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Abstract

:

Integration of wind energy resources into the grid creates several challenges for power system dynamics. More specifically, Type-3 wind turbines are susceptible to subsynchronous control interactions (SSCIs) when they become radially connected to a series-compensated transmission line. SSCIs can cause disruptions in power generation and can result in significant damage to wind farm (WF) components and equipment. This paper proposes an approach to mitigate SSCIs using an online frequency scan, with optimized phase angles of voltage harmonic injection to maintain steady-state operation, to modify the controllers or the operating conditions of the wind turbine. The proposed strategy is simulated in PSCAD/EMTDC software on the IEEE second benchmark model for subsynchronous resonance. Simulation results demonstrate the effectiveness of this strategy by ensuring oscillations do not grow.
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1. Introduction


Power generation is shifting towards using renewable energy sources at an accelerating pace driven by climate concerns, decreasing costs, and the depletion of fossil fuels. According to the International Energy Agency (IEA), an additional 22,101 TWh is expected to be generated from renewable sources by 2040 while non-renewable energy generation is expected to drop by 9664 TWh in the same period [1]. Global wind power capacity is now 743 GW with the 93 GW installed in 2020 according to the Global Wind Energy Council (GWEC) [2].



Most recent wind turbine (WT) installations are of Type-3, which employ a doubly fed induction generator (DFIG) with two back-to-back converters connecting the rotor side to the grid side [3]. Integration of wind turbines into the grid comes with issues that can be mainly categorized into two main types: operational issues and dynamic issues. The operational issues are related to the intermittent nature of wind energy whereas the dynamic issues are mostly related to fault handling [4], inter-area oscillations [5], resonances (both electrical and electromechanical), and interactions [6].



Subsynchronous control interaction (SSCI) is a purely electric phenomenon caused by an interaction between Type-3 WTs and series compensation that is similar to the well-known interaction between thermal generators and series compensation. SSCI can be considered a device-dependent subsynchronous oscillation (DDSO) [7]. The main difference between SSCI and subsynchronous resonance (SSR) is that the voltage-sourced converters (VSCs) found in the DFIG configuration actively participate in SSCIs. The first reported incidents occurred in Minnesota in 2007 [8], while the most recent incident was reported in Great Britain in 2019 [9].



Multiple methods have been proposed to mitigate SSCI in WTs. These methods vary depending on the stage of implementation at which they can be implemented, e.g., in the system planning stage, operation stage, or in the active damping control stage [10]. The authors of [11] propose reducing the percentage of series compensation which limits the power transfer capability of the transmission line. The authors of [12] show that installing additional Type-4 WTs in Type-3 WFs can damp the oscillations. The author of [13] proposes a damping control algorithm using static synchronous compensators (STATCOMs) and static synchronous series compensators (SSSCs). The authors of [14] address weak grid instability through the installation of VSC HVDC lines. All of these methods are expensive. The authors of [15] propose a method to prevent SSCI by bypassing the series capacitor once subsynchronous currents are detected. The authors [16] developed an algorithm that detects oscillations once subsynchronous currents exceed certain predefined reference values. This method is inexpensive but does require a communication signal to the series capacitor.



The authors of [17] propose an adaptive supplementary controller based on multiple-model adaptive control (MMAC) to mitigate SSCI. The aim of the controller is to move the unstable modes to the left-hand plane, thus stabilizing the system by reducing the controller gain values. The authors of [18] propose a linear-quadratic controller (LQR) controller using a full-state observer. The authors of [19] propose an observer-based controller using optimal quadratic technique. The main problem with auxiliary controllers is the choice of the control signal to be used. The authors of [20] propose a simple proportional controller to mitigate SSCI. However, it uses the speed of the turbine as an input signal which can be difficult to obtain due to the disparity in the location of wind turbines. A summary of the mitigation methods is shown in Table 1.



This paper proposes the use of frequency scans to change the inner current loop gain values or the operating conditions of the WT to mitigate SSCI. The frequency scan is conducted online by optimizing the harmonic injection phase angles to ensure minimum disruption of the steady-state operation. The proposed method is simulated using PSCAD/EMTDC software on the modified IEEE second benchmark model for subsynchronous resonance [21] to accommodate the addition of Type-3 WTs instead of conventional generators.



This paper is structured as follows: Section 2 provides an overview of DFIG configuration with its control loops. Frequency scans with the optimization method are explained in Section 3. Simulation results for three mitigation scenarios in comparison with the normal case are discussed in Section 4, discussion of the results is in Section 5, and conclusions are presented in Section 6.




2. Doubly Fed Induction Generator Configuration


Type-3 WTs are based on the DFIG configuration where the stator is directly connected to the grid, and the rotor is connected to the grid through back-to-back VSCs as shown in Figure 1. These converters can supply the rotor with a variable frequency and three-phase voltages. This configuration allows for complete control of real power and reactive power.



The rotor-side converter (RSC) is responsible for both real power and reactive power [22] through the control of the stator real power   P s   and the stator reactive power   Q s   provided by the DFIG. The grid-side converter (GSC) is responsible for maintaining the DC link voltage and the grid-side reactive power at the point of common coupling (PCC). Both RSC and GSC use PI controllers as shown in Figure 2 and Figure 3, respectively. The reference currents in the dq domain are obtained in the outer control loop while the inner control loop controls the rotor and grid voltages through the reference and actual current values. The authors of [23,24,25,26] show that the RSC loop has a higher impact on SSCI than on the GSC loop as well as the fact that the proportional gain in the inner control loop has a greater influence on impedance, highlighted in the red dashed box in Figure 2.




3. Frequency Scan


Frequency scan is the most prominent method for studying SSCI when it comes to dealing with black-box models due to it having an input–output relationship. Black-box models are typically provided by wind turbine manufacturers to protect their intellectual property. Frequency scan uses the concept of harmonic injection where a current/voltage harmonic is superimposed as an input at a certain frequency, and the output related to that input is measured to obtain the impedance value.



The harmonic injection can either be at a single frequency or at a combination of multiple frequencies where injecting frequencies individually would yield the most accurate results due to the possibility of harmonic injection distortion in a multifrequency injection [27]. Using the frequency scan method to study SSCI, the system would be split into two separate systems, i.e., grid side and WF side, and the frequency scan would take place at the point of interconnection (POI), as illustrated in Figure 4.



The frequency range in SSCI is less than in the fundamental frequency (60 Hz), so the frequency range is from 1 Hz to 60 Hz. The impedances of both sides are:


      Z grid   ( f )  =  R grid   ( f )  + j ∗  X grid   ( f )      



(1)






      Z WF   ( f )  =  R WF   ( f )  + j ∗  X WF   ( f )      



(2)







Once those impedance values are calculated, then the entire system resistance and reactance can be obtained using:


      R system   ( f )  =  R grid   ( f )  +  R WF   ( f )      



(3)






      X system   ( f )  =  X grid   ( f )  +  X WF   ( f )      



(4)







The frequency value where there might be a risk of SSCI (  f SSCI  ) is defined as:


   X system   (  f SSCI  )  = 0  &   d  d f    X system   (  f SSCI  )  > 0  



(5)







The risk is confirmed if the resistance at this frequency (  f SSCI  ) is:


   R system   (  f SSCI  )  < 0  



(6)







Frequency scan is ideally conducted in a single frequency injection setup to avoid any harmonic injection distortion, especially with nonlinear components [27]. The main reason why harmonic injection distortion is a major issue with nonlinear components is the disruption of the operating region.



Once the voltage value exceeds a certain limit, then either the IGBT goes into a breakdown region or the response becomes nonlinear, which is undesirable. Therefore, when subjecting the WF to harmonic injection, the amplitude must not be large enough to disrupt the operating region of the IGBTs, hence the ideal setup for frequency scan is a single frequency injection where the amplitude is not too high that the ratio between voltage and current remains intact, and the impedance value can be obtained for that frequency.



However, single frequency injection is highly time consuming and is not applicable as an online tool since it only handles one frequency at a time. If multifrequency injection is to be used, then the injected voltage is:


   V injected   ( δ )  = A  ∑  n =  n min    n max   sin  ( 2 π  f n  t +  δ n  )   



(7)




where A is the amplitude of the injected harmonic;




	
  f n   is the injected harmonic frequency;



	
  δ n   is the phase shift of the injected harmonic at   f n  ;



	
  n min  ,   n max   is the lowest/highest frequency of interest.








An optimization problem can be defined to reduce the peak of the injected signal by optimizing the phase angles of each frequency where the formulation for the optimization problem is:


        minimize δ         max  |   V injected    ( δ )  |           subject  to         f  1 n   = −  δ n  ≤  0 ∘                f  2 n   =  δ n  −  360 ∘  ≤  0 ∘      



(8)







The constraints are there to ensure that only positive phase shifts that are less than or equal to   360 ∘   due to PSCAD/EMTDC requirements are obtained. These constraints can be relaxed since the sinusoidal function is a periodic function. The authors of [28,29] propose the usage of a Schroeder equation to minimize the peak value in the injected signal, however, it yields higher peak values than the optimization method. The authors of [30] approach the optimization problem using the crest factor as a parameter that yields the same results since the RMS value is fixed for the combination of the sinusoidal function.



Using the results of optimization in Equation (8), the resulting voltage signal is shown in yellow in Figure 5, where the peak voltage is 7.68 kV, which is significantly lower than 30.68 kV if all frequencies are to be injected at the same phase angle, as shown in the same figure.




4. Performance Evaluation


Multiple frequency scans are conducted to obtain a look-up table for the WF. Proportional gains are varied from 0.5 to 10 in 0.5 increments, and the WF impedance   Z  W F    is obtained for all values. It is then combined with a fixed 30% compensation to investigate the effect on crossover frequency and resistance magnitude at the crossover frequency as listed in Table 2.



Variations in KpDQ have no effect on the crossover frequency, however, the resistance magnitude increases with the increased gain. Setting the proportional gain in both   d q  -axis PI controllers to 0.5 eliminates the risk of SSCI.



Another frequency scan is conducted while varying the number of online turbines to observe the effect on the impedance. Due to the typical nature of black-box models in wind turbines, the operator might only have the option to modify the number of online turbines. In this setup, the number of turbines is varied between 100%, 50%, 25%, and 10%. The difference in the impedance is shown in Table 3. As can be seen, reducing the number of online turbines significantly reduces the crossover frequency and increases the magnitude of negative resistance more significantly at higher frequencies, thus increasing the risk of SSCI.



A frequency scan is also conducted while varying the power order of the wind farm in order to observe the effect on the impedance. This is done by multiplying the power reference order with 100%, 50%, 25%, and 10%, where this power reference is sent to the RSC since the RSC controller is responsible for the real power output of the wind turbine. The difference in the impedance is shown in Table 4. The difference in the impedance is almost negligible compared to the variations in the number of online turbines in the lower frequency range and becomes significant as frequency increases.



The approach to mitigate SSCI using the online frequency scan is the following, as illustrated in Figure 6:




	(1)

	
Once SSCI is detected, the proportional gains of the   d q  -axis are reduced to near zero values (0.03) to prevent oscillations from growing exponentially.




	(2)

	
Parallel scan is enabled to identify grid impedance.




	(3)

	
Grid impedance is combined with WF impedance to obtain the overall system impedance.




	(4)

	
External or internal parameters are changed to mitigate the risk of SSCI.









In the simulated system in PSCAD, the following takes place:




	(1)

	
The system is started with Line #2 in service.




	(2)

	
At   t = 1   s, Line #2 trips.




	(3)

	
Once SSCI is detected, proportional gains are reduced.




	(4)

	
Parallel scan is enabled.




	(5)

	
Parallel scan results are processed.




	(6)

	
Parameters are changed to mitigate SSCI.









4.1. Output Power Exceeds 1.050 pu


In the first approach, SSCI is detected once the output power of the WF exceeds 1.050 of the steady-state power output. Figure 7 shows the RMS voltage, real power, and reactive power waveforms. The line trips at   t = 1.00   s, leaving the WF in a radial connection with the series-compensated line, and at   t = 1.10   s, SSCI is detected when the power output is 210 MW at which point the parameters are decreased, and parallel scan is enabled. At   t = 2.10   s, parallel scan is disabled, and a stable operating point is obtained. The maximum real power during the oscillations is 211.09 MW, and the minimum is 183.00 MW with the reactive power ranging between   − 25.17   and 8.87 MVAr.




4.2. Output Power Exceeds 1.025 pu


In the second approach, SSCI is detected once the output power of the WF exceeds 1.025 of the steady-state power output. Figure 8 shows the RMS voltage, real power, and reactive power waveforms. The line trips at   t = 1.00   s, leaving the WF in a radial connection with the series-compensated line, and at   t = 1.06   s SSCI is detected when the power output is 205 MW at which point the parameters are decreased, and parallel scan is enabled. At   t = 2.06   s, parallel scan is disabled, and a stable operating point is obtained. The maximum real power during the oscillations is 209.75 MW, and the minimum is 189.35 MW with the reactive power ranging between   − 15.96   and 3.82 MVAr.




4.3. Access to External Signal


In the third approach, it is assumed that the WF has access to the tripping signal of the CB associated with Line #2. Figure 9 shows the RMS voltage, real power, and reactive power waveforms. The line trips at   t = 1.00   s, leaving the WF in a radial connection with the series-compensated line, at   t = 1.00   s, SSCI is detected when the CB is open at which point the parameters are decreased, and parallel scan is enabled. At   t = 2.00   s, parallel scan is disabled, and a stable operating point is obtained. The maximum real power during the oscillations is 209.28 MW and the minimum is 190.73 MW with the reactive power ranging between   − 8.95   and   − 2.52   MVAr.



The normal operation without any mitigation approach yields an undamped oscillation that grows to 858 MW before the rotor stops spinning due to growing subsynchronous currents. Figure 10 shows the real power output in the normal operation without any mitigation in comparison to three mitigation approaches.





5. Discussion


SSCI is mitigated in all of the three approaches: (i) output power exceeds 1.050 pu, (ii) output power exceeds 1.025 pu, and (iii) access to external signal. Real power oscillation is the most significant in the first approach (output power exceeds 1.050 pu), and the least significant in the third approach (access to external signal). Once a stable operating point is obtained, in all of the previously mentioned approaches, the real power oscillation is less than 0.70%. Reactive power oscillations are minimized and the RMS voltage ranges between 0.998 pu and 1.002 pu. In the normal operation without any mitigation approach, the output power grows to 400 MW in less than 0.30 s, which is double the set point of 200 MW. This can either lead to excessive damage in WTs or to the disconnection of the WF, and both of these scenarios lead to an undesired disruption of service.




6. Conclusions


This work shows how frequency scans can be optimized and utilized as an online frequency scanning tool to mitigate SSCI in WFs. Future research can look into replacing the lookup table that needs to be obtained with parametric equations. Further research can also investigate other parameters and their influence on the impedance of the WF. A lookup table needs to be obtained which can be replaced in the future with parametric equations to overcome the lookup table requirement. Simulation results are shown to illustrate the obtained steady-state operating point after the radial connection between the WF and the series compensated line. This mitigation approach is sufficient to ensure that the WF remains in operation until the fault/outage leading to the radial connection has been addressed.
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Figure 1. DFIG block diagram, two back-to-back converters connect the rotor to the grid, and the stator is directly connected to the grid. 
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Figure 2. RSC control loops: stator real power (top loop), and stator reactive power (bottom loop). Reference values labeled with *. 






Figure 2. RSC control loops: stator real power (top loop), and stator reactive power (bottom loop). Reference values labeled with *.



[image: Energies 14 04626 g002]







[image: Energies 14 04626 g003 550] 





Figure 3. GSC control loops: DC bus voltage (top loop), and grid-side reactive power (bottom loop). Reference values labeled with *. 
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Figure 4. Illustration of frequency scan system split. 
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Figure 5. Multifrequency injection signal from 1 Hz to 60 Hz with zero phase angles (red), and optimized phases (yellow). 
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Figure 6. Flowchart of SSCI mitigation approach. 
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Figure 7. RMS voltage, real power, and reactive power waveforms when output power exceeds 1.050 pu. (black dashed line is when Line #2 trips, yellow dashed line is when SSCI is detected, and yellow straight line is when a stable operating point is found). 
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Figure 8. RMS voltage, real power, and reactive power waveforms when output power exceeds 1.025 pu. (black dashed line is when Line #2 trips, yellow dashed line is when SSCI is detected, and yellow straight line is when a stable operating point is found). 
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Figure 9. RMS voltage, real power, and reactive power waveforms with access to external signal. (black dashed line is when Line #2 trips, yellow dashed line is when SSCI is detected, and yellow straight line is when a stable operating point is found). 
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Figure 10. Comparison between no mitigation operation and the three mitigation approaches. Oscillations grow to 500 MW in 0.5 s without any mitigation. 
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Table 1. Summary of mitigation methods for SSCI.
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	Method
	Advantages
	Disadvantages





	Reducing series compensation [11]
	
	
Inexpensive solution



	
Does not require additional equipment





	
	
Limits power transfer capability



	
Does not mitigate SSCI in all conditions








	Installation of Type-4 WTs in Type-3 WFs [12]
	
	
Improves damping of oscillations





	
	
Expensive solution



	
Complicates modeling of WF








	Damping control algorithm using STATCOM and SSSC [13]
	
	
Convenient solution if STATCOM or SSSC is already installed





	
	
Expensive solution








	Installation of VSC HVDC lines [14]
	
	
Improves stability of grid





	
	
Expensive solution to install








	Bypass series capacitor upon detection of subsynchronous currents [15]
	
	
Inexpensive solution



	
Protects series capacitor





	
	
Requires communication signal to the series capacitor



	
Limits power transfer capability








	Auxiliary controller [17,18,19,20]
	
	
Inexpensive solution





	
	
Depends on control signals that are hard to obtain



	
Requires complicated communication signals
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Table 2. KpDQ variations.
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	KpDQ
	fSSCI [Hz]
	R(fSSCI) [  Ω  ]
	KpDQ
	fSSCI [Hz]
	R(fSSCI) [  Ω  ]





	0.50
	—
	—
	1.00
	13.7
	   − 2.041   



	1.50
	14.2
	   − 4.971   
	2.00
	14.4
	   − 7.007   



	2.50
	14.4
	   − 8.299   
	3.00
	14.2
	   − 8.867   



	3.50
	14.1
	   − 9.538   
	4.00
	14.2
	   − 10.198   



	4.50
	14.1
	   − 10.618   
	5.00
	14.0
	   − 10.673   



	5.50
	13.9
	   − 10.964   
	6.00
	14.0
	   − 11.396   



	6.50
	14.1
	   − 11.620   
	7.00
	13.9
	   − 11.422   



	7.50
	13.9
	   − 11.814   
	8.00
	14.1
	   − 12.272   



	8.50
	13.9
	   − 12.178   
	9.00
	14.0
	   − 12.332   



	9.50
	14.0
	   − 12.586   
	10.00
	13.9
	   − 12.319   
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Table 3. Online turbine variations.






Table 3. Online turbine variations.





	Online Turbines
	fSSCI [Hz]
	R(fSSCI) [  Ω  ]





	100%
	14.4
	   − 7.007   



	50%
	11.8
	   − 10.395   



	25%
	9.5
	   − 14.712   



	10%
	6.4
	   − 16.292   
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Table 4. Power order variations.






Table 4. Power order variations.





	Power Order
	fSSCI [Hz]
	R(fSSCI) [  Ω  ]





	100%
	14.4
	   − 7.007   



	50%
	14.3
	   − 6.963   



	25%
	14.3
	   − 7.081   



	10%
	14.3
	   − 7.123   
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Time [s]





media/file4.png





media/file18.png
2.9

1.5

0.5

2.9

1.5

0.5

AN
hdiiadh A

A A AMA

AmanmhNAr AN AN A
MY VW VWW Y VWYV WYV

h )

MAAAAAAA A
Vyvyv

2.9

1.5

Time [s]

0.5





media/file3.jpg





media/file19.jpg
P [MW]

1000

No Mitigation
Output P > 1.05 pu
Output P > 1.025 pu

500 - External Signal
0
210
500|205
200
195,
~1000
190,
25 3
~1500
0 05 1 15 2 25

Time






media/file7.jpg
Grid

POI

<—zg,mmLz\u H—

Wind Farm






media/file10.png
Voltage [kV]

40

30

20

10

—10

—20

—30

—40

Zero Phase Angles
Optimized Phase Angles

N,\MU IWAMHLAR AR T avan iy,

MY VA MY VA ANANY m\w'vaN“\ v

0 0.1

0.2

0.3

0.4 0.5 0.6 0.7
Time [s]

0.8

0.9






media/file14.png
2.9

1.5

Time [s]

1

0.5

I I o o I I I
N 4w L 4w L
N N
N 4w L 4w L
— —
||||| — === o =T — e AR —
w >
i | 1w | 1w |
o o
M
| | O O | | |
i i (@) -] o o o O O O
S S Q S © — &
— S &N N — |

[nd] A S LMW 4 [TVAIN] ©





media/file11.jpg





media/file6.png
PI

PI






media/file15.jpg
3 3
m 5 M 5. W

5 =

N =

] ]

] ]

s =

- &
2 ~8 § 8 8 2°288
- =1 - . - [ |
[nd] A 10U [l a (VAN O

2.5

15

Time [s]

=2
S





nav.xhtml


  energies-14-04626


  
    		
      energies-14-04626
    


  




  





media/file16.png
2.9

1.5

Time [s]

0.5

| | 3 3 | | |
N 4w L 4w L
N N
L —] 2 | —] 2 L
B 4w L 4w L
— —
llllll ] — et e B e T
w >
i i Jw | Jw |
{ -] o
| | 0 O | | |
— — (@) @) -] @) o o o O
o D N - 00 — — N
— ) N N — _ _

[nd] A SINY [MIN] 4 [TVAIN] ©





media/file2.png
DFIG/

RSC

GSC

Vbe

——






media/file20.png
P [MW]

1000

500

—500

—1000

—1500

No Mitigation
Output P > 1.05 pu
Output P > 1.025 pu

———— External Signal
I vineiJ

210}
| 205

200 W

195

190 +

3
0.5 1 1.5 : 2:9






media/file5.jpg
PI

o/






media/file1.jpg





media/file12.png
[Steady—State]

Y

Detection of SSCI

Y

Immediate Change of Parameters

Y

Parallel Scan

Y

Change of Parameters

Mitigation of SSCI

[Steady—Statej

Turn off WF]






media/file9.jpg
Voltage [kV]

'——— Zero Phase Angles
——— Optimized Phase Angles.

01

02

0.3 0.4 0.5 0.6 0.7
Time [s]

08

09





media/file0.png





media/file8.png
Grid

POI

Zgridm

Zwr(})

Wind Farm






media/file17.jpg
2.5

25






