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ABSTRACT : In this paper Doubly Fed Induction Generator (DFIG) based wind turbine is investigated
thoroughly to compensate for the variable voltage and transient introduced in the grid due to different wind
speed. A reliable and robust vector control method is proposed for rotor side controller (RSC), grid side
controller (GSC) for DFIG so that it can withstand with the grid in time of voltage dip that means it is capable
of low voltage right through (LVRT) with the grid. By using state space representation and basic electrical
equations of machines, the d-q model of the DFIG based wind turbine is presented this research. The
performance of proposed method is explored considering active and reactive power controller, an MPPT, PlI,
and PID current controller. Additionally, a crowbar system is developed for over-current protection in time of
voltage dip. For the performance comparison and validation of the proposed method, the system is simulated
using MATLAB/Simulink environment.
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I. INTRODUCTION

To cope with the worldwide electricity power demand, the power industries are continuously installing
new wind power generation system. According to World Wind Energy Association, the wind power capacity
hits the value of around 600 GW of which 53.9 GW added in 2018 and yearly growth is almost 24% [1].
Though wind power system is not particularly connected to weak power grid, due to the advancement of micro-
grid, the integration of this power to isolated and weak grid network [2, 3] is increasing. Besides, this natural
power system has pointed up the attention of the researchers to use it in offshore wind farm through high
voltage direct current (HVDC) system. If wind power is not connected to grid, it must maintain the constant
voltage and frequency instead of varying the rotor speed with wind speed and varying the loads. Hence, if the
power produced being higher than demand, generation must be cut off controlling the blades’ pitch angle. On
the contrary, if it fails to produce sufficient power, load shedding method must be in action [4]. The increasing
wind power results the increase of power penetration and impact on the utility grid. Therefore, wind turbine
should have aerodynamic as well as power electronic converter based active power control [5, 6]. To meet these
requirements, wind turbine should have the option of variable speed generation with pitch control and DFIG is
the best option so far [7-9].DFIG in corporation with wind turbine is suitable for transferring wind energy to
power grid.

DFIG is constructed by using wound rotor induction generator. It is a very special type of variable
speed type generator. At present day, DFIGs are the foremost choice for wind power generation than any other
generator topology because of its cost consideration since it uses a partial power converter instead of full power
converter [10, 11].The generator has a distinctive reaction for the grid connectivity in which voltage source
converter (VSC) can be used to control the rotor and the direct connection between stator and grid, the stator is
directly affected by grid voltage fluctuations [10, 12]. To augment the tip-speed ratio of the turbine, the rotor is
operated at variable speed within a defined controlled range of speed around the synchronous speed. The
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generator has the option to operate in both sub-synchronous and super-synchronous speed. The speed of the
rotor is controlled by 3-phase back-to-back VSC converter through slip ring that allow to handle approximately
30% of rated power. Figure 1 depicts the block diagram of DFIG based wind turbine power generation system.
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Figure 1: DFIG based grid connected wind turbine system

The different grid tie control system of the DFIG has been addressed in literature by the enthusiast
researchers. In [13] authors have outlined a number of control systems for DFIG that includes a vast amount of
references. However, the stand-alone operation of DFIG based wind turbines has not been explored much in the
literature. An indirect stator-oriented vector control based on Pl regulator is presented in [14] for providing
constant voltage and frequency. But, Pl controller is particularly applicable to compensate for the sate error
from P controller and in terms of speed of the response and stability it depicts negative effect. To overcome
these limitations, this paper suggests the vector control technique of DFIG using PID regulator for variable wind
speed application and performance is compared with the use of Pl regulator. A maximum power point tracking
system is developed for RSC side. For overcurrent protection during voltage dip the crowbar system is
introduced.

The paper is organized as follows. The dynamic modeling of DFIG and GSC are presented in Section
Il and Section 11, respectively. In Section 1V, the proposed vector-control scheme is obtained, and simulation
results are discussed in Section V. Overall point of view is concluded in Section 6.

I1. DYNAMIC MODELING OF DFIG
With the help of space vector notation, the differential equations of the DFIG are modeled in d-q
synchronous reference frame. The voltage space vectors of both stator and rotor side in synchronous reference
frame can be represented by equations (1) and (2) respectively. The superscript ‘a’ indicates that the space
vectors are incorporated to a synchronous frame rotating at synchronous speed [15].

did

57 = Rei5 + - + jwsfs @
— dipf |, . =
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Where, the flux space vectors in the synchronous reference frame are given by the following equations (3) and
(4). Note that, the superscript ‘@’ has been eliminated from the space vectors in below expressions for
simplicity.

Vo= Lils + Lniy 3)
¥, = Lode +L,1, (4)
The torque, stator and rotor side power expressions in d-q reference frame are given by the following equations,
P =2 Reli}) =2 (vasias + vysiye) 5)
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Where, p expresses the number of pole pairs of the machine. The equation (10) represents the machine ‘swing’
equation that is composed by the electromagnetic torque Tem, the load torque, T, comes from wind turbine, and
the electrical angular speed of the rotor cuyy, .

@r=

I it _ 7 pEm
» dr =Tem— T bp (10)

Where, J is the inertia in kg/m?, comes from the combination of machine and turbine, and b is the speed
dependent damping term.

Now, the following state-space representation in equation (11) of the DFIG is found by the expressions (1), (2),
(3), (4), (9) and (10),
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11l. DYNAMIC MODELING OF GSC
The voltage space vector form of circuit between the GSC and the grid is given by
£ =R +.E.‘r + Uy + jeog Lely (12)
'E

Where, 7f and 7; are voltage space vector at GSC S|de and the grid respectively. Iz is the grid side current,
Rrand Ly are the grid side filter resistance and inductance respectively. So, the d-g components of the space

vectors presented in equations (13) and (14) can be found by separating the space vectors into real and
imaginary parts.

;= = R:i "r.'g + I. + Ldg g .Lr.}riq.g (13)

=Rsizg +Lf + wsLpigg (14)
The whole active and reactive power exchanged through the GSC can be estimated by the following equations
(15) and (16). In this paper, the voltage space vector @y is aligned with the direct axis (d-axis) of the

synchronously rotating frame. This assumption is most importantly required for the pursuit of vector control
technique. Hence,

I 7 ig
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1IV. PROPOSED CONTROL STRATEGY
A vector control strategy is proposed for controlling the DFIG by using PID regulator. Figure 2 and 3
shows the proposed control block diagram of RSC and GSC respectively. Generally PI regulator is used for
controlling the DFIG. By using PID regulator the performance of the DFIG is improved. With PID regulator,
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the overall closed loop control system of rotor side control system can be represented by following equivalent
second order system. Let, C(s) is the transfer function of PID regulator. So,

CGs) =ky + kg + 17)
- kgrlesky +ky
e~ _ _GlOEE T
G(s)= 1+6(ers) g, K (18)

It can be found the value of k, and ki by &, = 28wy, (gL, + k) — Ry and k; = (oL, + kg)ewi. Where, £ is the
damping constant and <, is the natural frequency of the system. Similarly it can be found the value of k, and ki
for the grid side control system by following relations, k, = 2& wy, (Ls + k) — Brand k; = (L + ke,

Rotor Current Reference Calculation:
The d-g rotor current references can be calculated by the electrodynamic torque of the machine and stator

reactive power respectively. The q axis rotor current reference value is obtained by using electromagnetic torque
Tem,

Tem = _;Ff{{¢sqidr_¢dsiqr} (19)
The flux space vector is aligned with d- axis. So, ¥z; = 0 and .| = w.2 here. Now the equation (19) becomes
3 Ly 3 Ly, _ _
Tem = _Epf#"sd fgr = _Epfw"s tgr = '["“!':'q'r'
L =22 (20)

Rt
Equation (21) is used for calculating the d-axis rotor current reference by using the stator reactive power Qs that
is set by the operator or automatically when it is demanded in time of voltage dip that is normally kept to zero.
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The stator flux amplitude |z,ES| is constant and given by the following equation.
o _ 3"
_ e 105l + 2 £l
el = o= (22)

Maximum Power Point Tracking (MPPT) System:
MPPT system is exploited to control the speed and to attain the maximum power from the wind speed. When,

the wind turbine is trying to reach the maximum power point, the aerodynamic torque, T: draw out by the wind
turbine is given by the equation (23).

o B2 Cp—mex
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Where, kgpr_: = ;pﬂrlg—fﬂ_m y Agme = , O = Cu_max, andCy = Ci_pwe. Including the damping term in
= opt ) ) ) )

equation (23) the electromagnetic torque, T = —kwrﬂfn + (D + D00, where,
1 RS
kn-pr = ;M mcp—mcx (24)

oL
Where, g denotes the air density, {1; denotes the angular speed of the rotor, R denotes the length of the blades

(radius of the turbine rotor), N denotes the gear box ratio and V, denotes the air velocity. Cp(X) denotes the

coefficient of power and is frequently given as a function of the pitch angle () and the tip speed ratio (1)

defined by C,(1) =k, (:— — ka8 — k85 kﬁ) (eF7/%), where, 4; = ﬁ C«(%) denotes the torque coefficient
PR

Figure 4 shows the indirect speed controller (ISC) which tracks the maximum power corresponding to the wind

speed available at the turbine blade. The high wind speed that can damage the WT without the MPPT system

given by (4} =
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flows through the turbine it takes an optimum power hence an optimum torque is also taken by the turbine given

by the equation.
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Figure 2: Vector control block diagram of rotor side converter of DFIG.
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Figure 3: Block diagram of grid side converter.

Figure 4: Indirect speed control (ISC).
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V. SIMULATION RESULT AND DISCUSSION
In this section, the various characteristics of DFIG that is modeled in Simulink are inspected. The
necessary simulation parameter are given in appendix. The Simulink model is created for a 2MW DFIG. The
control strategy presented in this paper is vector control. Figure 5 shows the phase to neutral voltage waveforms
of the stator side of the DFIG. For this generator, the phase to phase rms value of the voltage is set 690V. So, the
phase to neutral voltage peak value will be 563.38V that is inspected from the waveforms of the Figure 5. The
frequency the grid is 50Hz that is also found from the Figure 5 and 6.

t
| AL

T

Stator Voltage Ws(\V}
=

200
400

| UIJ |JU | Jh nU' UL‘ R T LUU Uh' I |JU| Un w
-600

[} 0.05 01 0.15 0.2 0.25 03 035 04 045 05

Time(s)
Figure 5: Stator side phase to neutral voltages
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Figure 6 shows the phase current waveforms of the stator side of the DFIG. From these two Figures it
is seen that the voltage, currents and frequency are constant all the time under normal operating condition that is
important to synchronize a generator with a grid system. Figure 7 shows the rotor side phase current waveforms.
From this figure, it seen that the current amplitude is constant with time and also frequency. Here frequency of
the current is different from stator side. The frequency of the rotor side current is found from slip frequency that
is less than that of stator side. Figure 8 shows the DC link voltage Vg4 which is constant at a value of 1150V.
This voltage must be maintained at the constant value for proper operation of grid side and rotor converter.
Power can be exchanged between RSC and GSC through the DC link. It is seen in Figure 8 that the voltage is
very large at the starting of the generator and falls very quickly to its constant value.
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Figure 9 shows the output currents of grid side converter (GSC). It has some harmonics due to
switching of the converter. The current is filtered by a filter called grid side filter. Its frequency is 50Hz and it
must have the frequency of this value because it is connected to the 50Hz grid. Although it has some harmonics
but it is very close to a sinusoidal wave. At the starting of the machine, there some overcurrent through the grid
side filter due to initial overvoltage across the dc link capacitor as shown in Figure 9. But after some
milliseconds the currents through grid filter become stable and sinusoidal in nature.
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The electromagnetic torque response of the machine is shown in Figure 10. The DFIG is modeled in
motor reference frame, so the torque Tem is negative here for generator mode. From Figure 10, it is seen that
firstly there is some difference in reference Tem generated by MPPT and after sometime the actual Tem follows
accurately the reference Tem. It is seen that using PID the torque response is slightly distorted than PI, but the
speed characteristics of the DFIG is improved that is shown in Figure 11(b) and reaches at steady state value
more quickly. The speed is going up until it reaches at a constant speed that is about 170rad/sec for wind speed
of 10ms™. The DFIG that is modeled in this work can operate variable wind speed for tracking maximum
power. For each wind speed, there is a corresponding torque hence power to be extracted from wind.
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In the DFIG system, the power is injected to the grid both from rotor and stator side. Stator is directly
connected to the grid and rotor is connected to the grid through RSC, DC link and GSC. About 30% of the total
power is injected to the grid via RSC and GSC. Figure 12 shows the stator side active power curve at a wind
speed of 10ms™* which is negative that indicates that power is injected to the grid because the DFIG is modeled
in this work in motor convention for grid side active power curve the value will be positive.
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Figure 12: Stator side active power Ps

The total power at the grid injected by the generator should be maintained at a constant value. The
fluctuation of power at PCC is prohibited. The total power P injected to the grid by the DFIG is the sum of grid
side power Py and stator side power Ps. Figure 13 shows the total power curve at grid that is supplied by the
DFIG. The steady state power of DFIG is 1.5MW for wind speed10ms? and 2.6MW for 12ms? as seen in
Figure 14. Also it is shown from these two Figures that there are some oscillations in the power curve at the
starting of machine and after some few seconds the power becomes stable.




American Journal of Engineering Research (AJER) 2019

10 10
i, g
H g
[ e o2
— ——
¢ \ "
0 1 2 3 4 5 [ 7 0 1 2 3 4 5 6 7
Time(s) Time(s)
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Normally the reactive power at grid side Qq is maintained to zero. When needed for example in time of
grid voltage dip to recover the voltage, the reactive power is needed. On the other hand, the stator side reactive
power Qs is needed to calculate the I4reference of rotor side current control loop. Here, Qs is shown in Figure
15. At time 3.15sec lq is injected as shown in Figure 17, so Qs is changed with this .
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Figure 15: Stator side reactive power Qs Figure 16: Total reactive power Q at grid
at a wind speed of 10ms™* at a wind speed of 10ms™*

Reactive power to be injected to a grid system is defined by the local grid code requirement. Every grid
system has a minimum requirement of reactive power that must be supplied by the generator. The total reactive
power of the DFIG that is supplied to the grid is shown in Figure 16. It is seen that the reactive power is
constant for all time of operation that must be maintained. Direct axis current lq is shown by the Figure 17. The
l4 is set by the stator reactive power Q.. Here, the lq is set directly and 1760A is injected at 3.25sec. Hence total
reactive power is injected at that moment. A symmetrical fault is intentionally created at the grid at time 3sec
and because of this fault the voltage at the grid becomes 10% of the normal operating voltage. When fault
occurs there is an excessive amount of rotor current that can damage the converter.
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Figure 17: Direct axis current of rotor side Iq Figure 18: Stator voltage response for a

symmetrical fault at grid.

In order to provide the capability of LVRT capability, the turbine should be connected during the
voltage dip so that the crowbar can automatically connect and disconnect itself to the system without removing
the DFIG from the grid. Figure 18 shows the voltage waveforms of faulty lines and also shows that the voltage
recovering is started at 3.5sec and fully recovered to its normal voltage level at 4.17sec.
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When fault occurs the machine losses its control and for LVRT capability of the generator, the crowbar
is activated. Figure 19 shows the crowbar activation period which is activated at 3sec when fault is initiated and
crowbar is deactivated at 3.1sec when the machine can maintain its control with the existing low voltage.
Reactive power Q is injected at 3.5sec to recover the normal voltage level as shown in Figure 20.
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Figure 21: Stator current response for a symmetrical fault at grid
Figure 21 and 22 shows the stator and rotor currents respectively at fault condition whereas Figure 23

shows the stator flux at fault condition. This shows that flux is decreased when crowbar is activated. When flux
is recovered to its normal position the currents and voltages come to their normal operating value.
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Figure 22: Rotor current response for asymmetrical fault at grid.
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V1. CONCLUSION

In this research paper, a doubly fed induction generator is modeled and a vector control strategy of the
generator is proposed using Pl and PID regulator and machine is model in d-g reference frame. For RSC a
vector control strategy is proposed with PID current controller and performance is compared with that of PI. For
GSC a voltage oriented vector control strategy is proposed and validated in MATLAB Simulink environment.
The proposed RSC and GSC can handle about 30% of total power of the machine. The speed response for PID
is outperformed PI regulator and reaches its steady value more quickly if PID regulator is used instead of PI, but
there is some deviation of actual torque from the reference torque.

The main advantage of using DFIG in wind turbine is that it uses partial power rating of converter
where PMSG and SCIG with FPC use the full power converter. An MPPT system is designed for maximum
power recovering from wind speed. So, no need to use the speed regulator. An analytical model is developed
using state-space representation. The proposed control method for this machine is very reliable and for LVRT of
the generator is successfully maintained. A symmetrical fault of 90% voltage dip is intentionally created for
0.5sec. The generator is connected to the grid with the voltage dip without isolation from the grid. The control
strategy gains the synchronism of the machine with grid within 0.67sec. This shows the reliability and
controllability of the generator.
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APPENDIX
Simulation Parameters:

Wind turbine:
Rated power P,= 2.0 MW
Maximum rotational speed Nm max= 20 rpm
Base wind speed vg = 10.5 m/s
Rated wind speed vy, = 12 m/s
Rotor radius R =42 m
Cpmax= 0.44
Torque coefficient, Aop= 7.2
Pitch angle S range 0°—45°
Gear ratio n/nn = 100
Inertia J = 127 kg.m?
Friction coefficient D = 0.01 Nm.s
Air density p = 1.225 kg/m®
DFIG:
Rated stator power Pps=2 MW
Frequency, f =50 Hz
Synchronous speed ns= 1500 rpm (4 poles)
Rated stator voltage Vs= 690 V
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Rotor blocked rotor voltage V.= 2070 V

Stator resistance R&=2.6 mQ

Rotor resistance (referred to stator) Ry =2.9 mQ

Stator leakage inductance Lg= 0.087 mH

Rotor leakage inductance Ly (referred to stator) = 0.087mH
Magnetizing inductance L= 2.5 mH

DC link capacitance Cgc-1ink=0.08F

Grid side filter resistance R=0.00002Q

Grid side filter inductance L=400uH

Crowbar resistance = 0.2 Q

PI regulator for RSC:

Proportional constant ofigr regulator K,_ig-= 0.5771
Integral constant of ig, regulator Ki_ig=491.5995
Proportional constant of ig-regulator K,_igr= 0.5771
Integral constant of i regulator Ki_iq-= 491.5995

PI regulator for GSC:

Proportional constant of igq regulator K,_igs= 0.004265
Integral constant ofigq regulator K;_ig;=56.8489
Proportional constant of igq regulator K,_ig= 0.004265
Integral constant ofiqg regulator Ki_iq= 56.8489

PID regulator for RSC:

[1]
[2]

(3]
(4]
[5]
[6]
(7]
(8]
[°]
[10]

[11]
[12]

[13]
[14]

[15]

Proportional constant of igr regulator Ky_iqr= 0.004265
Integral constant ofigr regulator K;_igr=0.085427
Derivative constant ofig regulator Ky_igr= 1.59175
Proportional constant ofiqr regulator K,_ig-= 0.004265
Integral constant ofiq regulator Ki_iq= 0.085427
Derivative constant ofiq, regulator Kq_ig= 1.59175
Filter coefficient N=44.904
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