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Abstract—With increasing global great concern over
greenhouse gas emissions and their harmful effects on
environment, huge number of wind turbines are recently
connected to electrical grids. Nowadays, Egypt has
continuous development of wind energy projects; it makes a
great effort at Gulf of Suez area especially in Al-Zafarana
district. This paper focuses on studying the dynamic
performance of the 5™ phase of Al-Zafarana wind farm,
which is made of 100 Gamesa G52/850kW Doubly Fed
Induction Generator (DFIG) machines, using
Digsilent/PowerFactory simulation tool as an advanced
simulation package. As DFIG is currently one of the most
common types employed for Wind Energy Conversion
System (WECS), the paper also implements a dynamic
model for 850kW DFIG machine based WECS in
Matlab/Simulink environment. A dual reference frame
control strategy is applied here to improve the dynamic
system performance during balanced and unbalanced grid
voltage conditions.

Index Terms—Doubly Fed Induction Generator (DFIG),
power generation control, unbalance grid voltage conditions,
vector control, Wind Energy Conversion System (WECS)

I.  INTRODUCTION

Fossil fuels are still the back bone of energy
production in many regions of the world; however their
harmful environmental impacts on all living creatures
have hit the danger horn to depend on new clean
renewable energy resources.

Wind Energy Conversion System (WECS) has the
leading position among other renewable energy resources
due to its competitive cost of generated electrical power.
Wind turbines can be classified into two types; fixed-
speed and variable-speed turbines. The fixed-speed wind
turbine is equipped with an induction generator which is
directly connected to the grid and rotates at a constant
speed regardless the wind speed. It is a simple and rugged
system, but it has several drawbacks; one of them is the
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incapability of the system to absorb high fluctuations in
torque and power at variable wind speed that cause
terminal voltage variations which deteriorate system grid
voltage [1], [2]. On the contrary, variable-speed wind
turbine can operate smoothly at wind speed variations
without any exported torque and power fluctuations due
to its continuous adjusting of the wind turbine rotational
speed with the wind speed. Therefore it reduces
mechanical stresses and improves the power quality and
hence the overall system efficiency.

Nowadays, variable-speed wind turbines equipped
with Doubly Fed Induction Generator (DFIG) directly
connected to the grid are widely used due to several
features. DFIG can supply electrical power to the grid at
constant voltage and constant frequency, while the rotor
can operate at sub-synchronous mode or super-
synchronous mode. Besides, DFIG’s generated active and
reactive power can be controlled independently, and the
power converter is much cheaper as its rating is only
about 30% of the total system power [3], [4].

With the high penetration of renewable resources in
the electrical grids especially wind power, WECS are
expected to behave as conventional power plants by
accomplishing grid code requirements along with its
operation status. Fault Ride Through (FRT) is considered
one of the most extreme grid code requirements. This
enables the wind turbine to continue in operation during
different unbalanced grid voltage conditions and also to
support terminal voltage by feeding reactive current to
the grid [5]-[7]. As a result of the direct connection
between the DFIG stator and the system grid, the
unbalanced grid voltages induce unbalanced currents
which cause significant oscillation ripples in torque,
power and DC link voltages. The resultant torque ripples
could lead into severe mechanical stresses on the drive
train and gearbox as well as become a source of acoustic
noise. The unbalanced currents also cause hot spot
regions at stator and rotor windings that would decrease
insulation’s life time or cause complete insulation failure
[8]. Hence, protective measures should be taken into
consideration to achieve stable continuous operation
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within grid code margins without further stresses on
power converters.

In this paper, the 5™ phase of Al-Zafarana wind farm is
implemented using Digsilent/Powerfactory tool to study
and analyze the dynamic operation of that wind farm
during different grid voltage conditions to study and
assess the influence of unbalanced grid voltage conditions
on wind turbines. Gamesa G52/850kW DFIG machine,
which is employed in Al-Zafarana (Phase-5), is also
modeled and implemented with a dual sequence reference
frame control scheme in Matlab/Simulink to improve its
control system stability during balanced and unbalanced
grid voltage conditions.

Il. DFIG-BASED WIND ENERGY CONVERSION
SYSTEMS

Due to its vital advantages among other variable wind
turbine types such as reduced converter sizing, reduced
cost, and improved efficiency, DFIG dominates the wind
energy market. Configuration of the overall DFIG-based
WECS is depicted in Fig. 1. The stator winding is directly
connected to the grid via a step up transformer, while the
rotor winding is connected to the grid via two bi
directional back to back Voltage Source Converters (VSC)
linked by a DC bus and coupled with slip rings to rotor
windings. Two levels VSC are commonly used, each
consisting of six insulated bipolar transistors and
respective antiparallel diodes. The Rotor Side Converter
(RSC) is used to independently control the stator active
and reactive output power from the machine by
controlling independently the rotor current of the DFIG.
RSC determines the rotor speed and the reference power,
and then it regulates the active and reactive power by
acting on rotor current components. The Grid Side
Converter (GSC) is used to independently control the DC
link voltage and to govern the active and reactive power
exchange between rotor and system grid [4].

Wind
Turbine

Grid

Partial Scale Power
Converter

| Control System |

Figure 1. DFIG based WECS overall configuration scheme

The power converter scheme configuration is mainly
used to decouple the electrical grid frequency from the
mechanical rotor frequency, and to provide rotor voltage
whose magnitude and phase angle are adjustable. This
variable rotor voltage let the system makes continuous
adjustment for the rotor speed at different wind speed
variations. Hence rotor variable speed operation is
normally enabled around #30% of the synchronous speed.
The power converter also enables the DFIG to work
under the four quadrants in the complex PQ-plane, this
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means that the DFIG is capable to deliver and control
reactive power exchange with the system grid [9], [10].

I11. MODELING & CONTROL OF DFIG-BASED WECS

DFIG modeling and control have been studied in
details in [11]-[19]. Wind turbine model and DFIG model
will be reviewed in the following sections.

A. Wind Turbine Modeling Equations

Wind turbine captures the mechanical energy from
moving air streams by its rotating blades and converts
them into electrical energy. As the kinetic energy stored
in the moving air stream is function of the cube of wind
speed, the wind power can be presented by [9], [11]:

1
PWZEPAUVSV (1)

where, P,, is the wind power (watt), p is the air density
(kg/m®), A is the rotor swept area (m?), and v, is moving
stream wind speed (m/s).

Betz reveals the limit theory which states that the wind
turbine can only convert less than 59.3% of the kinetic
energy in moving air stream into mechanical energy.
Therefore the mechanical power extracted from the wind
is given by [12]:

Pn=C,(A,B).P, = ; p.Co(A,B).A v )

where C,, is the dimensionless performance coefficient as
a function of tip speed ratio /1()\=°’ULR), and blades

pitch angle g as shown in Fig. 2. While w,, is the rotor
angular velocity (radians/sec) and the swept area
A=mR? (R is the rotor blade radius in m). The
performance coefficient C,, could be described by [14]:

—21
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where,
A =[A+0.088)"1-0035/B+ D]t ()
Therefore, the mechanical torque imposed on the

turbine’s rotor can be expressed from the mechanical
power as follows:
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Figure 2. Power coefficient characteristic curve

B. DFIG Modeling Equations

DFIG has two main operation mode scenarios
depending on the rotor speed [2], [18], as depicted in Fig.
3:
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1. Sub-Synchronous mode, which is applicable when
the rotor speed is lower than the synchronous
speed. Thus, the slip is a positive fraction.
Therefore the rotor receives power from the grid,
while both the mechanical power and rotor power
are then exported to the grid via stator windings.
Super-Synchronous mode, which is applicable
when the rotor speed is higher than the
synchronous speed. Thus, the slip is a negative
fraction. Therefore the rotor exports power to the
grid, and the mechanical power from wind is
transferred to the grid via both stator and rotor
windings.

DFIG is a complicated nonlinear system, therefore
Park Model is usually utilized to simplify and analyze its
behavior as explained in Fig. 4. Transformation into dq
reference frame is one of the powerful tools in control
scheme implementation to get all the time varying
variables in DC values [17], [18]. DFIG equivalent circuit
under synchronous dq reference frame is described in Fig.
5, and formulated by the Equations (6)-(15).
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Figure 3. DFIG sub-synchronous & super-synchronous power flow
modes
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Figure 4. Spatial diagram of reference frames relationships
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Figure 5. DFIG equivalent circuit in dq reference frame
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Voltage Equations:

d
Vas = Igs Rs + Elpds - Wy lpqs (6)
da
Vqs = Iqs Ry +E¢qs + W Py (7)
d
Var = lgr Ry + Elpdr - (ws - wr) 1»[}qr (8)
d
V;]r = [qr Rr + Elpqr + (ws - wr) lpdr (9)
Flux Equations;
lpds = Ls Ids + Lm [dr (10)
lpqs =L [qs + Ly [qr (11)
Yar = L Igs + Ly Igr 12)
Yor = Lim Igs + Ly Igr (13)
Electromagnetic Torque Equations:
Tem = np Lm (Iqs Idr - Ids Iqr) (14)
] d
Tem — Tin = a 2t Or (15)

where: Vs, Vys, Var, Vo are the dgq components of stator
& rotor voltages respectively. lyg, Iys, gy, Igr and Py,
WYys» Yar» Yqr are the dq components of stator & rotor
currents and their corresponding flux components
respectively. Rg, R, and wg, w, are the stator & rotor
resistance and synchronous speed respectively. L,, is the
magnetizing inductance. L, L, are the stator & rotor
self-inductance. T,,, is the electromagnetic torque. T,, is
the mechanical torque. J is the moment of inertia.

C. DFIG Control Principals

The main control objectives of DFIG-based WECS
could be summarized in:

1. Maximizing the captured power from wind
streams when wind speed is lower than rated
values by adopting Maximum Point Tracking
Technique (MPPT) strategy.

Limiting and controlling the output power and
rotor speed when wind speed exceeds rated values
by applying pitch angle control.

Controlling the DFIG to provide electrical power
within system power quality standards.

Putting the DFIG system in the parking mode at
higher wind gusts as a kind of protection.

Based on the Vector Oriented Control (VOC)
Technique, RSC will be designed in Stator Flux Oriented
Control (SFOC) by aligning the direct axis of the
synchronous reference frame along with the stator flux
vector, while the quadrature axis will be perpendicular to
it.

3.

4,

Yas = Ps, 1/)qs= 0

By neglecting stator resistance, then stator voltage
components could be given by:

(16)

Vas =0, V;qs =V (17)
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By applying these conditions on DFIG model
equations, the stator active & reactive power formulae
could be deduced by the following equations:

L
_VS‘L_S qr

WYs—L 1
Qs = Vqs-Ids - Vds-lqs = V;Sder

Py = Ve lys + Vqs-Iqs =
(18)

As shown, the stator active & reactive power are
decoupled and controlled independently by acting on the
rotor current components. The direct component of rotor
current Iy, is controlled to act on the stator reactive power,
while the quadrature component of rotor current I, is
controlled to act on the stator active power.

IV. DFIG OPERATION & CONTROL UNDER
UNBALANCED GRID VOLTAGE CONDITIONS

Unbalanced stator voltage conditions create negative
sequence currents that cause high temperature rise,
saturate the rotor side converter, and cause double
oscillations in torque and power. To describe unbalanced
three phase voltage system, the index of Voltage
Unbalance Factor (VUF %), which is the percentage ratio
of negative sequence voltage to positive sequence voltage
components, is used [3], [5]. The behavior of DFIG under
unbalanced grid voltage conditions is described in [20]-
[23].

The rotor flux could be rewritten in terms of stator flux
and rotor currents as:

Yr =T Y+ ol I, (19)

2
where o is the leakage factor (6 =1 — LL’” ).

s Lr
By substituting in rotor voltage equation, the rotor
voltage could be rewritten again by:

d

o (o) b (ot (40 1 @

where wg; is the slip speed. It is clear that Eq. (20) is
composed of two parts; the first part presents the
electromagnetic force due to the stator flux induced in
rotor winding, while the second part presents the voltage
drop in both rotor resistance and reactance, which is a
comparable small value. Thus, we can consider the rotor
voltage to be equal to the induced emf. [20].

(er = LL_T: (%_jwsl)-ws)

Accordingly, we can conclude that the rotor induced
emf mainly depends on both the slip and stator flux
variation. Therefore any change in grid voltage as voltage
unbalance will impact on the stator flux and consequently
to the rotor induced emf.

A. DFIG Operation under Unbalanced Voltage
Conditions

According to the symmetrical components theory,
unbalanced three phase voltage in any power system
could be resolved into three balanced sets; positive,
negative, and zero sequence components [21]. By
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ignoring the zero sequence component, the stator voltage
expression will be:

Vo= Vit + V7 =Vtelost 4 Ve st (21)

The induced stator flux in steady state will be
composed of two terms;

1. Forced flux, which is a rotational flux term. It is
the summation of two components corresponding
to the positive & negative sequence components
of stator voltage.

2. Natural flux, which is a transient term appears
because of the stator voltage change to guarantee
that there is no discontinuity in stator flux.

Therefore the stator flux is composed of two steady
state terms and one transient term as follows [21]:

Vs = P + Y5 + ¢
=V pwst ¢ VT —jwst Yle "t/ (22)
Jws —Jws s
Each flux component will induce rotor voltage in the
rotor windings depending on stator voltage amplitude and

its relative speed, therefore the total emf at rotor terminal
can be given by:
e, = ef +e; +el
= LLﬂV’r X s X elost +LL£V‘ X (s —2) x e Jost
S S

+5 (4 oo ) X E x e /s
N

= (23)

Emf formulae can be expressed in rotor reference
frame as:
L i L
e = LﬁV“L XSerS“’St+LﬁV_ x (s —2) x
N N
1 .
e TJ=Dwst 4 Lﬂ(l +]'wr) X Y X e (E+]wr)t
Ls \1s
(24)

It can be noted that the positive sequence rotor voltage
will be proportional to the slip; hence it is a small value
and exists in normal operation. But the negative sequence
rotor voltage only exists in case of unbalanced conditions,
and has a factor of two; hence it is very important
component and will negatively affect the operation of the
DFIG under asymmetrical voltage dips. The natural flux
also will induce a transitory voltage which appears firstly
in the dip and decays exponentially depending on its
initial value; so this term appears at start and end of the
dip occurrence [23].

If the total induced emf rotor voltage is greater than
rotor side converter’s rated voltage, it will cause machine
loss of control.

B. DFIG Control under Unbalanced Voltage
Conditions

DFIG control under unbalanced grid voltage
conditions is well explained in many literatures as in
[24]-[28]. In balanced grid voltage conditions, the
impacts of negative sequence components are ignored
when designing DFIG control scheme as it contains only
control loops for positive sequence components.
Therefore when unbalanced grid voltage condition exists,
the conventional control scheme will not be able to
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control or reduce the impacts of unbalanced grid
conditions on DFIG due to the singularity process control
of positive sequence components.

Hence an improved control scheme that handles the
effects of negative sequence components is a must to
enhance DFIG operation and to operate safely under both
balanced and unbalanced grid voltage conditions. Dual
sequence reference frame control strategy will be
developed and applied to take control of both the positive
and negative sequence components in synchronous
reference frame at single control scheme structure. The
main theme of dual control scheme is to measure the
network currents, to separate both rotor positive and
negative sequence components by using notch filter or
low pass filter, and finally to control the rotor currents to
be traced with the predefined reference values [25]. The
rotor positive sequence current set, as in the conventional
control scheme, is based on the controlling duties of
stator active power (or electromagnetic torque) and stator
reactive power. The rotor negative sequence current set is
based on the corresponding unbalanced control targets, as
listed in Table I.

TABLE |. DFIG CONTROL TARGETS DURING UNBALANCED

CONDITIONS
Control Target I3 I
Balancing -
stator currents Vas-/ Lm Was- / Lm
Eliminating 2Was-  Was- It 2Ygs-  Wgs- 1
stator active L Wi, A Ly, Wh, I
power _ Wos- I ‘l’ds- I*
pulsations Yk, ar+ ¢ds+ ar+
Eliminating . Was- 1+
electromagnetic Yas— I+ llJqs— I+ ¢d5+ dr+
torque T T ds= |+
pulsations 1|, oy ar+
The relationship between positive and negative

sequence components in synchronous reference frame is
described in the spatial diagram shown in Fig. 4.
Therefore any machine variable (F) including voltage,
current, and flux components will be shown in positive
and negative sequence reference frames as follows:

{F(;q = FJq"' + F(;-q_ = F(;-q+ + Fd_q_e Tzost (25)

Fig = Fig- + Figy = Fay_ + F,e120st
Therefore the dynamic equations of DFIG with

positive sequence components can be described by the
following equations sets [26]:

Vd+s+) <I¢_{s+) <¢ds+) . 0 -1 <¢:1rs+>

=R +— + jod

<Vq§+ : Ic?—s+ dt qu+ J@s (1 0 ) 1/13'54_

Vc;rr+> <1:irr+) <1/’dr+) 0 -1 <1/’;r+>

=R +— +jw}

() o () i)+ D0
<1/’;qs+) _ (LS Lm)<lc}—qs+> (26)
1r[)ji—qr+ L Ly It;qr+

While the dynamic equations of DFIG with negative
sequence components can be described by the following
equations sets [26]:
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() = () + () +ior 0 D (52)
() = () g () om0 ()
(D)= (22 ) () @)

where, w]; = wg — w, is the positive slip speed for
positive reference frame, wy = —w; is the synchronous
speed of negative reference frame, and w; = —wJ, is the
negative slip speed for negative reference frame.

Similarly as depicted in conventional control scheme,
Stator Flux Oriented Control (SFOC) will be
implemented by aligning the positive direct axis of the
synchronous reference frame along with the positive
stator flux vector [27], this yields to:

{lprJirs+ =y { Vd+s+
Ygs+ =0 Vis+

In the same manner for negative sequence control,
SFOC will be adopted by aligning the negative direct axis
of the synchronous reference frame along with the
negative stator flux vector; this also yields to:

{lp;s— = lps_ {Vd_s— =0
Y =0 Vos— = Vi~
By assuming that the stator resistance is neglected, the

stator active and reactive powers can be calculated as in
[24]:

{ Py = Pyo + Pasinez Sin(2wst) + Pycosy c0s(205t)
Qs = Qso + stinez Sin(zwst) + Qscosz COS(ZU)St)

where, P, & Q,, are the dc average values of stator
active and reactive powers, While Pygine2, Pscoszr Qssinezs
and Q.. are the pulsating terms of DFIG's stator active
& reactive powers at double grid frequency. It is noted
that stator active and reactive power contain double grid
frequency terms during DFIG unbalanced operation.
These terms are described in the following matrixes [24]:

=0

— Vs+ (28)

(29)

qs—

(30)

Pso 3L w —ll);5+ l/);i'—s+ lpq_s— _l/)(;s—
(stinez)= 272 S- _lpq_s— l/)c;s— —llif{s+ lp(+1—5+
Cscos2 ° Y- _Ian_s— 1)l’$s+ _¢;s+
Igrs
it
i (31)
—
Iq_r—
Qso 3w —¢Zs+ _lp;—s+ l/JES_ ll’q_s—
(Pssinez) = ZLS- 1/125_ lpq_s— lp:irs+ lp?z—s+
Pscosa : _1»[}(75— Yas— 1»b;—s+ _1,[);54.
f/wzs+ 1;{”\1
([ Viss |y | 1 ||
(32)

l lpds— B Idr— J
7~/Jqs— qr—
The electromagnetic torque also can be calculated as in

[24]:

Tem = Temo + Temsinez SiN(2wst) + Temcosz €0S(2wst) (33)
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where, T, is the DC average values of the
electromagnetic torque, while T, gine2, Temcosz are the
pulsating terms of electromagnetic torque at double grid
frequency.

It is noted that the electromagnetic torque also contains
double grid frequency terms during DFIG unbalance
operation. These terms are described in the following
matrix:

Temo -3L,, _¢§s+ Wis+ Wos- —Wgs-
(Temsinez> = T _lpds— _lpq_s— _qJ;‘i—s+ ¢3—5+
Temcosz o\ g g Uk Uk
[l
[{-;H- (34)

|
i)

We can conclude that when DFIG is working under
unbalanced conditions, double grid frequency terms (of
100Hz) will exist in both torque and stator power. These
pulsating terms are usually proportional to the unbalance
grid conditions status level. It is also obvious from the
above expressions that in order to enhance DFIG
operation during unbalanced conditions, the twice
frequency terms in torque & power should be eliminated
or reduced by controlling and regulating negative
sequence components of DFIG rotor side voltages and
currents as to tend to zero or lower values.

The control scheme strategy adopted in this paper
employs a main controller and an auxiliary controller.
The main controller is designed in the same manner as
described in the conventional control scheme to control
and operate the DFIG in the positive dg reference frame
during balanced conditions. The auxiliary controller is
implemented in the negative dq reference frame to
control the negative sequence currents during unbalanced
conditions. The Voltage Unbalance Detector (VUD) is
used to detect the presence of unbalance voltage and to
calculate the existing unbalance percentage. When this
percentage exceeds a predefined threshold, the auxiliary
controller immediately is switched on to handle this
situation. The implemented control strategy is described
in Fig. 6.

Stator activel

1 +Ve
Reactive power
Ly Ve lages* [ #Ve | Vages™ | Reference
Current

Current frame

ion

V.

Ve
Reference
Current frame

O P Vau®
Current | %" Ve dar

Yes Reference

Control Target I

Figure 6. Structure of the applied dual control scheme

ion

V. SIMULATION RESULTS AND DISCUSSIONS

Wind turbine model is developed and implemented in
Matlab/Simulink. The developed model is applicable for
wide range of wind turbines. It is tested on G52/850 kW
variable wind speed turbine, whose specification data is
listed in Table Il. Fig. 7 depicts the mechanical output
power and the power coefficient at each wind speed. The

©2016 International Journal of Electrical Energy

simulated model results are evaluated and compared with
its corresponding results in [19] to ensure its validity.

The model of DFIG-based WECS is developed and
implemented in Matlab/Simulink. It is tested on real data
of 850 kW DFIG machines, specification data for 850
kW DFIG machine is also tabulated in Table 11 [19], [29].
It is also validated in the same manner by evaluating and
comparing its performance with its corresponding results
in[17], [18].

TABLE Il. PARAMETERS OF 850KW WIND TURBINE & DFIG MACHINE

[19], [29]
850kW wind turbine specifications 850kW DFIG machine data
Rated Power 850kW Voltage and Freq. %%?4\;
Cut-in wind Speed 4m/s Pole pairs 2
Nominal wind Speed 16m/s Stator resistance 0.00332Q2
Cut-out wind Speed 25m/s Rotor resistance 0.00278Q
Blade radius 24m Stator inductance | 0.00649H
Turbine rotor speed | 14.6-26.2rpm | Rotor inductance | 0.00652H
Number of blades 3 Mutual inductance | 0.00641H
Air density 1.225Kg/m® | Inertia 30Kg.m’
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Figure 7. Mechanical power and power coefficient versus wind speed

Extensive simulation results are carried out using
Matlab/Simulink for 850kW DFIG machine during
balanced and unbalanced grid voltage conditions in order
to verify the applied dual reference frame control scheme
and to evaluate the behavior of DFIG within such
different situations.

Finally Al-Zafarana wind farm (phase-5), which
consists of 100 wind turbines with 850kW DFIG machine
with each turbine, is implemented and simulated using
Digsilent/PowerFactory software to study the behavior of
this large system during balanced and unbalanced grid
voltage conditions.

Some general assumptions have been taken into
consideration; the grid disturbances are considered of
short duration whose maximum value is a few hundred of
milliseconds. The wind speed is assumed to be constant
since the grid disturbance is of small time change and it is
faster than wind speed variations. The impact of pitch
angle regulation is ignored and the input mechanical
governor torque to DFIG is considered constant.

A. 850kW DFIG Performance Results

Many simulation tests have been carried out to verify
the DFIG performance at wind variations (high, medium,
and low) and VAR regulation. MPPT technique is
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applied on this case study model by providing lookup
table that supplies the rotor side converter controller with
reference generator rotational speed to keep and make the
DFIG on this reference track to maximize and harvest
maximum power from wind at lower wind speed values.
Fig. 8 shows the response of rotational speed,
electromagnetic torque, and active & reactive power

within turbulence wind speed variations, and its
capability to deliver rated active power to grid.
16 ij(m/s)
0 ; ; ;
2 4 6 8 10
Te (N.m)
ol I
-5000 j ;
-10000 ; :
4 6 8 10
0% 71(7)57 _Ps (Wat)
Bl |
-10 i i '
2 4 6 8 10
5 10° ? Qs (VAR) ’
2 4 6 8 10
Time
Figure 8. Response of 850kW DFIG during turbulence wind and VAR
regulator

The results depicts DFIG behavior during turbulence
wind speed values, and the control scheme capability to
take control and deliver the output active & reactive
power within rated production limits. Based on the
achieved results, it reveals the machine capability to
regulate reactive power according to grid network needs
independently away from active power control. Hence it
proves the reliability of vector oriented control scheme
presented.

Wr (pu} Wr {pu)

15

0.5
1

Mo
Don s

N
e
a
w

oM
R oM

vomn A

Figure 9. Response of 850kW DFIG without using the applied VUD
dual control scheme at (A) 30% dip, and (B) 20% dip
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Figure 10. Response of 850kW DFIG with using the applied VUD dual
control scheme at (A) 30% dip, and (B) 20% dip

Furthermore, the applied VUD dual reference control
scheme is tested on DFIG model to investigate the DFIG
response during unbalanced grid voltage conditions and
to reduce the impacts of negative sequence effects on
DFIG operation. Voltage dips of 30% and 20% have been
applied on the implemented DFIG model at t=3.1sec with
a clearance time of 400ms. Fig. 9 & Fig. 10 show the
response of the 850kw DFIG machine without and with
implementing the VUD dual control scheme respectively.
The achieved results ensure that the DFIG applied control
scheme could successfully control the machine after the
clearance of the unbalance conditions and restore it again
to normal operation status.

B. Case Study; Al-Zafarana Wind Farm
Digsilent/Power-Factory Model Results

Al-Zafarana wind farm is established at Red Sea coast
in south east of Cairo, Egypt. Phase-5 of Al-Zafarana is
taken into account in this paper for analytical purposes. It
is made up of 100 Gamesa G52/850kW variable speed
wind turbines which employ DFIG, with total rated
power of 85MW and connected to the Egyptian unified
220KV grid by two OHTL [30]. The simplified electrical
layout is shown in Fig. 11. The wind turbines with
attached DFIGs are distributed within seven feeders, and
each wind turbine set is connected to 690V/22kV local
step up transformer. The collected electrical power is
gathered from downward feeders and connected to
Zafarana substation, which belongs to the Egyptian
Electricity Transmission Company. It contains three
75MVA, 22/220kV main step up transformers, that
connect the entire wind farm to the 220kV network.

Circult1 §
WiG1 n, Al-Zafarana Wind Farm
Phase 5

100 x Gamesa G52/850Kw

B

Unified National Grid
220kv

Cabley

uuuuu

BUSyrg; BUSyrgny

Figure 11. Simplified layout of Phase-5 of Al-Zafarana wind farm
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A series of simulations has been carried out on this
wind farm to evaluate its performance during balanced
and unbalanced grid conditions. A load of 10MVA,
which represents the auxiliary equipment loads of the
wind farm, is attached to the network at 220kV (1 p.u)
bus bar and is directly supplied by the wind farm.

Al-Zafarana Wind Farm _ (100 X 0.85 MW )

DFIG __ 0.85 MW, 0.69 KV
G Tr __1.5MVA, 0.69/22 KV
Hi Voltage Transformer __ 75 MVA, 220/22 KV

Project: Zafarana
Graphic: Grid_Phase 5
Date:  12/4/12015
Annex:

PowerFactory 14.1.3

At balanced grid voltage conditions, the load power
flow of the entire wind farm is described in Fig. 12,
showing all corresponding data for all equipments. While
Figs. 13 & 14 depict the performance of the grid and one
wind turbine within the farm as a sample (DFIG No. 1),
which are in stable operation as noted at its rated nominal
values.

Three Single Line to Ground (SLG) faults are assumed
to be occurred on one OHTL that connects the farm to the
220kV grid (Line 1_G) at different time instants. The
simulated faults are of different fault resistances; at

Qﬁzgggmw Electrical Unified . .
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and rotor flux and therefore as a result, a reduction of
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active power and electromagnetic torque occur. DFIG
demagnetizes all energy stored at the fault instant into
stator winding by reactive power peaks. The generator
rotational speed will accelerate due to the electromagnetic
torque decreasing and its associated torque drops with
mechanical torque.

When the fault is cleared, the normal conditions of
wind farm are successfully restored again for the three
tested fault cases; the stator voltage, the active & reactive
power, and the -electromagnetic torque have been
recovered to their initial values before fault occurrence.

VI. CONCLUSION

In this paper, a dynamic DFIG-based WECS is
developed and implemented in Matlab/Simulink. The
model is tested on real data of Gamesa G52/850kW DFIG
machine which is used in Phase-5 of Al-Zafarana wind
farm in Egypt.

Conventional control scheme for Rotor Side Converter
(RSC) is developed in dqg synchronous reference frame
and applied on DFIG model to independently control
stator active (or rotational speed) and stator reactive
power by acting on quadrature and direct components of
rotor current respectively. The conventional control
scheme is capable to control DFIG machine within rated
production limits during wind turbulence and reactive
power regulations. However, it couldn't be able to control
or handle the impacts of negative sequence components
as in torque and power pulsations at unbalanced grid
voltage conditions.

A dual reference frame control scheme is applied to
improve the behavior of DFIG operation during
unbalance conditions. It adopts two controllers; main
controller that is designed in the same manner as in
conventional control scheme to regulate positive
sequence components during balanced conditions, and
auxiliary controller to mitigate the negative sequence
components effects on DFIG performance, by acting on
negative sequence components in rotor currents. Voltage
Unbalance Detector (VUD) is employed to detect the
presence of unbalance grid voltage conditions. The
auxiliary controller is only switched on when unbalance
voltage exceeds risk limits and switched off again after
the clearance of unbalance voltage conditions.

Simulation tests have been executed at different
conditions to test the dynamic performance of DFIG-
based WECS. The achieved results reveal the capability
of the applied control scheme to control DFIG machine
effectively during unbalance grid conditions by restoring
the DFIG machine again with its normal status as it was
before unbalanced grid conditions.

The 5™ phase of Al-Zafarana wind farm (85MW) is
also  implemented using  Digsilent/PowerFactory
simulation tool. Simulations have been accomplished on
it during balanced and unbalanced grid conditions to
check the dynamic performance of wind farm interaction
with power grid utility. Three different SLG faults
conditions have been simulated to be occurred on one
OHTL that connects the wind farm with the grid network.
These faults conditions have exported voltage dips of

©2016 International Journal of Electrical Energy

50%, 30%, and 20% values on DFIG terminal voltage.
Results show that the more voltage dip depth, the more
power and torque pulsations occur at the starting and
ending time of fault case.
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