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DYNAMIC RESPONSE IMPROVEMENT OF DOUBLY
FED INDUCTION GENERATOR-BASED WIND
FARM USING FUZZY LOGIC CONTROLLER

Hany M. Hasanien — Essam A. Al-Ammar

Doubly fed induction generator (DFIG) based wind farm is today the most widely used concept. This paper presents
dynamic response enhancement of DFIG based wind farm under remote fault conditions using the fuzzy logic controller. The
goal of the work is to improve the dynamic response of DFIG based wind farm during and after the clearance of fault using
the proposed controller. The stability of wind farm during and after the clearance of fault is investigated. The effectiveness
of the fuzzy logic controller is then compared with that of a PI controller. The validity of the controllers in restoring the
wind farms normal operation after the clearance of fault is illustrated by the simulation results which are carried out using
MATLAB/SIMULINK. Simulation results are analyzed under different fault conditions.
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1 INTRODUCTION

As a result of conventional energy sources consump-
tion and increasing environmental concern, great efforts
have been done to produce electricity from renewable
sources, such as wind energy sources. Institutional sup-
port on wind energy sources, together with the wind en-
ergy potential and improvement of wind energy conver-
sion technology, have led to a fast development of wind
power generation in recent years [1-3]. Proposals for wind
developments in the hundreds of MWs are currently being
considered. Interconnection of these developments into
the existing utility grid poses a great number of chal-
lenges [4].

The doubly fed induction generator (DFIG) based
wind turbines are nowadays more widely used in large
wind farms. The main reasons for the increasing number
of DFIGs connected to the electric grid are low converter
power rating and ability to supply power at constant
voltage and frequency while the rotor speed varies [5].
The DFIG concept also provides possibility to control the
overall system power factor.

In the DFIG, the stator is directly connected to the
grid and the three phase rotor windings are supplied from
a pulse width modulated (PWM) frequency converter via
slip rings as shown in Fig. 1. The control performance is
excellent in normal grid conditions allowing active and
reactive power changes in the range of few milliseconds
[6].

In low penetration level of wind power, Wind farms
mostly do not take part in voltage and frequency control
and if a fault occurs, the wind farms are disconnected and
reconnected when normal operation has been resumed.

Thus, the frequency and voltage are maintained by con-
trolling the large power plants as would have been the
case without any wind turbines present [7].

However, a tendency to increase the amount of elec-
tricity generated from wind is observed. Therefore, many
researches nowadays trend to study the dynamic response
of wind farms during and after the clearance of the fault
without disconnection of the wind farms [8-10]. This rep-
resents a challenge of the DFIG based wind farms con-
trollers in order to make the system stable and recover it
again to its normal operation condition.

Due to their simple structure and robust performance,
proportional-integral (PI) controllers are the most com-
mon controllers used to generate the signal that controls
the DFIG. However, the success of the PI controller, and
consequently the performance of the DFIG depend on
the appropriate choice of the PI gains. Fine tuning the
PI gains to optimize performance takes a lot of time, and
it is cumbersome especially when the system is nonlin-
ear. Fuzzy logic controller (FLC) provides another way
of thinking to control a nonlinear process based on hu-
man experience. This may be considered as a heuristic
approach that can improve the performance of closed loop
systems [11].

In this paper, a detailed model for representation
DFIG based wind farm in power system dynamics simula-
tions is presented. MATLAB/SIMULINK dynamic soft-
ware program is used for this study [12]. This paper
presents dynamic response enhancement of DFIG based
wind farm under remote fault conditions using the fuzzy
logic controller. The goal of the work is to improve the
dynamic response of DFIG based wind farm during and
after the clearance of fault using the proposed controller.
The stability of wind farm during and after the clearance
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of fault is investigated. The effectiveness of the fuzzy logic
controller is then compared with that of a PI controller.
The validity of the controllers in restoring the wind farms
normal operation after the clearance of fault is illustrated
by the simulation results which are performed and ana-
lyzed under different fault conditions.

2 MATHEMATICAL MODEL OF THE DFIG

For analysis of control strategies, the mathematical
model of doubly fed induction machine, in per unit nota-
tion with motor convention in d—q reference frame is [13]

. w 1 dd}sd

Vsd = Tslsd — ;b¢sq + Jb dt 5 (1)
. w 1 dv,

Vsq = T'slsq + C&waSd + o dtq , (2)
. W — Wy 1 dwrd

rd = T'rilrd — r - ’ 3

Upd = Tpirg 5 Yrq + T (3)
. W — Wy 1 dq/}r

Upg = Trirg + Vrg - dtq (4)

In these equations, w is the rotational speed of the
d—q reference frame (rad/sec), and it represents the grid
frequency. wy is the base speed which will be the systems
nominal speed w; (rad/s) and w, is the electrical speed
of the rotor (rad/s). vs and v, are the stator and rotor
voltages (pu). is and i, are the stator and rotor currents
(pu). rs and 7, are the stator and rotor resistances (pu).
U, and ¥, are the stator and rotor magnetic fluxes link-

age (pu).

The correlation between fluxes and currents is [14]

Ysd = Xsdlsd + Xmdlrd , (5)
Vsq = Xsqlsq + Xmglrg ; (6)
Yrd = Xrdird T Xmdlsd , (7)
Yrqg = Xrqirg + Xmaqlsq (8)

where ys; and x, are the stator and rotor leakage re-
actances (pu), X is the mutual magnetizing reactance
(pu). The electromechanical torque Te,, (pu) is given by

Tem = Z.sqwsd - isdd)sq . (9)

In this paper, the d—¢ frame is rotating at the syn-
chronous speed ie w = ws. The ¢ axis is aligned with
the stator voltage, as shown in Fig. 2. This implies that
vsq = 0 and vsq = v,. This approach is useful for doubly
fed machines where the control is performed by a means
of the rotor voltage. The stator voltage is the grid volt-
age, which is approximately constant in a stable grid. The
rotor voltage is referred to the same frame. It consists
in general of two non- zero d-q components. This d—q
frame orientation decouples the active power from reac-
tive power and they can be con- trolled independently.
The stator active power P; and reactive power (s are
expressed as follows

Ps = VUsqlsq s

Qs = Usqisd .

3 WIND TURBINE MODEL
3.1 The aerodynamic model

The aerodynamic model of a wind turbine is deter-
mined by its power speed characteristics [15]. For a hor-
izontal axis wind turbine, the mechanical power output
that a turbine can produce is given by

PT)’L = %CP()H B)pU,BA (12)
where p is the air density (kg/m?), u is the wind speed
(m/s), A is the area covered by the rotor (m?), and C, is
the power coefficient which is a function of both tip speed
ratio, A, and blade pitch angle 8 (deg). In this work, the
Cp equation is approximated using a non-linear function
according to [16].

—12.5
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— — — vy
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where )\; is given by
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0.035 (14)

N AN1+0083 pBE+1-

The turbine power characteristics are illustrated as
shown in Fig. 3. These characteristics are plotted at pitch
angle 5 =0 (deg).
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Fig. 5. The model system

3.2 Pitch angle controller

In this study, the conventional pitch angle controller
shown in Fig. 4 is used. The minimum pitch angle Bnin
is 0° and the maximum pitch angle Sy is 45°. Ac-
cordingly, for a more realistic simulation, a rate limiter is
implemented in the pitch controller model. In this paper
the maximum pitch angle rate is set at 2 degrees/second.
The purpose of using the pitch controller is to maintain
the output power of wind generator at rated level by con-
trolling the blade pitch angle of turbine blade when wind
speed is over the rated speed.

4 WIND FARM MODEL SYSTEM

The power system model used for dynamic response
of DFIG based wind farm is as shown in Fig. 5. Here,
a 9 MW wind farm consisting of six 1.5 MW wind tur-
bines connected to a 25 kV distribution system exports
power to a 120 kV grid through a 30 km, 25 kV feeder. A
500 kW resistive load and a 0.9 Mvar (quality factor=>50)
are connected at the 575 V generation bus. This filter is
used for reactive power compensation. The turbine power
characteristics are illustrated as shown in Fig. 3. Wind
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turbines using a doubly-fed induction generator consist
of a wound rotor induction generator and an AC/DC/AC
IGBT- based PWM converter. The switching frequency
is chosen to be 1620 Hz. The stator winding is connected
directly to the 60 Hz grid while the rotor is fed at variable
frequency through the AC/DC/AC converter. The DFIG
technology allows extracting maximum energy from the
wind for low wind speeds by optimizing the turbine speed,
while minimizing mechanical stresses on the turbine dur-
ing gusts of wind. The optimum turbine speed producing
maximum mechanical energy for a given wind speed is
proportional to the wind speed. The data of wind tur-
bines, DFIG, PWM converter, and DC link are illustrated
in Appendix. The system base is 10 MVA.

5 ROTOR SIDE CONVERTER CONTROLLER

The stator of DFIG is connected directly to the grid.
The rotor of DFIG is connected to the grid through
AC/DC/AC frequency converter. The simulation pro-
gram is carried out in a numerical simulation, using one of
Matlab toolboxes, Simulink. All the system components
are simulated using this program blocks.

The stator currents I,pc.s, the rotor currents I, and
the grid converter currents Iypc grid- conv are transformed
into the d-¢q quantities Iqqs, ldqr, and Iqqgrid-conv T€-
spectively. The voltage of the bus By is V.. Three-
phase phase locked loop (PLL) can be used to get the
frequency of the voltage waveform and the angle theta
(theta= wt). A torque controller is used to control the
torque and maintains the speed w, at certain constant
value. The inputs of the torque controller are w,, I4qs,
Tag-r y Tdg-grid-conv , frequency, and Vyqs. The output of the
torque controller is the d-axis desired rotor current I} .
The torque controller consists of two cascaded blocks. The
first block is called torque reference, which can be used
to produce the command torque signal T.on, . The second
block is the torque regulator, which can be used to pro-
duce I3}, . Inside the torque reference block, the power
losses of DFIG is subtracted from the input mechanical
power of DFIG to obtain the reference electrical output
power Pele ot Of DFIG. Pge o is divided by the gener-
ator speed w, to get the torque command Tcop, . In the
torque regulator, stator flux estimator is used to estimate
the magnetic flux. The magnetic flux and T, are used
to get Ij.. The reactive power controller (Q regulator)
is used to produce the g-axis desired rotor current I,
where the Q.o is compared with the actual @ of bus
By and the reactive power error is used to produce I,
via a PI controller. A current regulator is used to pro-
duce the reference voltages V. These d—¢q voltages can
be transformed into abc quantities to produce the control
signals of the rotor converter. These control signals feed
three phase pulse width modulation (PWM) generator to
produce the firing pulses to the rotor converter.
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Table 1. The rules of FLC1
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6 GRID SIDE CONVERTER CONTROLLER

In the grid side converter controller, the voltage of bus
B Vibe and the grid converter currents Iupe-grid-conv are
transformed into the d-¢ quantities Vg, and Ig, respec-
tively. A dc bus voltage regulator is used to produce Igyer-
The inputs of the dc bus voltage regulator are the refer-
ence dc bus voltage Vieret and the actual value of dc bus
voltage Vy.. Vg. is compared with Vyc.er to yield the
voltage error which feeds a PI controller to get Igqrer. A
current regulator is used to produce the reference volt-
ages Vj . These d—g voltages can be transformed into
abc quantities to produce the control signals of the grid
converter. These control signals feed three phase PWM
generator to produce the firing pulses to the grid con-

verter.

7 THE FUZZY LOGIC CONTROLLER (FLC)

For a good performance of DFIG based wind farm, four
fuzzy logic controllers FLC1, FLC2, FLC3, and FLC4 are
used. The PI controller in the dc bus voltage regulator is
re- placed by the FLC1. The PI controller in the reactive
power regulator is replaced by the FLC2. The PI con-
trollers in current regulators of rotor side converter con-
troller and grid side converter controller are replaced by
the FLC3 and FLC4 respectively.

In FLCI1, the reference dc bus voltage Vgcrer is com-
pared with the actual voltage Vj. to obtain the volt-
age error eVy.(t) as shown in Fig. 6. Also this error is
compared with the previous error eVy.(t — 1) to get the
change in error AeVy.(t). The inputs of FLCI are eVy.(t)
and AeVy.(t). The output of the proposed controller is
Algre(t) which is added to the previous state of current
Tares(t — 1) to obtain the reference current Igpet(t). The
others FLCs are based on the same approach as in FLCI.

The membership functions are defined off-line, and
the values of the variables are selected according to the
behavior of the variables observed during simulations.
The selected fuzzy sets for FLC1 are shown in Fig. 7.
The control rules of the FLC1 are represented by a set
of chosen fuzzy rules. The designed fuzzy rules used in
this work are given in Table 1. The fuzzy sets have been
defined as: NL, negative large, NM, negative medium, NS,
negative small, ZR, zero, PS, positive small, PM, positive
medium and PL, positive large respectively.

7 SIMULATION RESULTS

In this study, the steady state operation of the DFIG
and its dynamic response to voltage sag resulting from a
remote fault on the 120 kV grid are observed. The wind
speed is main tained constant at 10 m/s. The control
system as stated above uses a torque controller in order
to maintain the speed at 1.09 pu The reactive power
produced by the wind turbine is regulated at 0 Mvar.

Two cases are taken into consideration according to
the severity of the fault as described below.

7.1 Case One

Initially the DFIG based wind farm produces 4.8 MW.
This active power corresponds to the maximum mechan-
ical turbine output for a 10m/s wind speed (0.55 x*
9MW= 495 MW) minus electrical and mechanical
losses in the generator. The corresponding turbine speed
is 1.09pu of generator synchronous speed. The dc bus
voltage is regulated at 1200 V and reactive power is kept
at 0 Mvar. At t = 0.03 s, the positive-sequence voltage
suddenly drops to 0.8 pu causing an oscillation on both
the dc bus voltage and the DFIG output power. Dur-
ing the voltage sag, the control system regulates dc bus
voltage and reactive power at their set points (1200 V,
0 Mvar). The system recovers to the original state at
t=0.13s.
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Table 2. The optimal values of the PI controllers gains Pitch angle
controller

Pitch angle controller
Reactive power controller
DC bus voltage controller k, =0.002, k; = 0.05
Grid side converter current controller £k, = 2.5, k; = 500
Rotor side converter current controller k, = 0.3, k; = 8

kp = 500, k; = 20
ky =005,k =5

Table 3. The optimal values of the PI controllers gains

Pitch angle controller
Reactive power controller
DC bus voltage controller kp =0.001, k; = 0.02
Grid side converter current controller k, = 2.5, k; = 400
Rotor side converter current controller k, = 0.3, k; =8

kp = 500, k; = 20
ky =001, k; =5

The optimal values of the gains of the PI controllers
are set as shown in Table 2. These PI controllers gains are
optimized using the most commonly used Ziegler Nicholas
method.

Figures 8-15 show the dynamic response of DFIG
based wind farm under this fault conditions when pro-
vided with the proposed fuzzy logic controllers as com-
pared with the PI controllers of optimal gains. By in-
spection of the dynamic response, it can be realized that
the dynamic response of the DFIG based wind farm when
provided with the fuzzy logic controllers is improved com-
pared with that obtained when the DFIG based wind

285

g Labc-B575 (pu)

0 0.05

0.15
Time (s)

Fig. 9. The current I pc Bs75 (PU)

3 Tabe-B25 (pu)

R

Fig. 11. The current I,pc B2s (pu)

farm is provided with the PI controllers. The response
is fast with minimum overshoots. Moreover, the steady
state error after the clearance of fault is rigorously re-
duced when the fuzzy logic controllers are used.

7.2 Case Two

The initial conditions of the DFIG based wind farm
are the same as in case one. The DC voltage is regulated
at 1200 V and the reactive power is kept at 0 Mvar. At
t = 0.03 s the positive-sequence voltage suddenly drops
to 0.5 pu causing a very large oscillations on the DC bus
voltage and on the DFIG output power. During the volt-
age drop, the control system regulates DC voltage and
reactive power at their set points (1200 V, 0 Mvar). In
this case, the controllers of DFIG based wind farm deal
with a severe fault. Here, the main target of these con-
trollers is to diminish the oscillations and also to improve
the stability of the system.

The optimal values of the gains of the PI controllers
are set as shown in Table 3.

Figures 16-23 show the dynamic response of the DFIG
based wind farm under this fault conditions when pro-
vided with the proposed fuzzy logic controllers as com-
pared with the PI controllers of optimal gains. It can be
observed that during the voltage drop period and the in-
stants after clearance of the fault, there are some little
fluctuations in active and reactive power but the system
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recovers to its good stability state. By inspection of the
dynamic response, it can be realized that the dynamic re-
sponse of the DFIG based wind farm when provided with
the fuzzy logic controllers has maximum percentage over-
shoot lower than that experienced by the PI controllers.
The fuzzy logic controllers improve the system damping
after the first overshoot in compared with that of the
PI controllers. It also yields a much faster response that
allows the system to reach the steady state after 0.22 s,
while in the PI technique; it reaches the steady state after
0.25 s.

9 CONCLUSION

This paper has presented a novel fuzzy logic controller
to ensure dynamic response improvement of doubly-fed
induction generator based wind farm under remote fault
conditions. The fuzzy logic controller is found to enhance
the transient stability of DFIG based wind farm during
and after the clearance of the fault under different fault
conditions. The dynamic response is found to be supe-
rior to that corresponding to the conventional PI con-
troller. The proposed methodology is even suitable to
other power systems related applications such as FACTS
devices, voltage source converter based HVDC system
and so on, especially in the cases where it is difficult to
determine the suitable transfer function of a complex and
larger system.
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APPENDIX

Doubly-fed induction generator data, PWM and DC
link data and wind farm data.

Table 4. Doubly-fed induction generator data

The number of units 6

The nominal apparent power for each unit 1.666 MVA
The total apparent power (pnom ) 10 MVA
The nominal line-line voltage (Vims) 575V

The nominal frequency ( foom ) 60 Hz

The stator resistance (rs) 0.00706 pu
The stator inductance (L) 0.171 pu
The rotor resistance (m) 0.005 pu
The rotor inductance (L, ) 0.156 pu
The mutual inductance ( Ly, ) 2.9 pu

Number of pole pairs 3

Inertia constant (H ) 5.04 s
Friction factor (F) 0.01 pu
Table 5. Wind farm data
Number of units 6

The nominal mechanical power of each unit(pmec) 1.5 MW

The total mechanical power IMW
The base wind speed 11m/s
The maximum power at base wind speed

0.73 pu

(pu of nominal mechanical power)
Base rotational speed (pu of base generator speed)1.2 pu
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Table 6. PWM and DC link data

The PWM frequency 27 * froom
The nominal DC link Voltage V41200 V
The DC bus capacitor (C') 60000 (uF)
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