JOURNAL OF INFORMATION, KNOWLEDGE AND RESEARCH IN

ELECTRICAL ENGINEERING


ENHANCEMENT OF LOW VOLTAGE RIDE THROUGH CAPABILITY OF DFIG BASED WIND FARM USING MECHANICALLY SWITCHED CAPACITOR
1 MANISH. J. CHAUHAN , 2 JIGAR.S.SARDA, 3  BHAVIK.N.SUTHAR, 
4 VIREN.B.PANDYA
1,2,3,4 Electrical Engineering Department, L. D. Engineering College, Gujarat Technological University, Ahmedabad-380015, Gujarat, India
manish_20176@rediffmail.com,jigarsunrise@gmail.com,bhavik.suthar@yahoo.co.in,
virenbpandya@gmail.com


ABSTRACT—High penetration of the wind farms into the power grid around the globe force the power systems engineers to tighten their grid connection rules (Grid Codes) in order to maintain the quality, stability and reliability of the power supply. The grid codes demand that power plants of any kind support the electric network throughout their operation i.e. during normal condition as well as in contingent conditions. Enhancement of LVRT is the one of the major integration issue to be achieved for wind farm equipped with DFIG to remain in service. This paper investigates the application of the Mechanically Switched Capacitor (MSC) to assist the uninterrupted operation of DFIG based wind farm during the grid disturbance. The sample 4 bus test system is simulated in MATLAB/ Simulink with MSC and without MSC for different operating conditions and during fault. The results shows that with MSC fault ride through capability of the DFIG based wind farm increases and also improves the transient voltage stability therefore helps the wind farm to remain in service during grid faults. 
Keywords— DFIG, Voltage Stability, LVRT, MSC. 
I. Introduction
During last decade, there has been a continues increase in installed wind power generation capacity throughout the world and it is expected to grow in future in order to fulfil the energy shortage and to avoid dependency on fossil fuel resources. Wind power, which is the fastest-growing non conventional energy source of electrical energy generation, is now proved to be potential source of electrical power generation with minimal environmental impact. It is reported that India has significant growth in wind power installation during last decade along with the world. Today India has the fifth largest installed wind power capacity in the world. In 2009-10 India’s wind farm growth rate was highest among other top four countries [1]. When large wind farm integrated to the power system, they involve the stability and control issues and performance of the power system is degraded. Voltage instability is the one of the key issue for the operation of the power system when the system is unable to supply the reactive power demand uring the disturbances like faults and large variations in the loading. This problem is more severe when wind farms are connected to the weak power grids. Typically, most wind farms are DFIG based and usually located at remote places. Sudden increase in load at load bus can cause momentarily voltage sag at load bus which in turn can cause problems for locally served load. The collector bus at which wind turbine generators are connected may trip the wind turbine generator in response to the sudden voltage sag as DFIG has limited LVRT (Low Voltage Ride Through) capacity. Wind farm can’t be a consumer of the VAR but they must be able to supply reactive power and regulate their control according to the system requirement during the disturbances. Such conditions tend to weaken the system from the voltage stability view point. The existing grid codes of almost all utility, demands that the wind generator has to remain connected to the network during temporary disturbances in the network [2]. Some commonly used turbine designs including DFIG have limitations in terms of achieving grid code established by the system engineers and operators. For wind farm built with such turbines, additional equipment like STATCOM, SVC or MSC is needed in order to meet the grid operational requirements. They require certain minimum reactive power capacities while connecting wind farms to the grid.
In this paper it is shown that the problem of system voltage instability and LVRT capability of DFIG based wind farm can be solved by using reactive power supporting device like Mechanically Switched Capacitor (MSC). Section II of this paper illustrates some basics of the DFIG with its schematic diagram. Section III describes the suitability of MSC and application of MSC in DFIG based wind farm connected to the weak grid. Section IV shows the development of the Test System and Section V shows the results of the two different cases studied on the test system i.e. (1) Three phase high impedance ground fault and (3) Sudden change in Load.
II. dfig based wind farm
In recent years the doubly fed induction generator (DFIG) based wind farm receiving increasing attention due to its variable speed operation and independent controllability of active and reactive power over the conventional generators. In this paper DFIG based wind farm is used for the LVRT capability assessment. DFIG is basically an Induction Generator having wound rotor with the stator windings directly connected to the constant-frequency three-phase grid and the rotor windings is fed by the Rotor Side Converter (RSC) and the Grid Side Converter (GSC) connected back-to-back as shown in the Fig.1. The advantage of indirect grid connection is that it is possible to run the wind turbine at variable speed. The primary advantage is that gusts of wind can be allowed to make the rotor turn faster, thus storing part of the excess energy as rotational energy until the gust is over. The secondary advantage is that with power electronics one may control reactive power (i.e. the phase shifting of current relative to voltage in the AC grid), so as to improve the operation of DFIG in the weak electrical grid.  The role of RSC is to independently regulates stator active and reactive powers whereas role of GSC is to keeps the DC link voltage constant independent of magnitude and direction of the rotor power. The DFIG has some demerits during grid faults. DFIG stator is connected directly to the grid. So during grid fault, some undesirable high current may be induced in the rotor windings and the protection system may block the RSC. DC-link capacitor voltage reaches high level during low terminal voltage because fault makes active power unbalance between RSC and GSC higher [3]. As a result, utilities disconnect the DFIG immediately for its protection. Hence to minimize effects of the grid side disturbances like 3-phase fault, abrupt load change, voltage swelling and sagging in DFIG-wind farm during and after fault, reactive power compensation is required because DFIG-based wind farm can’t provide sufficient reactive power and voltage support due to its limited reactive power capacity.
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Fig. 1 Schematic diagram of DFIG
III. Mechanically switched capacitor (msc)

 The reactive power support requirements can be achieved by using any reactive power compensating devices, such as Mechanically Switched Capacitor (MSC), or Flexible AC Transmission system (FACTS) devices like Static Var Compensator (SVC) and Static Synchronous Compensator (STATCOM) [4]. Now a day FACTS devices have been widely used to provide high performance steady state and transient voltage control [5]. Though it has low dynamic response, mechanically switched capacitors still found its place in voltage stability application because of the availability, operational simplicity and economical aspects. This paper investigates the application of the Mechanically Switched Capacitor (MSC) to assist the uninterrupted operation of DFIG based wind farm during the grid fault. The MSCs are generally connected either to load bus or to the PCC (Point of Common Coupling). The MSCs are usually switched two or four times a day; they are connected during heavy load condition and removed under light load conditions. Losses with MSCs are fairly low; they lie in the range of 0.02-0.05%. Because capacitors are very sensitive to over voltages and over currents, appropriate protection strategies need to be employed. Another problem with the MSCs is that the trapped charge that are invariably left on the capacitor following deenergization. The residual charge on the capacitors is usually dissipated in about five minutes through discharge resistors built into the capacitor units. If the capacitor is switched on within five minutes after deenergization, the trapped charge may lead to increased switching transients. The MSCs can be switched on only when the capacitors are discharged. [6]
IV. Test system
Single line diagram of the power system that has been studied in this paper is shown in Fig. 2. The proposed test system has two generators; one source is the DFIG based wind turbines and the other is a synchronous generator. The synchronous generator and wind turbine (DFIG) have been supplying the power to the load. The typical transmission network which is used to exchange the power between these generators with grid and load has also been shown in the Fig.
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Fig. 2 Single Line Diagram of Test System

The system performance under different transient conditions like three phase fault and sudden load change is evaluated. The total system has a typical load connected to the load bus (BUS 2) is 10 MW with reactive load 5 MVAr and load connected to the Synchronous generator bus(BUS 1) is 2 MW. The voltage supporter MSC is connected at load bus (BUS 3). Grid represents an external system which is connected to the existing system of interest through weak link. All transmission line consider here is of the length 10 Km. The DFIG based wind farm used here is the phaser model given in the MATLAB/Simulink along with its protection system monitoring voltage, current, machine speed and DC link voltage. The wind speed increases slowly from 8m/sec and reaches the final constant value of 14m/sec. All tests here are studied after system reaches steady state i.e. after 35 sec. The short circuit power of connected electric grid is consider 50 MVA for simulation for fault and 10 MVA for minor disturbance like sudden load change. Since it has lower short circuit MVA, it is consider as weak grid and definitely required a compensating device of the higher rating during the fault. Generally weak distribution system means not able to supply enough power to the load connected. There is no rigid definition for weak grid usually, it means that the voltage level is not as constant as in a ‘stiff grid’ and the grid impedance is significant and has to be taken into account. It is affected more than stiff grid when there is any disturbance in the system. Technically, short circuit ratio (SCR) and X/R ratio in the grid shows the grid strength. SCR is the ratio of short circuit current to the maximum demand load current at the point of common coupling (PCC). Lesser the SCR value and X/R ratio, weaker will be the grid. Typical values of weak grid are: SCR less than 20 and X/R ratio less than 5 [7].
One of the objectives of this paper is to evaluate the voltage support provided by the MSC for mitigating transient disturbances in DFIG based wind farm and hence enhancing the overall performance of DFIG based wind farm interconnected to the weak grid. The study here in this paper is based on the three phase non linear dynamic simulation, utilizing the SimPowerSystem block set in MATLAB/ Simulink [8]. 
V. simulation results
The two different cases have been studied on the test system. They are (1) Small duration three phase high impedance fault and (2) Sudden change in load. The results are presented in the corresponding sections and discussions are mentioned therein.
A.  Three phase ground fault:

Three phase high impedance (Xf =20Ω) short circuit fault is created at the load bus. This is a high impedance ground fault which is initiated at t = 35.4 sec and is cleared at t = 35.6 sec. It is observed that the voltage at DFIG wind turbine and the load bus drops abruptly and does not recover to its original value even after the fault has been cleared. Also due to large voltage drop at the wind turbine terminal wind turbine protection system comes into action and makes it off line. With the use of MSC the voltage drop during the fault has been improved and more over the wind turbine voltage stability has been recovered even after the fault has been cleared. This enables the wind farm to remain in connection with the grid in accordance with the grid code.
1) DFIG Turbine Results: 
Figure 3 to Figure 10 shows the results obtained at the DFIG turbine terminal during fault without application of the MSC and with the application of MSC.
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Fig. 3 Positive Sequence Voltage at Terminal of DFIG without MSC
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Fig. 4 Positive Sequence Voltage at Terminal of DFIG with MSC
Figure 3 and Figure 4 shows the variation of the positive sequence voltage at the DFIG terminal with respect to time. It is observed that without MSC voltage at the terminal of the DFIG drops abruptly to 0.68 PU and it forces to operate the protection system of the DFIG and disconnect it from the system. It is also shown that even after clearance of the fault the terminal voltage of the DFIG does not recover its normal value. With MSC the voltage remains in the limit of the turbine protection system (0.7 PU) which forces the wind farm to remain connected with the system. It is also observed that voltage is recovered after the clearance of the fault.
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  Fig. 5 Power Generated by DFIG (MW) without MSC
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Fig. 6 Power Generated by DFIG (MW) with MSC
Figures 5 and Figure 6 show the variation of power generated by DFIG turbine in MW with respect to time without application of MSC and with application of MSC. From the figures, it is observed that due to disconnection of the wind farm the DFIG cant able to supply the power even after the clearance of the fault where as with the MSC it continues to supply active power to the system. Small power variation is observed at the time of insertion and disconnection of MSC.
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Fig. 7 DFIG Turbine Speed/ Rotor Speed (PU) without MSC
[image: image8.emf]35 40 45 50

1.2008

1.2009

1.201

1.2011

1.2012

1.2013

1.2014

1.2015

Time in Seconds

S P E E D  ( P U )


Fig. 8 DFIG Turbine Speed/ Rotor Speed (PU) with MSC
Figures 7 and Figure 8 show the variation of DFIG Rotor speed (PU) with respect to time without application of MSC and with application of MSC. Figures show that due disconnection of the wind farm the DFIG cant able to supply the power even after the clearance of the fault and hence the speed of the turbine increases from 1.2 PU to 1.4 PU during the time of fault, where as with MSC, the DFIG still remains connected to the system supplying active power to the system and speed of the turbine remains within the limit. Minor oscillations are also observed in the speed at the time of connection and disconnection of the MSC.
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Fig. 9 DC Capacitor Link Voltage without MSC
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Fig. 10 DC Capacitor Link Voltage with MSC

Fig. 9 and 10 show variation of DC capacitor link voltage of the DFIG converter. The results show that DC capacitor link voltage increases from its rated value of 1200 V dc and reaches to 1358 V dc at the time of fault. Voltage variation also observed at the time insertion and disconnection of the MSC.
2) System Bus Results: 
Fig. 11 to 16 explains the variation of Bus voltages, Active Powers and Reactive Powers at different buses observed during the fault condition.
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Fig.11 Bus Voltages in PU without MSC
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Fig.12 Bus Voltages in PU with MSC
Figures 11 and 12 show the voltage variation at all 4 buses (Load bus, Grid bus and Synch gen bus and DFIG bus) with respect to time. The figures show the above voltage variations during the fault without application of MSC and with application of MSC. Fig 11 shows as the fault is initiated at load bus, the load bus voltage is severely affected during the fault (0.66 PU) while DFIG bus voltage, grid bus voltage and synchronous bus voltage are less affected (0.69 PU, 0.74 PU and 0.71 PU).compared to load bus. From Fig.12 it is also observed that with use of MSC the voltage drop at each bus is considerably reduced i.e. Load bus voltage is improved to 0.7 PU, DFIG bus voltage is improved to 0.72 PU, grid bus voltage is improved to 0.75 PU and synchronous bus voltage is improve to 0.72 PU.
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Fig. 13 Bus Powers in MW without MSC 
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Fig. 14 Bus Powers in MW with MSC
Figures 13 and 14 show the variation of powers at the Load bus and Grid bus with respect to time during the fault without use of MSC and with use of MSC. From the figures it is clearly observed that during the fault load bus power and grid bus power is significantly increased. Since MSC is strictly concern with the reactive power; no major difference in active power variation is observed at the buses with and without MSC during the fault. 
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Fig. 16 Bus Reactive Powers in MVAR without MSC

[image: image16.emf]35 35.1 35.2 35.3 35.4 35.5 35.6 35.7 35.8 35.9 36

-3

-2

-1

0

1

Time in Seconds

Q  (M V A R )

 

 

Load Bus MVAR

Grid Bus MVAR

Synch Gen Bus MVAR


Fig. 17 Bus Reactive Powers in MVAR with MSC

Figure 16 and 17 show the variation of reactive powers at the Load bus, Grid bus and Synchronous generator bus with respect to time without use of MSC and with use of MSC. It is clearly observed that during the fault the reactive power at the load bus is reduced with the use of MSC since major part of the reactive power is supplied by the MSC and Synchronous generator. Figures also show that during the fault reactive power supplied by the synchronous generator is significantly increased.

B. Sudden change in load:

In this case the sudden step change in load is studied at time t = 35.4 Second. The system consider in this case is having weak grid with lower SC capacity of 10 MVAsc. The most worsen case of the load change is studied with  50% positive change in Active power demand and 100% positive change in Reactive power demand.
1) DFIG Turbine Results
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Fig. 18 Positive Sequence Voltage at Terminal of DFIG without MSC
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Fig. 19 Positive Sequence Voltage at Terminal of DFIG with MSC
Figure 18 and 19 show the variation of the positive sequence voltage at the DFIG terminal with respect to time. It shows that without MSC the positive sequence voltage at the DFIG terminal drops to 0.43 PU which force to operate the protection system of the DFIG and disconnect the DFIG from the system. With application of MSC during the load change the positive sequence terminal voltage remain within the range as positive sequence voltage considerably improved from 0.43 PU to 0.81 PU.
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Fig. 20 Power Generated by DFIG (MW) without MSC
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Fig. 21 Power Generated by DFIG (MW) with MSC

Fig. 20 and 21 shows that due to voltage sag resulted by sudden increase in load forced DFIG based wind farm to disconnect from the system. The result shows that the power generated during this period suddenly drops to zero, while with MSC the DFIG still remains connected to the system and continue to supply the active power to the system in order to meet increased load demand.
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Fig. 22 Reactive Power Generated by DFIG (MVAR) without MSC
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Fig. 23 Reactive Power Generated by DFIG (MVAR) with MSC

Fig. 22 and 23 shows that Reactive power consumption by the DFIG with respect to time. It is shown that at the time of voltage sag the reactive power of DFIG is considerably reduced (from 0.68 MVAR to 0.55 MVAR) with application of the MSC.
2) System Bus Results:

Fig. 24 to 29 explains the variation of Bus voltages, Active Powers and Reactive Powers at different buses with respect to time and observed during the condition of sudden load change.
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Fig.24 Bus Voltages in PU without MSC
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Fig.25 Bus Voltages in PU with MSC

Fig. 24 and 25 shows that at the time of the sudden positive change in load, all bus voltages are severely affected and dropped to the value in the range of 0.43 PU to 0.45 PU. It is also observed that as load change is initiated at the load bus max voltage drop is resulted at this bus. Fig. 24 shows that with the application of the MSC voltages drop at all the buses are limited and remain in the range of 0.79 PU to .8215 PU. 
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Fig. 26 Bus Powers in MW without MSC
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Fig. 27 Bus Powers in MW with MSC

Fig. 26 and 27 shows that due to disconnection of the DFIG and the voltage drops (in the range of (0.43 to 0.45) at the various buses and due to this the active power transfer at various buses are somewhat reduced. With the use of MSC, it is Shown that power supplied by the generator and grid bus is significantly increased in order to meet the load demand. With MSC, DFIG still connected to the system and it also supplies the active power to the system.
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Fig. 28 Bus Reactive Powers in MVAR without MSC
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Fig. 29 Bus Reactive Powers in MVAR with MSC

Fig. 28 and 29 shows that with use of MSC, the reactive power supplied by the synchronous generator is increased.
Major part of the reactive power demand is met by the synchronous generator since DFIG and grid system has limited reactive power support capacity.
V. CONCLUSION
The DFIG is an induction machine which requires reactive power support during grid side disturbances in order to ride through the disturbances and to provide necessary voltage support to the power system. MSC is a feasible and economical option to provide the necessary reactive power compensation when DFIG connected to a weak grid. It is shown that MSC can enhance the Low voltage ride through capability of the DFIG as well as transient voltage stability performance of the entire power system when system is subjected to severe disturbances.
VI.   APPENDIX

Transmission Line Parameters:
	Parameters
	Positive sequence
	Zero sequence

	Resistance
	0.1153 Ω/Km
	0.413 Ω/Km

	Inductance
	1.05 mH/Km
	3.32 mH/Km

	Capacitance
	11.33 nF/Km
	5.01 nF/Km


Doubly Fed Induction Generator:

	Sr. No.
	Parameter
	Values

	1
	Capacity (=2 nos.×4.5 MW each)
	9 MW

	2
	Voltage
	575 V

	3
	No. of Poles
	6

	4
	Power Factor
	0.9

	5
	Inertia Constant
	5.04


	6
	Stator Resistance (in per unit)
	0.00706

	7
	Stator Inductance (in per unit)
	0.171

	8
	Rotor Resistance (in per unit)
	0.005

	9
	Rotor Inductance (in per unit)
	0.156

	10
	Magnetizing Inductance (in per unit)
	2.9


Synchronous Generator
Rating: 3.125 MVA

Voltage: 30 KV

Frequency: 60Hz

Load Data

Active Power: 10 MW

Reactive Power: 5 MVAR

External Grid

Short circuit capacity: 50 MVA (for Fault Simulation)

Short circuit capacity: 10 MVA (for sudden load change)

MSC

30 KV, 5 MVAR
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