control the DC link voltage and the reactive power (Qg) to 

be constant by using PI controllers. An LC filter is added at the 

entrance of the grid side converter to filter out high frequency 

distortions induced by the converter.  

 
Fig. 10 PMSG-based windfarm. (a) Structure of PMSG-based windfarm, (b) 

GSC control. * subscript “d” means d axis, “q” means q axis, and “ref” means 

reference value. 

C. Critical Wind Farm Identification 

Two case studies are conducted to validate the effectiveness 

of the proposed algorithm for identifying the critical wind farms 

in SSR events. In both cases, SSPs at two different locations are 

measured for each wind farm. One is the SSP measured at the 

terminals of wind farms, denoted as P12, P22, and P32 in Fig. 8. 

The other is the SSP measured at the PCC, denoted as P11, P21, 

and P31 in Fig. 8.  

1) Case 1 

The system condition of case 1 is described as follows. The 

wind speed for all three wind farms is 9m/s. The number of 

wind turbines in service in WF1 WF2 and WF3 are all set as 

100, 200 and 200, respectively. The capacitor is switched from 

280µF to 175 µF (compensation level 9.3%) at 10 second in 

simulation to cause an unstable oscillation in the system. The 

collectors of three wind farms have different lengths: collectors 

of WF1 and WF3 are 50km, and the collector of WF2 is 190km. 

Because of the same number of the wind turbines and the same 

wind speed for WF2 and WF3, this case is designed to reveal 

the impact of the collectors on the SSP generation.  

The simulation results are depicted in Fig. 11. It can be ob-

served that all measured SSPs are amplifying, indicating an un-

stable SSR event. According to Fig. 8, the SSP at the terminals 

of WF2 and WF3 are negative while the SSP at the terminal of 

WF1 is positive. The absorbed SSP by WF1 is found to be much 

smaller than the amount produced by WF2 and WF3. This is 

due to the large positive resistance of the PMSG based wind 

farm. The result is in accordance with the previous finding that 

the DFIG based wind farm is the main cause of the SSR event, 

while the PMSG based wind farm is normally not involved [14].  

In terms of the SSP measured at the PCC, P31 of WF3 is still 

negative while P21 of WF2 turns to be positive. The difference 

lies on the different power consumption of collectors. P31 stays 

negative indicates collector3 cannot completely dissipate the 

WF3-generated SSP, thus this branch still injects SSP to the 

system. On the other hand, the longer collector2 has a stronger 

ability to consume SSP due to its larger resistance. The positive 

P21 indicates the WF2-genearated SSP has been completely 

dissipated by collector2. As a result, the branch containing WF2 

and collector2 is absorbing SSP instead of producing SSP.  
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(a) SSP measured at WF1 

   
(b) SSP measured at WF2 

 
(c) SSP measured at WF3 

Fig. 11 Measured SSP for different wind farm branches in case 1 

From the analysis above, it can be seen that although DFIGs 

generate SSPs at the SSR frequency, the entire wind farm may 

not contribute to the SSR phenomenon if the impact of the col-

lector is considered. The real-time measured SSP is found to be 

an effective index to indicate the participation of a wind farm. 

In this case, WF3 is identified as the root cause of the SSR event, 

while WF2 is actually not involved. Such a result can signifi-

cantly simplify the troubleshooting process in post-SSR analy-

sis and find the critical wind farms in which countermeasures 

may apply. 

2) Case 2 

The system condition of case 2 is described as follows. The 

collectors for all three wind farms are set to be 130km. The 

numbers of the wind turbines of WF1, WF2 and WF3 are set as 

100, 300, and 100, respectively. The wind speed is same with 

that in case 1. The compensation level of the transmission line 

increases to 11.2% (145µF) and is switched from 285 µF at 10 

second in the simulation. Since the lengths of collectors and 

wind speed are same for three wind farms, this case is designed 

to reveal the impact of the number of wind turbines in service 

on the SSP generation.   

According to simulation results, WF1 in this case still ab-

sorbs SSPs at two measurement locations, thus only SSPs of 

WF2 and WF3 are depicted in Fig. 12 for further analysis. The 

results are similar with those in case 1. WF3 is found to produce 

SSPs at both its terminal and the end of its collector. On the 

other hand, WF2 generates SSP at its terminal, but absorbs SSP 

at the end of its collector. The difference originates from the 

number of wind turbines in operation. Due to the larger number 

of DFIGs online, the negative resistance of WF2 is smaller. As 

a result, WF2 generates less SSP which can be absorbed by col-

lector2. On the contrary, the SSP generated by WF3 exceeds the 

dissipating ability of collector3. Therefore, in this case, WF3 is 

still the only contributor to the SSR event. The result, again, 

indicates that it is not rigorous to identify the root cause of the 

SSR event simply based on the type of the wind farm.   

 
(a) SSP measured at WF2 

 
(b) SSP measured at WF3 

Fig. 12 Measured SSP for different wind farm branches in case 2 

D. Ranking Responsibilities  

In the previous two cases, only one wind farm, WF3, contrib-

utes to the SSR event. A more general situation is that multiple 

wind farms inject SSPs to the system simultaneously. For such 

case, it is necessary to rank the contribution of each wind farm. 

An additional case is studied here to show the application of 

SSP for responsibility assignment. In this case, the SSPs of 

WF2 and WF3 measured at the PCC are both negative. This is 

achieved by changing the number of the wind turbines of WF1, 

WF2 and WF3 in case 2 to 100, 200 and 100 respectively, and 

setting all three collectors as 100km.   
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Fig. 13 depicts the SSPs measured at the PCC for WF2 and 

WF3. It can be observed that although the SSPs of both wind 

farms are negative, their magnitudes are different. For the same 

instant, WF3 always produces more SSP than WF2. In this pa-

per, the wind farm with a larger magnitude of the SSP at the 

PCC corresponds to a larger contribution to the SSR severity. 

Thus, WF3 should be ranked as the critical wind farm that con-

tributes most to the SSR event. The validity of the contribution 

ranking on basis of SSP can be explained by the RLC circuit 

shown in Fig. 14(a).  In the figure, SSPs generated by multiple 

wind farms pass through the PCC into the system and are par-

tially consumed by the resistance on the system side (R1). The 

rest of SSPs is equally alternated between the capacitor and the 

equivalent inductance of the whole system (mainly line induc-

tor), as shown in Fig. 14 (b). Instead of being dissipated timely, 

the SSPs will be cumulatively stored in the capacitor. As for 

capacitor, larger stored power means larger current or voltage, 

which indicates a more severe SSR incident. Therefore, it is rea-

sonable to define the SSP of a wind farm as its contribution to 

the incident.  

 

 
Fig. 13 Measured SSP for different wind farm branches 

 

 
Fig. 14 RLC equivalence of system under SSR frequency  

Above case studies are conducted in windfarms containing 

only one kind of wind turbines. All wind turbines in one wind-

farm are thus considered to have same contributions. To deter-

mine the contribution of certain wind turbines or a group of 

wind turbines in windfarms containing different kinds of wind 

turbines, the method can be implemented by adding SSP moni-

toring at various terminals of wind turbines, collector points or 

windfarms. As long as a monitor shows positive SSP output, the 

monitored downstream is a contributor to the SSR.  

V. CONCLUSION 

This paper has presented a new and effective method for SSR 

source detection. The basic idea is to use the subsyncrhonous 

power generated by various wind farms or wind turbines as an 

indicator to rank their impacts to the SSR event. Main contribu-

tions of this paper are summarized as follows. 

1) Introduction of the concept of subsynchronous power (SSP). 

Through mathematical analysis, this work has shown that it 

is the SSP that drives and sustains the SSR phenomenon. 

This concept thus enables the SSR analysis from the perspec-

tive of power generation. 

2) A novel dq0 transform-based algorithm that makes SSP 

measurable. The proposed algorithm directly extracts the 

SSP from the measured voltage and current waveforms. The 

knowledge of the SSR frequency is not needed. In addition, 

the algorithm is easy to implement and requires small com-

putation burden. Thus, it can be easily added into modern 

power meters for real-time measurement. 

3) Demonstration of the proposed concept and its application in 

SSR source detection. Case studies with different scenarios 

have been conducted to demonstrate the usefulness of the 

proposed method. Sensitivity studies have also been per-

formed to show its robustness. 
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