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Abstract. Wind energy is one of popular sources of renewable energy that massively used to
generate electric power nowadays. Among wind generator technologies, Doubly Fed Induction
Generator (DFIG) is placed as the first dominant wind generator type that is installed
worldwide since 2004. Its popularity is due to the advantages of its capability to extract more
energy compare to the fixed speed type. Moreover, it uses only one-third converter size which
reduced the total construction cost compared to its closest rival, Full Converter Wind Turbine
Generator Type. Although DFIG widely installed worldwide, it is in fact, very sensitive to the
grid disturbances such as frequency variation. Based on IEEE standard for 60 Hz system, a
power system should not be allowed to work in less than 59.3 Hz or more than 60.5 Hz. In this
paper, DFIG-grid connected is extensively simulated in the condition of frequency variation
that is carried out using Matlab/Simulink. The results show that some important parameters
such as power output of the generator, voltage at point of common coupling, voltage at DC link
and generator speed are experiencing significant rise/drop which in turn might damage the
wind turbine generator.

1. Introduction

It is inevitable for every country all around the world to intensively explore their renewable energy
sources to mitigate the detrimental impacts of conventional energy sources to environment. Moreover,
the deposit sources of these conventional energy sources decreases from time to time which may lead
to global economic instability. Therefore, many countries, particularly for some groups of developed
countries have installed large number of renewable based power plants such as hydro, wind and solar
[1, 2]. For the last decades, wind turbine generators have significantly increased in installation number
all around the world by about 540 GW until February 2018 [3] as can be seen in Fig. 1.

Among other types of wind turbine generators (WTGs), Doubly Fed Induction Generator (DFIG)
becomes the most popular since last decade [4]. Its popularity is due to several advantages including
capability to extract more energy compare with the fixed speed type [5], and its benefit in reducing the
construction total cost by having only one-third capacity of converters [6] compare with its closest
rival, Full Converter Wind Turbine Generator. The general configuration of DFIG is shown in Fig. 2.

As can be seen in Fig. 2, a DFIG consists of two converters; Rotor Side Converter (RSC)
a converter that connects to the rotor of the induction generator and Grid Side Converter (GSC),
a converter that connects with the grid side. These two converters is linked by a capacitor or so-called
DC link capacitor. These one-third sizes of converters play an important role to allow absorb and
deliver some amount of reactive power from/to the grid. Its 30% converters size could reduce the



construction cost significantly compared to its closer rival Full Converter Wind Turbine Generator [7]-

[9].
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Figure 1. Number of wind turbine generator installation worldwide until February 2018 [3].
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Figure 2. Typical configuration of a DFIG

As large scale type of WTG, DFIGs normally connected to the grid and capable to provide limited
reactive power when required by the grid. However, DFIGs are sensitive to the grid faults that may
lead to the disconnecting it from the grid. Disconnecting a large MWs DFIG from the grid means large
economic loses to the WTGs’ owner. Some papers discusses the impact of DFIGs’ dynamic
performance during grid faults such as voltage sags [10] and swell [11] as well as internal faults event
that might occur at the converters of DFIG [12, 13]. However, not much attention is given to the case
of grid frequency variation impacts on the dynamic performance of DFIG.

Based on IEEE standard [14] for 60 Hz system, a power system should not be allowed to work in
less than 59.3 Hz or more than 60.5 Hz. However in the real cases, many frequency variations occur
even more severe than the limit of IEEE Standard as can be seen in several places all around the world
such as summarize in table 1.

In this paper, two cases of grid frequency variation are applied to investigate the dynamic responses
of the DFIG. All system are carried out and extensively simulated in Matlab/Simulink environment.



Table 1. Major Frequency Deviation Cases from 1970s-2000s

Places Frequency Causes Year Ref.
Deviation

East Ontario, 58.7 Hz-62.6  Islanding Electrical Grid 1972 [15]

Canada Hz

New York City, <47.5Hz Islanding Electrical Grid 1977 [16]

USA

West and South 47.3 Hz Islanding Electrical Grid 1981 [17]

Coast of England

France 49.6 Hz Cascading Fault 1985 [17]

Italy NA Cascading Transmission Line 1994 [15]

Perth, Australia <3.5 Hz/s Cascading Outage 1994 [17]

Brazil 55.25 Hz-58.0 Cascading Fault 1996 [15]
Hz

Malaysia 49.1 Hz Cascading Fault 1996 [15]

Italy 47.0 Hz Lack of Generation 2003 [18]

Europe NA Cascading Outage 2006 [19]

2. System under Study
The system under study consist of six 1.5 MW DFIG, 60 Hz that are connected to the grid via 30 km
distribution line as depicted in Fig. 3. The system parameters are provided in Table 2-3.

Frequency
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Figure 3. System under Study

Table 2. Parameters of DFIG Table 3. Parameters of Distribution Line and Grid
Parameters DFIG Parameters Distribution line
Rated Power (MW) 6x 1.5 MW R; (ohms/km) 0.1153
R; (p.u.) 0.023 Ry (ohms/km) 0.413
H(s) (p.u.) 0.685 L; (H/km) 1.05e-3
Ve (V) 1150 Lo (H/km) 3.32e-3
C, (F/km) 11.33e-9

C, (F/km) 5.01e-9




3. Simulation Results and Discussion
In this study, there are two cases are investigated. Where the two cases are applied to the system under

study for about 8 cycles from 0.5s-2.0s for the case I and I1.

3.1. Casel
In this case, a frequency drop of -3.5Hz/s is applied and lasting for 1.5s. Some of the most important

parameters of dynamic performance of DFIG during the fault are shown in Fig. 3(a)-3(d).

1.3 ! ; ! ! , ! ! ; !
1 :
= :
o | :

0.9 f

(] I I I 1 I 1 I | |

0 0.5 1 15 2 25 3 35 4 45 5
Tirme ()
(a)

1.25 ! ) T ! ! ! T ! !

wer [f.u.)

» | i i i j |
n . : .
Time (=)

©



“Wpoe (paou)

Figure 4. Dynamic responses of DFIG during frequency drop for -3.5 Hz/s; (a) P output response,
(b) Reactive Power output response, (¢) Generator Speed (®,) response, and
(d) Voltage Output profile at PCC.

Fig. 3(a) shows that there is an oscillation on the generated power when grid frequency drop
started at 0.5s. Moreover, although the drop of grid frequency is returned to normal in 2.0s, the trend
of generated power to return to normal is achieved after 5.0s. This condition might influence the
critical load that connected to the grid and rely on the power supply from the DFIGs.

As can be seen in Fig. 3(b), the frequency drop of -3.5 Hz/s from 0.5s to 2.0s causes the drop of
reactive power output of DFIG by about 0.7 p.u. meaning that there is a momentary reactive power
supply of DFIGs to the grid. However, the control mechanism of the DFIG could return the generated
reactive power to normal condition quickly after the frequency drop return to normal. Fig. 3(c) shows
the similar trend with the Fig. 3(a) as the generated power is related to the rotor speed of the induction
generator. Meanwhile, Fig. 3(d) tends to give the same response with the reactive power profile shown
in Fig. 3(b) as they influence each other. The voltage drop at PCC (Fig. 3(d)), although dropped about
0.25 p.u., is still within the safety margin of almost international grid codes.

3.2. Casell
The extensive simulation for Case II, is aimed to investigate the impacts of increased frequency
change about +3.5Hz/s. The simulation results are shown in Fig. 4(a)-4(b).
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Figure 5. Dynamic responses of DFIG during frequency ramp for +3.5 Hz/s; (a) P output response,
(b) Reactive Power output response, (¢) Generator Speed (®,) response, and
(d) Voltage Output profile at PCC.

Fig. 5(a)-(d) shows the dynamic response of DFIGs during frequency ramp of +3.5 Hz/s that is
started from 0.5s to 2.0s. In this case, oscillation of generated power is lesser than the first case and
reaches faster steady state as shown in Fig. 4(a). This condition might not risk the critical loads that
are connected to the grid. Reactive power, Q, is oscillating right after frequency ramp is started at 0.5s
but short after fault cleared out at 2.0s, generated Q returned to its defined state at 3.0s (Fig. 4(b)).

Generator speed (o,) is swing right after the frequency fault started and tends to reach stable
condition after 5.0s as plotted at Fig. 4(c). Meanwhile, low amplitude oscillation of voltage profile at
PCC (as shown in Fig. 4(d)) occurs due to the grid frequency fault and might reach its defined value
longer than the first case. However, its level does not violate the most of common international grid
codes as normal voltage level must not lower or higher than + 5%.



4. Conclusion

In this paper, dynamic responses of DFIGs-Grid connected are investigated during grid frequency
change. The dynamic responses of DFIG during grid frequency drop of -3.5 Hz/s (Case I) are worse
than the grid frequency ramp of +3.5 Hz/s (Case II) for the studied systems. The oscillation reaches
higher amplitude and longer steady state time for both P and Q in the first Case. Moreover, voltage
profile at PCC experiencing larger drop in Case I than Case II. This study might be continued for the
sustained frequency drop/ramp as future work and the results might be considered for the related
authorities in designing and developing the WTGs grid connected.
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Abstract. Wind energy is one of popular sources of renewable energy that massively used to generate electric power nowadays. Among wind generator technologies, Doubly Fed Induction Generator (DFIG) is placed as the first dominant wind generator type that is installed worldwide since 2004. Its popularity is due to the advantages of its capability to extract more energy compare to the fixed speed type. Moreover, it uses only one-third converter size which reduced the total construction cost compared to its closest rival, Full Converter Wind Turbine Generator Type. Although DFIG widely installed worldwide, it is in fact, very sensitive to the grid disturbances such as frequency variation. Based on IEEE standard for 60 Hz system, a power system should not be allowed to work in less than 59.3 Hz or more than 60.5 Hz. In this paper, DFIG-grid connected is extensively simulated in the condition of frequency variation that is carried out using Matlab/Simulink. The results show that some important parameters such as power output of the generator, voltage at point of common coupling, voltage at DC link and generator speed are experiencing significant rise/drop which in turn might damage the wind turbine generator.

Introduction

It is inevitable for every country all around the world to intensively explore their renewable energy sources to mitigate the detrimental impacts of conventional energy sources to environment. Moreover, the deposit sources of these conventional energy sources decreases from time to time which may lead to global economic instability. Therefore, many countries, particularly for some groups of developed countries have installed large number of renewable based power plants such as hydro, wind and solar [1, 2]. For the last decades, wind turbine generators have significantly increased in installation number all around the world by about 540 GW until February 2018 [3] as can be seen in Fig. 1.

Among other types of wind turbine generators (WTGs), Doubly Fed Induction Generator (DFIG) becomes the most popular since last decade [4]. Its popularity is due to several advantages including capability to extract more energy compare with the fixed speed type [5], and its benefit in reducing the construction total cost by having only one-third capacity of converters [6] compare with its closest rival, Full Converter Wind Turbine Generator. The general configuration of DFIG is shown in Fig. 2.

As can be seen in Fig. 2, a DFIG consists of two converters; Rotor Side Converter (RSC)                 a converter that connects to the rotor of the induction generator and Grid Side Converter (GSC),           a converter that connects with the grid side. These two converters is linked by a capacitor or so-called DC link capacitor. These one-third sizes of converters play an important role to allow absorb and deliver some amount of reactive power from/to the grid. Its 30% converters size could reduce the construction cost significantly compared to its closer rival Full Converter Wind Turbine Generator [7]-[9].
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Figure 1. Number of wind turbine generator installation worldwide until February 2018 [3].









Figure 2. Typical configuration of a DFIG





As large scale type of WTG, DFIGs normally connected to the grid and capable to provide limited reactive power when required by the grid. However, DFIGs are sensitive to the grid faults that may lead to the disconnecting it from the grid. Disconnecting a large MWs DFIG from the grid means large economic loses to the WTGs’ owner. Some papers discusses the impact of DFIGs’ dynamic performance during grid faults such as voltage sags [10] and swell [11] as well as internal faults event that might occur at  the converters of DFIG [12, 13]. However, not much attention is given to the case of grid frequency variation impacts on the dynamic performance of DFIG. 

Based on IEEE standard [14] for 60 Hz system, a power system should not be allowed to work in less than 59.3 Hz or more than 60.5 Hz. However in the real cases, many frequency variations occur even more severe than the limit of IEEE Standard as can be seen in several places all around the world such as summarize in table 1. 

In this paper, two cases of grid frequency variation are applied to investigate the dynamic responses of the DFIG. All system are carried out and extensively simulated in Matlab/Simulink environment. 









Table 1. Major Frequency Deviation Cases from 1970s-2000s

		Places

		Frequency Deviation

		Causes

		Year

		Ref.



		East Ontario, Canada

		58.7 Hz-62.6 Hz

		Islanding Electrical Grid

		1972

		[15]



		New York City, USA

		< 47.5 Hz

		Islanding Electrical Grid

		1977

		[16]



		West and South Coast of England

		47.3 Hz

		Islanding Electrical Grid

		1981

		[17]



		France

		49.6 Hz

		Cascading Fault

		1985

		[17]



		Italy

		NA

		Cascading Transmission Line

		1994

		[15]



		Perth, Australia

		<3.5 Hz/s

		Cascading Outage

		1994

		[17]



		Brazil

		55.25 Hz-58.0 Hz

		Cascading Fault

		1996

		[15]



		Malaysia

		49.1 Hz

		Cascading Fault

		1996

		[15]



		Italy

		47.0 Hz

		Lack of Generation

		2003

		[18]



		Europe

		NA

		Cascading Outage

		2006

		[19]







System under Study

The system under study consist of six 1.5 MW DFIG, 60 Hz that are connected to the grid via 30 km distribution line as depicted in Fig. 3. The system parameters are provided in Table 2-3.









Figure 3. System under Study





		Table 2. Parameters of DFIG

		Parameters

		DFIG



		Rated Power (MW)

		6 x 1.5 MW



		Rs (p.u.)

		0.023



		H(s) (p.u.)

		0.685



		Vdc (V)

		1150







		Table 3. Parameters of Distribution Line and Grid

		Parameters

		Distribution line



		R1 (ohms/km)

		0.1153



		R0 (ohms/km)

		0.413



		L1 (H/km)

		1.05e-3



		L0 (H/km)

		3.32e-3



		C1 (F/km)

		11.33e-9



		C0 (F/km)

		5.01e-9























Simulation Results and Discussion

In this study, there are two cases are investigated. Where the two cases are applied to the system under study for about 8 cycles from 0.5s-2.0s for the case I and II.

Case I

In this case, a frequency drop of -3.5Hz/s is applied and lasting for 1.5s. Some of the most important parameters of dynamic performance of DFIG during the fault are shown in Fig. 3(a)-3(d).
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Figure 4. Dynamic responses of DFIG during frequency drop for -3.5 Hz/s; (a) P output response, (b) Reactive Power output response, (c) Generator Speed (ωr) response, and 

(d) Voltage Output profile at PCC.



		Fig. 3(a) shows that there is an oscillation on the generated power when grid frequency drop started at 0.5s. Moreover, although the drop of grid frequency is returned to normal in 2.0s, the trend of generated power to return to normal is achieved after 5.0s. This condition might influence the critical load that connected to the grid and rely on the power supply from the DFIGs.    

	As can be seen in Fig. 3(b), the frequency drop of -3.5 Hz/s from 0.5s to 2.0s causes the drop of reactive power output of DFIG by about 0.7 p.u. meaning that there is a momentary reactive power supply of DFIGs to the grid. However, the control mechanism of the DFIG could return the generated reactive power to normal condition quickly after the frequency drop return to normal. Fig. 3(c) shows the similar trend with the Fig. 3(a) as the generated power is related to the rotor speed of the induction generator. Meanwhile, Fig. 3(d) tends to give the same response with the reactive power profile shown in Fig. 3(b) as they influence each other. The voltage drop at PCC (Fig. 3(d)), although dropped about 0.25 p.u., is still within the safety margin of almost international grid codes.

Case II

The extensive simulation for Case II, is aimed to investigate the impacts of increased frequency change about +3.5Hz/s. The simulation results are shown in Fig. 4(a)-4(b).
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Figure 5. Dynamic responses of DFIG during frequency ramp for +3.5 Hz/s; (a) P output response, (b) Reactive Power output response, (c) Generator Speed (ωr) response, and 

(d) Voltage Output profile at PCC.



	Fig. 5(a)-(d) shows the dynamic 	response of DFIGs during frequency ramp of +3.5 Hz/s that is started from 0.5s to 2.0s. In this case, oscillation of generated power is lesser than the first case and reaches faster steady state as shown in Fig. 4(a). This condition might not risk the critical loads that are connected to the grid. Reactive power, Q, is oscillating right after frequency ramp is started at 0.5s but short after fault cleared out at 2.0s, generated Q returned to its defined state at 3.0s (Fig. 4(b)).

	Generator speed (ωr) is swing right after the frequency fault started and tends to reach stable condition after 5.0s as plotted at Fig. 4(c). Meanwhile, low amplitude oscillation of voltage profile at PCC (as shown in Fig. 4(d)) occurs due to the grid frequency fault and might reach its defined value longer than the first case. However, its level does not violate the most of common international grid codes as normal voltage level must not lower or higher than ± 5%. 



Conclusion

In this paper, dynamic responses of DFIGs-Grid connected are investigated during grid frequency change. The dynamic responses of DFIG during grid frequency drop of -3.5 Hz/s (Case I) are worse than the grid frequency ramp of +3.5 Hz/s (Case II) for the studied systems. The oscillation reaches higher amplitude and longer steady state time for both P and Q in the first Case. Moreover, voltage profile at PCC experiencing larger drop in Case I than Case II. This study might be continued for the sustained frequency drop/ramp as future work and the results might be considered for the related authorities in designing and developing the WTGs grid connected.

References	

Yunus, A.M. S., Saini, M., 2016, ”Overview of SMES units application on smart grid systems”, 2016 International seminar on intelligent technology and Its Application, ISITIA 2016. pp. 465-470

Firman, Yunus, A.M.S., Yunus, M. Y., 2017, “Sediment characteristic on hydropower plant Bakaru, South Sulawesi”, AIP Conference Proceedings.

http://www.wwindea.org/2017-statistics/ (acessed: 01 July 2018)

Shiddiq Yunus, A.M., Abu-Siada, A., Masoum, M.A.S., 2012, “Improving dynamic performance of wind energy conversion systems using fuzzy-based hysteresis current-controlled superconducting magnetic energy storage”, IET Power Electronics, 5(8), pp.1305-1314.

Shiddiq Yunus, A.M., Abu-Siada, A., Masoum, M.A.S., 2011, “Effect of SMES unit on the performance of type-4 wind turbine generator during voltage sag”, IET Conference Publications 2011 (579CP), pp.94. 

Mitra, A. and Chatterjee, D., 2015, ”Active Power Control of DFIG-Based Wind Farm for Improvement of Transient Stability of Power Systems”, IEEE Trans. On Power Syst., Vol. PP, Issue: 99, pp.1-12. 

www.windpowermonthly.com (accessed: 03 July 2018)

Yunus, A.M.S, Masoum, M.A.S., Abu-Siada, A., 2012, ” Impact of intermittent misfire and fire-through on the performance of full converter based WECS”, 22nd Australasian Universities Power Engineering Conference: "Green Smart Grid Systems", AUPEC 2012, 6360194.

Yunus, A.M.S., Abu-Siada, A., Masoum, M.A.S., 2011, “Improvement of LVRT capability of variable speed wind turbine generators using SMES Unit”, Innovative Smart Grid Technologies Asia (ISGT), IEEE PES, pp. 1-7.

Khamaira, M.Y., Shiddiq Yunus, A.M., Abu-Siada, A., 2013, ” Improvement of DFIG-based WECS performance using SMES unit”, Australasian Universities Power Engineering Conference, AUPEC 2013, 6725380. 

Alharby, Y.M., Shiddiq Yunus, A.M., Abu-Siada, A., 2012, ” Application of STATCOM to improve the high-voltage-ride-through capability of wind turbine generator”, 22nd Australasian Universities Power Engineering Conference: "Green Smart Grid Systems", AUPEC 2012, 63630253. 

Yunus, A.M.S., Abu-Siada, A., Masoum, M.A.S., 2012, “Impact of DC-link fault on the dynamic performance of DFIG”, IEEE Power and Energy Society General Meeting, 6345278. 

Yunus, A.M.S., Abu-Siada, A., Masoum, M.A.S, 2011, “Effects of SMES on Dynamic Behaviors of Type D-Wind Turbine Generator-Grid Connected during Short Circuit”. IEEE Power and Energy Society General Meeting, 6039276.

IEEE, 2003, “IEEE standard for interconnecting distributed resources with electric power systems”, IEEE Std. 1547TM. 





N. Janssens, P. Baratella, D. Bickers, D. Bones, A. Cooke, E. Gaglioti, E. Grebe, R. Hartman, M. Houry, T. Inoue, J. Jardim, K. Karoui, P. Kundur, M. O‟Malley, F. Thoden, R. Schulz, D. Tong, P. Scarpellini and F. Casamatta,, 1998, “Analysis and Modeling Needs of power Systems under Major Frequency Disturbances”, IEEE /CIGRE Task Force 38.02.14 Rep.

B. Weedy, B. Corny, N. Jenkins, J. Ekanayake and G. Strbac, 2012, “Electric Power System”, 5th ed. John Wiley & Sons Ltd, p. 152.  

M. Altin, 2012, “Dynamic Frequency Response of Wind Power Plants”, Ph.D, Aalborg University, Denmark.

S. Crosi and C. Sabelli, 2004, “General Blackout in Italy Sunday September 28, 2003, h. 03:28:00”, IEEE, Power Engineering Society General Meeting, pp. 1691-1702. 

C. Li, S. Yuanzhang and X. Chen, 2007, “Analysis of the Blackout in Europe in November 4, 2006”, Power Engineering Conference, 2007. IPEC 2007. International, Singapore, pp. 939-944.









oleObject1.bin

~



~



~



GB



RSC



GSC



PCC



DC LINK





image3.emf

30 KM


575 V/25 KV


25 KV/120 KV


Y/Δ


Δ/Y


6 x 1.5 MW DFIG 60 Hz


Frequency 


Variation


PCC




oleObject2.bin

30 KM



575 V/25 KV



25 KV/120 KV



Y/Δ




Δ/Y




6 x 1.5 MW DFIG 60 Hz



Frequency Variation



PCC





image4.tiff

13 T

08 i i H H i i i i H
0






image5.tiff







image6.tiff

i)

125

12

115

1.1
0

Time (s)







image7.tiff

Vpee (p.u)

05 1 15 2 25 3 35 1 15 5
Time (s)






image8.tiff

Time (s)






image9.tiff







image10.tiff

i)

122

121

12

1.19
0

05

Time (s)







image11.tiff

1.1

1.08

09

() 9adp

09

45

35

25

15

05

Time (s)






image1.tiff

600

500

W)

©
Ery

200

Installed Capacity

100

2014 2015 2016 017 2018






image2.emf

~


~


~


GBRSCGSC


PCC


DC LINK




