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Abstract: The socioeconomic indicators are exclusively dependent upon the growth of energy for every country.
The rise of population and urbanization on one hand and environmental degradation by fossil fuel sources on the
other has realized the world for sustainable sources of energy to meet the energy imbalance. Therefore, high
penetration of wind energy is need of the hour to meet the challenge of rising consumption of power. Globally,
wind energy trends are witnessing a rapid growth with the passage of time. In this research contribution, the
Doubly Fed Induction Generator (DFIG) derived wind power generation has been selected to harness wind energy
at variable speed. The uncertain and fluctuating nature of wind flow cause power quality problems. MATLAB
simulation model has been designed and response of power quality issues like voltage sag and harmonic distortion
is checked both at No load and with load at the point of common coupling (PCC). For smooth integration of wind
turbine generator with power grid, pulse width modulated (PWM) voltage source converters (VSC) are used both
at the rotor side converter (RSC) and the grid side converter (GSC). Proportional integral (PI) controllers are used
along with VSC for high power output.
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1. Introduction

The world is experiencing wind energy with high penetration causing multifold increase in the wind energy
capacity [1]. The wind energy conversion system (WECS) not only aims at maximizing the power at variable wind
speeds but it should also provide good power quality [2]. Typically, due to its elegant performance with variable wind
speeds, partial scale convertors, effective active and reactive power transfer and control capacities, low equipment costs
and reduced power losses, DFIG has been chosen to maintain maximum power output [3]. It covers more than 50% of
worldwide onshore large-scale wind power installations [4], [5].

The main problem with WECS on a converter basis is that frequency and voltage variations [ 6-7] are driven by the
variable wind speed. Large oscillations in wind speed as stated above significantly change the power output as a result
of irregular environmental conditions [8]. For the operational efficiency and reliability, DFIG based wind power
generation must be capable of staying with power grid and contribute towards voltage stability. Since, DFIG uses a
bidirectional VSC which enables it to receive and transfer reactive power [9-10].
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The existing literature on grid integrated DFIG is given as follows; The operation of grid integrated DFIG under
balanced conditions was investigated in [11]. Power quality issues of grid integrated DFIG were discussed in [12]. It
highlights that the high penetration of wind energy becomes source of increased percentage of total harmonic distortion
(THD). A synchronous generator (SG) and DFIG identified in [13] provided an analysis of the power quality of WECS
linked to the power system network under conditions of a variable wind speed. In [14] the rotor overvoltage reaction
was studied in wind generation based on DFIG. The study examined the effects of one voltage drop event on voltage,
phase angle jump (PAJ), and the point on the wave (POW). The effects of DFIG penetration, small signal and transient
stability were investigated in [15]. The wind energy with high penetration became source of sustained oscillations in
the WECS. The voltage stability of power grid with high penetration of wind energy was discussed in [16]. It analysed
the active power for the determination of limits of stability in voltage keeping in view maximum load ability limit to
guarantee the generated power.

This paper analyses the effect of fluctuations / oscillations in case of variable wind speed on electrical power
output. Moreover, transient conditions due to variation in supply voltage have been considered. PWM based voltage
source converters have been used along with conventional PI controllers both at RSC and GSC. To avoid the error in
the magnitude and the phase angle, phase locked loop (PLL) has been used to maintain synchronization with power
grid. The oscillations in the grid integrated wind power system is in-built phenomenon thus affecting power system
stability. The wind power output is considerably affected due to load changes. Consequently, power quality analysis of
grid integrated DFIG based wind generator has been done both at no load and with load operating conditions so that
secure power supply may be achieved.

2. Modeling of wind turbine and DFIG

The wind turbine consists of multistage gearbox attached to the turbine blades and the rotor hub. The kinetic
energy of wind velocity is converted through the wind turbine shaft into mechanical energy. To transform mechanical
energy into electrical output, the shaft drives the induction rotor or synchronous generator. The coefficient of
performance (Cp) determines the power output of wind energy. Cp is higher at rated wind speed i.e. 12 m/s to 16 m/s.
At rated wind speed, the DFIG is responsible to generate constant power output. The characteristics curve of Cp is
depicted in fig. 1.
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Fig. 1 - Cp characteristics curve

2.1 Wind Turbine Model

The aerodynamic power of wind turbine through radius R is expressed as:
_1 2,3
Pw_i PRV, 1)
The mechanical power P; depends upon the power coefficient Cp (A, B). It can be expressed as;
1
P#=5C,(2, B)pmR*v3, )

A wind turbine is only limited by the possibility of converting only a fixed percentage of the wind energy it captures
under the Betz law. This percentage is shown by a Cp which depends on wind velocity, turbine velocity and blade
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angle (B). The angle of the blade can be adjusted using the pitch controller and the tip speed ratio (TSR). Moreover,
TSR may be expressed by relation;

__ Tip speed of blade wh

= ©)

wind speed v

y)

Where, turbines rotational speed is denoted by ‘o’ and radius of the turbine blades by ‘R’. Thus,
The TSR is controllable by the rotational speed of the wind generator.

The maximum theoretical power coefficient value is given by betz limit;

Pnas=0.3644TR* V] (4)

2.2  DFIG Model

A simple mathematical model helps analyze the complicated system's behavior in a variety of operating conditions
and apply different control strategies. Dynamic model for a DFIG consists of the quantities of direct and quadrature
axes (d-g axes) in a synchronous reference frame. The mathematical model of DFIG is expressed in the following
terms;

A. The stator and rotor voltages in the d-q reference frame are given as;

B.
digs
Vis = Rl gs + d—: - msﬂ-qs ()
Vs = Rol s + 2% 4+ w2 (6)
gs — fsigs dt sids
dA gy
Vd'." = R?“'d?‘ + d: — (ms — (l.');'l,q., @)
V, =R, -l—ﬂf"f-l—(m — w)A (8)
q.r —_ Tr q.r dt 5 d.-,‘

where, V, I, X are voltage, current and flux vectors respectively. The subscript ‘s’ and ‘r' refer to the stator and rotor of
the DFIG in the d-q reference frame. R.and R, are the stator and rotor resistances respectively. Whereas, w.is the
stator electrical frequency.

The stator and rotor fluxes related to the respective current are given in the following equations;

Ags = Ll gs + Lyl gy ©)

Aqs = Lol g + Lyl gy (10)
Agy = LA gy + LI g (11)
Agr = Lyl gy + Ly I g (12)

Where L, , L, L,,denotes to the stator, rotor and the magnetizing inductance respectively.
The stator active and reactive powers in terms of stator d-g current and voltage are expressed as follows;

3
P = 3 (Vaslas + Vqs‘rqs:] (13)

3
Qs = 5 (Vqsfds - Vdsqu) (14)
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3. Working of grid integrated DFIG

The WECS includes a DFIG with directly connected stator winding and indirectly connected rotor winding via slip
rings and carbon brushes to the power grid. This design enables DFIG to shift rotor power at variable speed using a
partial scale converter (25-30%) to capture maximum energy [17], [18]. For smooth integration back to back power
electronic converters i.e. RSC and GSC are used in it. As an energy storage feature, the DC link voltage limits voltage
changes to a lower value in the rotor winding [19].

Fig.2 exhibits the simplified block diagram of DFIG based WECS. DFIG uses a bidirectional converter which
enables it to operate at various operating modes i.e. sub-synchronous, synchronous and super-synchronous mode for the
exchange of reactive power to or from the power grid [20]. Additionally, the gearbox is applied to convert the low wind
turbine speed into a compatible power frequency, increasing the rotor speed required by the generator to achieve high
output power. Though Direct drive technology is also used, yet gear box is dominant over it at continuously varying
wind speeds.

The DFIG involves complex control system than that of induction generator. P1 controller is applied for maximum
power output at varying wind speed. In this case, RSC controller is used for adjusting the DFIG parameters like speed,
torque and active power. Whereas, GSC controller upholds constant DC link voltage, high power factor, reactive power
injection and DFIG synchronization with the power grid [21-23].

< o =

Gear Box

Stator

DFIG DC GSC

Fig. 2 - Block diagram of DFIG based WECS

4. Power Quality Assessment

In recent years, issues with power quality have become more serious with the expansion of the electricity market
and the high penetration of wind energy [24]. Therefore, a safe, stable and uninterrupted source of energy, regardless of
many uncertainties, is difficult to maintain [25]. Then, it becomes inevitable to investigate the power quality (PQ).
Major PQ problems include voltage sag, voltage swell, voltage flicker, harmonic distortion, and voltage imbalance
[26]. Wind power generation is very sensitive to load changes. As a result, negative consequences arise, such as
disconnection of WTG from grid, loss of power generation and stability of the power system. These severe concerns
can intervene with the interconnection of the WECS and the grid [27-28].

5. Results and Discussion

MATLAB Simulink version 2018a is used for simulating grid-integrated DFIG model. Table 1. Displays the
parameters in the model.
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Table 1 - Simulation Parameters

Parameters Magnitude Parameters Magnitude
DFIG V1 33 kV
Frequency 50 Hz \'/) 575V
Phase Angle 120 Three Phase Transformer T2
No of poles 03 Mode of Connection Yg- D11
Vs 575V Type of Transformer Three Phase Core type
Rs, Ls 0.023 p.u, 03 p.u Nominal Power 47 MVA
Rr, Lr 0.016 p.u, 0.16 p.u V1 132 kV
Lm 29p.u V> 33 kV
Inertia constant (H) 04 PI Controller
DC Bus Capacitor 20 mF DC bus voltage regulator Kp=0.05, Ki=4
gains
Three Phase Transformer T1 RSC current regulator gains Kp=0.6, Ki=8
Mode of Connection D11, Yg GSC current regulator gains Kp=0.83, Ki=5
Type of Transformer Three Phase Core type Speed Regulator gains Ky=3, Ki=0.6

Wind Farm - DFIG Model

'vllf

T

Sy
Fig. 3 - MATLAB Simulation model of grid integrated DFIG

The DFIG based wind farm, including six 1.5 MW (WTG) wind generators, is coupled to the 132 kV power
network via 30 km power transmission line and 33 kV step-by-step transformer, as shown in fig. 3. The power quality
analysis under different operating conditions is discussed as follows;

Scenario: 1

According to fig. 4 (a) sudden rise or jerk in the wind gust causes the disturbance in the wind turbine which
increases the rotor speed up to 1.3 pu at 0.3 sec. Later on, wind speed progressively declines which lowers the rotor
speed to 1.03 pu. Fig. 4 (b) describes the electromagnetic torque. As torque and speed are inversely related to each
other, therefore, fall in torque at 0.05 sec takes place. The oscillations at 0.1 sec suggests the event of wind gust.
Afterwards, torque value increases at 0.35 sec for a momentary period and falls down till it maintains the steady state
value at 0.6 sec. Fig. 4(c) and 3(d) shows the stator voltage and current respectively. Since, DFIG based WTG is
unloaded, therefore the wind gust results in increase of the stator voltage from 1.0 pu to 1.1 pu. This disturbance is
termed as Power quality problem in terms of voltage swell for momentary period from 0.02 sec till 0.08 sec causing a
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transient stability problem. Due to non-linear behavior of AC supply, the rise in voltage during the starting condition
will subsequently cause fall in the current. The stator current is minimized to zero during the disturbance.
Consequently, low torque of the WTG is responsible for the disconnection of the DFIG from the power grid.

After disturbance is over, high overcurrent if prolonged may cause excessive heating and damage of power
electronic converters of the rotor winding. Moreover, voltage sag event from 0.2 to 0.5 sec (hence overcurrent in stator
winding) also occur. Therefore, DFIG should help restore the supply voltage by supplying reactive power from the grid
to compensate for the voltage drop of the stator and rotor. In the normal operating conditions, voltage sag event is
greater than 0.9 pu. Fig. 4(e) and (f) shows the rotor voltage and current respectively. The results show that rotor
voltage rises as voltage swell soon after the wind gust ends. The sharp increase in current and phase imbalance occur in
the rotor winding thereby affecting the power quality of wind power unit. The change in current in the rotor winding is
higher than that of stator current. Fig. 4 (g) shows the destructive over voltage in DC link voltage to 2000 V which is
beyond its nominal voltage of 1150 V for the period 0.08 to 0.32 sec and then stabilizes to nominal value. Such rise in
voltage may cause the failure of DC bus capacitor which in turn damage the PWM voltage source converter if it
persists for several seconds DFIG may be disconnected from the grid.

Fig. 4 (h) and 3 (i) show the active and reactive power for DFIG. During the disturbance active and reactive power
shows zero output. As the disturbance is over at 0.08 sec, the active power rises and less reactive power is absorbed for
magnetization by the rotor from the power grid. During normal operation, the fluctuations in the DFIG power output is
due to the wind gust. The active power remains stable to its nominal value 10 MW from 0.1 sec to 0.3 sec and then
reduces in the second instant due to the fall in rotor speed and hence the stator voltage. The power fluctuation for long
time interval may show adverse effects on wind power unit i.e. deterioration of power quality. Apart from it, the PCC is
largely affected by the disturbances. In the unloaded condition, minimum voltage drop occur because DFIG injects
reactive power from the grid. In fig. (j) voltage rises from 0.01 sec to 0.08 sec. Such adverse situation affects the
performance of wind power generation thereby reducing the power quality. On the other hand, the power grid as shown
in fig. (K) operates at large voltage 132 kV; therefore, it is not considerably affected by the wind gust.
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The MATLAB simulation has been done in grid integrated DFIG based WECS as depicted in fig. 5. The results
obtained from the model have been discussed in the subsequent sections.

Wind Farm - DFIG Model
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Fig. 5 - MATLAB simulation model of grid integrated DFIG under loading condition at PCC

Scenario: 2

When 100 kW load is connected to grid integrated DFIG at PCC, the rotor speed as well as electromagnetic torque
are no longer different when compared with unloaded operating condition as shown in fig. 6 (a) and 6 (b). However, the
RLC load disturbed the magnitude of voltage which remained less than 1 p.u but interestingly voltage variation is very
small. Fig. 6(c) and 6(d) shows the stator voltage and current respectively. The voltage sag occurs during the
disturbance period and then sharp overshoot takes place when the disturbance of wind gust is over at 0.08 sec. Due to
non-linear behavior of AC supply voltage, the stator current becomes disturbed and is minimized to zero. The stator
current is significantly reduced during fall of wind speed from 0.35 sec to 0.5 sec. During this activity, low torque may
force the DFIG to detach from the power grid.

When disturbance is over, high overcurrent in stator winding has been observed which may cause excessive
heating and damage VSC. Fig. 6 (¢) and 6 (f) shows the rotor voltage and rotor current respectively. The results show
that rotor voltage swell to 1.5 pu soon after the wind gust ends. During loading conditions, large oscillations occur in
the rotor winding which create additional heating in the rotor. PI controller tries to improve the transient response of
voltage and current but does not overcome it. The sharp increase in current and phase imbalance occur in the rotor
winding thereby affecting the power quality of wind power unit. The change in current in the rotor winding is higher
than that of stator current. Fig. 8 (g) shows the destructive over voltage in DC link voltage to 2000 V which is beyond
its nominal voltage of 1150 V for the period 0.08 to 0.32 sec and then it reduces below the nominal value. can causes
the failure of DC bus capacitor and may damage the PWM voltage source converter if it persists for several seconds
and continuous operation of DFIG may be interrupted.

Fig. 6 (h) and 6 (i) show the DFIG active and reactive power. It can clearly be observed that aforementioned
powers show zero output during the disturbance. As the disturbance is over at 0.08 sec, there is rise in demand occurs
for both powers elements. During normal operation, the fluctuations in the DFIG power output is due to the wind gust.
The active power output becomes less than nominal value of 10 MW from 0.1 sec to 0.3 sec and then reduces
significantly to very low value i.e. 2 MW at 0.4 sec due to the fall in rotor speed and stator and rotor currents in
particular. Under loading condition, the voltage at PCC remains less than 1.0 pu. The variations in voltage is
significantly witnessed during 0.35 sec to 0.5 sec as shown in Fig. 6 (j). The grid voltage remains unaffected by
applying 100kW load at PCC as shown in Fig. 6 (k).
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Fig. 6 - Behavior of grid integrated DFIG model at 100 kW Load

The harmonic distortion under wind gust may be seen from waveform. The distortion is severe in the beginning and
follows through during the wind gust for a period of 0.02 sec to 0.08 sec as shown in Fig. 7 (a). Later on, as stator and
rotor current drop it develops current harmonic distortion for the second time thereby affecting the power quality. The
spectrograph as depicted in Fig. 7 (b) suggests that 3" harmonic distortion is high due to power oscillations and it
drastically reduces for higher harmonic order.
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Fig. 7 - Behavior of current harmonic distortion in grid integrated DFIG
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6. Conclusion

The paper has presented the grid integrated DFIG under no load and with load at PCC. The PWM based VSC both
at RSC and GSC along with conventional Pl controller has been used to investigate the transient response of DFIG
under wind gust for a period of 0.02 sec to 0.08 sec. The rotor speed as well as electromagnetic torque with load are no
longer different when compared with unloaded operating condition. However, the active power fluctuations with load
were higher than that of no load at PCC. Moreover, the variation in stator and rotor current with load is much higher
than that of unloaded condition. The high overvoltage in the DC link voltage was also observed which is very harmful
for the RSC of DFIG. The grid voltage remains unaffected whether or not load is applied on it. Though, PI controllers
reduced overshoot during the no load condition yet load applied at PCC disturbed the voltage profile of DFIG and
increased the fluctuations in the active and reactive power. The harmonic distortion under wind gust have been
observed in the model. The distortion is severe in the beginning and follows through during the wind gust.
Consequently, voltage sag, voltage swell and current harmonic distortion takes places which affects the overall power
quality in the variable speed WECS. This work can be extended with multilevel converters and applying robust
controllers for smooth integration and minimizing the variations in the parameters of grid integrated DFIG.
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