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The major aim for achieving the successful synchronization of a wind turbine system to the grid is
to mitigate electrical and mechanical stresses on the wind generator. During transient state, the
gearbox, shaft, and rotor of the wind generator could be damaged due to mechanical stress.
The rotor and stator windings of the wind generator, including its insulation, could be affected.
This paper undertakes an extensive analysis of the effects of the excitation parameters of the
power converter Insulated Gate Bipolar Transistors (IGBTs), on the transient state performance
of the Doubly Fed Induction Generator (DFIG), considering different scenarios. The optimal
excitation parameters of IGBTs were used for further analysis of the wind generator, considering
a new Phase-Locked-Loop (PLL) scheme. The PLL computes the phase displacement of the
grid required to achieve orientation and synchronization control. Consequently, it helps in
preventing power system distortion due to stator-grid interphase. This paper proposes a new
approach that integrates PLL control strategy and a Series Dynamic Braking Resistor (SDBR) to
augment the fault ride through capability of a variable speed wind turbine that is DFIG-based. The
SDBR helps the post fault recovery of the wind generator. Simulations were run in Power System
Computer Aided Design and Electromagnetic Transient state Including DC (PSCAD/EMTDC) to
examine severe fault conditions, and to test the robustness of the controllers employed. The
results show that the proposed hybrid control strategy aids the fast recovery of the DFIG wind
generator variables during fault conditions.

Keywords: doubly fed induction generator, phase lock loop, braking resistor, wind energy, stability, bipolar
transistors

INTRODUCTION

In wind energy application, the Doubly Fed Induction Generator (DFIG) has a major advantage because
its power converters require only 20-30% of the machine rating, for interfacing the rotor and the grid (Xu
and Cartwright, 2006; Okedu, 2019). In addition, the DFIG has cost effective power converters with low
power losses, the ability to better capture wind energy, and good active and reactive power regulation in
four quadrants, making it widely used compared to other fixed speed wind turbine technology (Okedu,
2020). However, because the power converters of the DFIG wind turbine are fragile, they are vulnerable
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during grid faults. Consequently, these power converters need to be
protected to avoid damage and also to fulfill grid requirements by
controlling frequency and voltage via its rotor circuit.

There is a need for wind turbines to possess some level of
adaptability to effectively ride through faults. The DFIG usually
employs the traditional stator-flux-oriented vector control
(Cardenas et al., 2005; Hughes et al., 2005; Qiao et al., 2008;
Abad et al., 2010). One of the salient aspects to consider in the
DFIG grid connected system control is effective synchronization
with the reference grid. The most widely accepted solutions to
provide this synchronization are Phase-locked Loop (PLL)
techniques (Rodriguez et al., 2007). The traditional control
topologies of the DFIG wind generator system take into
consideration the amplitude, frequency, and phase angle of the
positive-sequence grid voltages. These parameters help in
achieving the effective synchronization of the system variables,
computing power flux, or changing of state variables into rotating
reference frame coordinates (Han et al., 2009).

A common strategy for synchronizing the power converters of
a grid-tied DFIG wind turbine is the synchronous reference frame
three-phase PLL scheme. This method uses Concordia’s and Park’s
transformations to convert the three-phase voltage vector from the
natural reference frame to the rotating frame. The traditional PLL
method provides good results during operating conditions.
However, it is not effective in the presence of unbalanced grid
voltages. Due to this shortcoming, various PLL algorithms with
different features have been reported in recent literature. One study
(Robels et al,, 2010) presents a PLL developed using the adaptive
linear optimal filter technique. Reference (Liccardo et al, 2011)
proposed a PLL scheme based on a filtered-sequence, considering
moving average filters and Park transformation, while a
standard PLL scheme that is derived considering pq theory
and a control method having standard gPLL structure for
synchronization, was presented in (Wang and Li 2013). A
cascaded delayed signal cancellation three-phase PLL control
strategy was reported in (Carugati et al, 2012), based on
selective harmonic detection techniques. Two other studies
(Ghartemani et al, 2012; Gonzéilez-Espin et al., 2012)
reported a PLL based on a variable sampling period for the
automatic adjustment of the sampling frequency, and an
adaptive synchronous reference frame that used infinite-
impulse-response notch filters to reject voltage disturbances,
respectively. In (Naves et al., 2010), a PLL based on a generalized
delayed signal cancellation was proposed, while in another study
(Rodriguez et al., 2012), an integrator frequency-locked loop
dual second-order two adaptive filters on a stationary reference
frame was presented. An adaptive neural PLL was developed for
DFIG synchronization in reference (Ali et al., 2014).

The Series Dynamic Braking Resistor (SDBR) is used to ride
through low voltage, much like the traditional crowbar scheme,
but with a different topology. The crowbar is shunt in connection
and voltage controlled, while the braking resistor is series in
connection and current controlled. Resistance enables the high
voltage in the braking resistor to be shared, thereby avoiding
power converter loss because overvoltage is not induced. A study
(Causebrook et al., 2007) improved the performance of induction
generator based wind farms by employing SDBR. The DFIG
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based wind turbine performance was improved during grid fault
in (Yang et al., 2010), by connecting the braking resistor in the
rotor circuit. Furthermore, in (Okedu et al., 2012; Okedu, 2016)
the topology was different because the braking resistor was at the
stator circuitry of the wind generator. In the literature, the use of
fault current, passive resistance, and antiparallel thyristors for
wind generators based on DFIG technology have been reported
(Petersson et al., 2005; Yan et al, 2009; Park et al., 2010).
Integrating SDBR of small size at the DFIG stator circuit
through circuits designed using concepts of power electronics,
helps to stabilize the active power of the wind turbine (Okedu
etal,, 2011). The control strategy of the braking resistor is cheaper
compared to other fault ride through topologies.

This study aims to improve the performance of the DFIG-
based wind turbine by investigating the effects of the excitation
parameters of the power converter insulated gate bipolar transistors
(IGBTs) of the DFIG wind turbine during transient state. The
excitation parameters of the IGBTs that are investigated include
the turn on and turn off resistances, forward break over, and reverse
withstand voltages. An extensive analysis of the effects of the
excitation parameters of the IGBTs was carried out by
considering fifteen scenarios. The IGBT turn on resistance has a
significant effect on the responses of the wind generator’s variables,
while its turn off resistance has little or minimal effects on the
variables of the wind generator. However, the forward break over
and reverse withstand voltages of the IGBT has no effects on the
performance of the wind generator variables during transient state.
The optimal excitation parameters that gave the best responses in the
wind generator variables during transient state were used to further
analyze the performance of the wind generator. This study proposes
a hybrid coordinated control of a new PLL configuration and the
SDBR. The proposed PLL control is based on a delayed signal that
helps the phase of the positive sequence component be obtained
quickly and accurately, despite a disturbance of the grid voltage.
Hence, it has a better tracking of the positive components of the grid
voltage, compared to the conventional PLL. The SDBR mitigates the
overvoltage experienced in the rotor circuitry and the rotor high
currents. Thus, the wind generator’s power converter is intact during
operation because these actions eliminate the capacitor’s DC-link
high charging current, which is dangerous to the power converters.
In this paper, the optimum size and placement of the braking resistor
in the wind generator were explored to enhance the wind generator
during transient state, in conjunction with the proposed PLL scheme
for the DFIG wind generator. In addition, a comparative study using
the proposed hybrid scheme and the conventional PLL DFIG
scheme is presented. The results of the study on proposed
control strategies for the DFIG during severe three phase fault
scenarios showed better results than the conventional PLL
scheme. Simulations were run in PSCAD/EMTDC (PSCAD/
EMTDC Manual, 1994).

MODEL SYSTEM OF STUDY

The model system of study is shown in Figure 1. The wind
turbine is modeled using Eqs. 1-6. The primary components in
modeling the wind turbine system consist of the turbine rotor or
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FIGURE 1 | DFIG model with SDBR dynamics.

prime mover, a shaft, and a gearbox unit. The aerodynamic
torque and the mechanical power of the wind turbine are
given by (Takahashi et al., 2006; Huchel et al., 2015):

Ty = 0.5C, (M)nR* V2 [NM], 1)
P, = 0.5pC, (A, B)nR*V,, [W], 2)

Where p is the air density, R is the radius of the turbine, V,, is the
wind speed, C, (A, ) is the power coefficient given by

C, (L, B) = 0.5(T - 0.02p° - 5.6)e ™'/ 3)

The relationship between C; and C, is

G\ = CPA(M, (4)
p=2e )
_ R(3600)
T A(1609) ©

The rotational speed [rad/s] of the wind turbine is w,,,, the tip
speed ratio is A and C, is the power coefficient. The best SDBR
position, switching signal, and control strategy was evaluated
considering the most severe fault scenario of three LG in Figure 1
(Okedu 2017), model system. The optimum size of the SDBR,
duration of the operation, and best switching signals were
investigated in (Okedu et al., 2012; Okedu 2017; Okedu, 2020).
The best SDBR size of 0.05 pu, with grid voltage switching signal
topology for the DFIG during transient state, was used for further
investigation, considering the proposed PLL scheme. The
parameters of the DFIG wind generator are given in Table 1.

DFIG VARIABLE SPEED DRIVE CONTROL

Figure 2 shows the classical configuration and power flow of a
wind generator based on DFIG technology, with bidirectional
power converters. The utilization of the voltage source converters
in an economical way is one of the important features of this type
of wind turbine. This is because, unlike the synchronous wind
generators that employ full converter rating, only the power
electronic rotor circuitry is required in DFIG wind turbines.

TABLE 1 | Parameters of DFIG Wind turbine.

Parameters Ratings
Rated power 2 MW
Rated voltage 690 V
Stator resistance 0.01 pu
Stator leakage reactance 0.15pu
Magnetizing reactance 3.5 pu
Rotor resistance 0.01 pu
Rotor leakage reactance 0.15pu
Inertia constant 1.6secs

During normal operation, the optimal power of the wind
generator is achieved by considering wind power. The
maximum power point tracking characteristics of the wind
generator are directly related to the d-axis reference current.
The regulation of the active power of the wind generator is
possible via the control of the pitch angle. This is done by
frequency control and grid support, based on the power
margins provision. From Figure 2, the DC-link voltage is
maintained constant at 1.0pu by the regulation of the
quadrature axis current, while the grid voltage is maintained
constant at 1.0 pu, by the regulation of the direct axis current.
Reactive power dissipation is achieved by the power converters of
the wind generator by regulating the grid voltage.

INSULATED GATE BIPOLAR TRANSISTOR
EXCITATION PARAMETERS

The schematic diagram of the rotor side converter of the DFIG
variable speed wind turbine is shown in Figure 3, with the IGBTs
connected. Table 2 gives a summary of the excitation parameters
investigated in this study and the respective ratings.

The turn on and turn off resistances, forward break over, and
reverse withstand voltage excitation parameters of the IGBTSs
were investigated by considering the various scenarios shown in
Table 2. The IGBT turn on resistance has many effects on the
responses of the wind generator’s variables, while its turn off
resistance has little or minimal effects on the variables of the wind
generator. These are demonstrated in the simulation results and
discussion section of this paper. The forward break over and
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TABLE 2 | Excitation Parameters of the insulated gate bipolar transistors.

Scenario  IGBT turn on IGBT turn off Forward Reverse
resistance resistance break over withstand

(Ohm) (Ohm) (E) voltage voltage

(kV) (E) (kV) (E)
1 0.001 1.06 1.05 1.05
2 0.002 1.06 1.05 1.05
3 0.003 1.06 1.05 1.05
4 0.001 1.07 1.05 1.05
5 0.001 1.08 1.05 1.05
6 0.002 1.07 1.05 1.05
7 0.002 1.08 1.05 1.05
8 0.003 1.07 1.05 1.05
9 0.003 1.08 1.05 1.05
10 0.001 1.06 1.06 1.06
11 0.001 1.06 1.07 1.07
12 0.002 1.06 1.06 1.06
13 0.002 1.06 1.07 1.07
14 0.003 1.06 1.06 1.06
15 0.003 1.06 1.07 1.07

reverse withstand voltages of the IGBT do not affect the
performance of the wind generator variables during transient
state. The variation of the forward break over and reverse
withstand voltages of the wind generator power converter does
not contribute to the wind turbine enhancement during steady
state and grid fault conditions. The optimal excitation parameters
that gave the best responses for the wind generator variables
during transient state, were used for further analysis of the wind
turbine considering a new PLL scheme, as described in the
subsequent section of this paper.

CONVENTIONAL AND PROPOSED PHASE
LOCK LOOP SCHEMES FOR DFIG

Figure 4 shows the conventional three-phase PLL scheme which
involves an error signal feedback system considering the rotating
frame synchronous principle with oscillator control based on
voltage (Justo et al, 2015) and low pass filters. The working
principle is based on the conversion of measured voltage of the
three phase system to the d-q component, via conversion
coordinate and set DC voltage reference of q-axis Vi
Figure 5 shows the vector partition diagram for the PLL.
From Figure 5, the d-axis component is fully co-phased with
the vector voltage when the g-axis component is zero, despite the
values of the voltages on the various q-axes. The PI controller in
Figure 4 helps to obtain the frequency of the system. With the
grid voltage having only positive sequence fundamental
components, the d-q steady value coordinate is DC current,
and its phase and frequency can be locked by controlling the
g-axis component to zero. Frequency detection when the grid
voltage is balanced is achieved for the conventional three phase
PLL, by tracking the grid voltage positive sequence fundamental
components, as the inner of the PLL is a closed loop controller.
However, during transient state, there will be a sudden change,
giving rise to instantaneous negative sequence and zero sequence
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FIGURE 4 | Conventional PLL scheme.

FIGURE 5 | PLL vector partition.

fundamental components, which leads to the oscillation of the
PLL output angle.

In the course of the grid voltage becoming unbalanced, there
exist not only positive sequence fundamental components but
also negative and zero sequence fundamental components. For a
typical three phase system without a neutral point, the zero
sequence is not usually considered. Thus, the grid voltage can
be expressed as (You-wei et al., 2012).

— oyt -
Vabe = Vape T Vape

cos wt cos (wt + ;)
2 2 _
v COS(‘()t—gﬂ) V- cos(wt+§ﬂ+60> )
2 2
cos(a)t+—71) cos(mt——ﬂ+95)
3 3

From Eq. 7, V¥, V™ gives the voltage amplitude separately for
the positive and negative sequences respectively. 6, gives the
negative sequence voltage initial phase angle relative, to the
negative sequence voltage. Following a 3/2 conversion, the
output voltage can be achieved in aff static coordinates and
expressed as (Jung-Woo et al., 2007; Da Silva et al., 2008):

Vo
Vap = vg = T(xﬁvubc) (8)
r 1 1
2t 2 2
Top = . (9)
3 V3 3
L 2 2

The fundamental components of the positive and negative
sequences in the static coordinates of «f} grid voltage are given as:

cos wt _| cos(wt+6,)
. + . _
sin wt —sin(wt + 6;)

]. (10)

Vop = v;ﬁ + V= V+[

After d-q transformation to the synchronous coordinate
system, the following equation is obtained:

v;q = T;qv;ﬁ + T;qv;ﬁ, (11)
. | cos@ sinf
Ty = [—sin@ cos@]' (12)

Considering Egs. 11, 12, lead to

+ 1| cOswt—0 _| cos(wt + 6, + 6)
Vg = [sinwt—@] * |:sin(wt+95+9) ’ (13)
The effective working of the PLL requires that wt = 0, so Eq. 13
can be expressed as

V' + V™ cos (2wt + 6;)

va
=V~ sin (2wt + 6;)

4 (14)
q

=

From Eq. 14 it can be seen that for the synchronous coordinate
system of positive sequence, the DC components are converted,
but for the components based on negative sequences, a value that
is twice the frequency component is achieved. This is because the
conventional PI controller is used to remove the steady state
error, thus the negative voltage will influence the output of
the PLL.
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For good performance during steady state, the loop filters must
have a low cutoff frequency, in the widely used PLL strategy. This
is because of the occurrence of negative sequence components
during transient state. The proposed PLL strategy in this work
(Figure 6) has a delay element (=) that could help solve this
drawback, thereby enabling the faster recovery of the variables of
the wind generator after a fault. During fluctuations in the grid,
the influence of the negative voltage sequence is greatly
suppressed with the help of the delay element.

From Figure 6, it can be seen that there is a shift of the phase
controller in the proposed PLL strategy when compared to the
widely used PLL scheme in Figure 4. This phase shift is achieved

highest value of the three line-to-line grid voltage
U/,
limit line 1 lowest value of the

limit line 2 voltage band

100%

70%

45%
7

0 150 700 1.500 3.000

T

time when a fault occurs

time in ms

FIGURE 7 | E.ON NETZ fault ride through grid code.

via the delay element and the disturbances experienced are
counteracted, leading to twice the grid frequency based on Eq. 15.

. b
vy = cos2wt + cos2w| t — 1)
(15)
+ . . T
v, =sin2wt + sin2w| t —— ).
1 4

FAULT RIDE THROUGH REQUIREMENTS
FOR WIND FARMS

Wind farms are faced with a drop in voltage during fault scenarios.
Since the grid voltage depends on reactive power injection, recent
grid codes require immediate restoration of operation of the wind
farms after grid faults, as shown in Figure 7 (E.ON NETZ GmbH,
2006). The grid codes stipulate that within the time frame shown in
the figure, the collapse in voltage of the wind farm must be regulated
to normal for the wind farm to stay in the grid. Otherwise, the wind
farm must be shut down or disconnected.

EVALUATION OF THE SYSTEM
PERFORMANCE

A. Effects of the Insulated Gate Bipolar

Excitation Parameters on the DFIG
The effects of the excitation parameters on DFIG variable speed
wind turbine responses was investigated by considering a severe
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bolted three phase to ground fault based on the different scenarios
given in Table 2. Some of the simulation results of the DFIG
variables are presented in Figures 8-16.

Figure 8 shows the response of the DFIG wind turbine DC-
link voltage for the first three scenarios of Table 2. With a too
high IGBT turn on resistance of 0.003 ohms, the DC-link variable
of the wind generator did not recover on time, while a too low
resistance of 0.001 ohms, gives a faster recovery of the wind
generator DC-link voltage. However, there is an overshoot of the
DC-link variable considering the low resistance of 0.001 ohms.
Thus, a moderate turn on the resistance value of 0.002 ohms for
scenario two gives a better performance for the DC-link voltage,

1.2+
B
§ 1.0
@
Qa 0.8 Scenario 1
Scenario 2
% 0.61 e Scenario 3
S 0.4
=
= 0.2
=
0.0 T T |
0.0 0.2 0.4 0.6

Time [secs]

FIGURE 8 | DC-link voltage of DFIG.
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the reactive power (Figure 9), and the active power of the wind
generator grid side converter shown in Figure 10. Although
scenario one tends to have a better performance for the rotor
speed response of the wind generator during transient state, as
shown in Figure 11. However, the response of the terminal
voltage of the wind generator for this scenario, as shown in
Figure 12, is lower than that of scenario 2. Thus, a moderate and
better response of the DFIG wind generator variables during a
severe three phase to ground fault could be achieved, when the
turn on resistance of the IGBTs of the power converter is of value
0.002 ohms. It should be noted that, in the investigation of the
effects of the turn on resistance of the IGBT, the other excitation
parameters were kept constant.

A further analysis was carried out, considering scenarios four
to nine outlined in Table 2. As part of this process, the turn on
and turn off resistances of the IGBTs were varied while keeping
the forward break over voltage and reverse withstand voltage
constant, as shown in Figures 13-15, respectively. From Figures
13-15, the turn off resistance of the IGBT' of the wind generator
power converter had little or no effects on the responses of the

Performance of DFIG Wind Turbines

wind generator’s DC-link, reactive power, and terminal voltage
during transient state.

To further investigate the effects of the excitation parameters
of the IGBTs of the wind generator power converters for the
DFIG wind turbine, scenarios 10 to 15 in Table 2 were considered
by varying the forward break over voltage and reverse withstand
voltage while keeping the turn off resistance of the IGBTs
constant, as shown in Figures 16, 17, respectively.

From Figures 16, 17, it is evident that the forward break over
voltage and reverse withstand voltage of the power converter of
the IGBTs do not have any effects on the DC-link voltage and
terminal voltage variables of the DFIG wind turbine. In light of
the above, only the IGBTSs turn on resistance had a great impact
on the variables of the wind generator. Thus, the optimal value of
0.002 Q) turn on resistance and the IGBT's excitation parameters,
considering scenario 2 of Table 2, will be used for further analysis
of the new PLL scheme proposed for the DFIG wind turbine,
which is discussed in the subsequent section of this paper.

B. Proposed PLL Control Strategy and
SDBR Scheme

Based on the optimal performance of the excitation parameters
for the power converter IGBTs of the DFIG wind turbine
presented in section A, a further investigation was carried out
to improve the stability of the DFIG wind turbine using the new
PLL scheme in conjunction with the SDBR control strategy.
Simulations were run for three scenarios in this section. In the
first scenario, the conventional PLL scheme was used for the
DFIG wind generator, while the second scenario uses the new
PLL scheme for the DFIG wind generator. The combination of
the proposed PLL scheme and best control strategies of the SDBR
were used in the third scenario to improve the stability of the
wind generator during transient state. Some of the DFIG variables
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for these analyses are shown in Figures 18-20, for a three-phase
to ground severe fault.

Figure 18 shows the response of the DFIG wind turbine DC-
link voltage for the conventional PLL scheme and the new PLL
scheme. The figure indicates that the proposed PLL scheme helps
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FIGURE 20 | Rotor speed of DFIG.

Proposed PLL scheme

Has delay elements in the feedback
system to the PI controller. Delayed
feedback elements help in enhancing
the performance of the wind generator
during transient state.

It counteracts the disturbances of
twice the frequency of the grid by
combining the dg components by %
period interleaving delays, with respect
to the original period.

It helps in mitigating the influence of the
negative sequence components.

It considers the rated line to line
voltage, in addition to the induced
stator voltages for effective
synchronization.

Effectively detect and track faster the
positive and negative sequence
components of a disturbed grid
voltage. Helps the phase of the
positive sequence component to be
obtained quickly and accurately,
despite the grid voltage been
disturbed.

TABLE 3 | Comparison of the proposed PLL scheme and other PLL solutions for
DFIG.

Traditional PLL scheme

Does not have this feature

The positive sequence converts to
DC components while the negative
seqguence component to a value
which is twice the frequency
component.

Can only be used to remove the
steady state error, thus the negative
voltage will influence its output.
Considers the induced stator
voltages to generate offset angle
compensator, for phase shift.

Tracking of the positive and negative
sequence variables and components
during transient state is quite slow.

in enhancing the performance of the DC-link voltage during
transient state with the help of the delay element discussed earlier.
A further investigation of using the new PLL scheme and the best
working conditions of the SDBR improved the variables of the
wind generator during transient state. The reasons for this
improved performance are based on the benefits of the SDBR
earlier given for the limitation of the rotor overvoltage and
current of the rotor circuitry of the wind generator as shown
in Figure 18. As a result, the real power and rotor speed are
enhanced in Figures 19, 20. The wind turbine power can be
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improved using the braking resistor because the rotor speed can
be limited with few oscillations during fault scenarios, as
shown in Figure 20. Therefore, the combination of the
proposed PLL scheme and best working conditions and
control strategy of the SDBR will improve the post fault
recovery of the DFIG wind turbine system variables. A
comparison of the proposed PLL scheme to traditional PLL
solutions is given in Table 3.

CONCLUSION

This paper investigated the performance of a DFIG variable speed
wind turbine using a coordinated control strategy for the optimal
excitation parameters of the Insulated Gate Bipolar Transistors
(IGBTs), a new Phase Lock Loop (PLL), and Series Dynamic
Braking Resistor (SDBR) during grid fault. The responses of the
DFIG variables during transient state using the hybrid control
strategies of the excitation parameters of the IGBTs, SDBR, and
the new PLL scheme were better than the conventional PLL
scheme. The IGBTs turn on resistance had a significant impact on
the DFIG variables during transient state compared to the other
excitation parameters such as the turn off resistance, forward
break over voltage, and reverse withstand voltage. When the turn
on resistance is too high or low, the variables of the wind
generator cause overshoot or are too slow to recover after the
grid fault. A well sized and positioned SDBR in the stator side of
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