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Abstract
This paper proposes a novel controllable crowbar based on fault type (CBFT) protection technique for doubly fed
induction generator (DFIG) wind energy conversion system connected to grid. The studied system consists of six
DFIG wind turbines with a capacity of 1.5 MW for each of them. The operation mechanism of proposed technique
is used to connect a set of crowbar resistors in different connection ways via activation of controllable circuit
breakers (CBs) depending on the detected fault type. For each phase of DFIG, a crowbar resistor is connected in
parallel with a controllable CB and all of them are connected in series to grid terminals. The adaptive neuro-fuzzy
inference system (ANFIS) networks are designed to detect the fault occurrence, classify the fault type, activate the
CBs for crowbar resistors associated with faulted phases during fault period, and deactivate them after fault clearance.
The effectiveness of proposed CBFT protection technique is investigated for different fault types such as symmetrical
and unsymmetrical faults taking into account the single-phase to ground fault is the most frequently fault type that
occurs in power systems. Also, a comparison between the behaviours of studied system in cases of using traditional
parallel rotor crowbar, classical outer crowbar, and proposed CBFT protection techniques is studied. The fluctuations of
DC-link voltage, active power, and reactive power for studied system equipped with different protection techniques
are investigated. Moreover, the impacts of different crowbar resistance values on the accuracy of proposed technique
are studied. The simulation results show that, the proposed technique enhances the stability of studied wind turbine
generators and contributes in protection of their components during faults.
Keywords: ANFIS networks, Crowbar, Power electronic converters, DFIG wind turbines, Fault types

1 Introduction
In the last few decades, Energy problems are increased
rapidly due to fast depletion of the fossil fuel and its
highly cost, thus renewable energy plays an alternative
way in order to overcome the expected power crisis.
Wind energy is one of the renewable energy sources,
where it is clean, plentiful, environmentally friendly, and
widely distributed. Also, it reduces the toxic atmospheric
and not producing greenhouse gas emissions [1]. Wind
energy conversion system converts the wind energy into
mechanical energy based on the principle of aerodynamic through the turbine, then the mechanical
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energy is converted into electrical energy based on the
principle of electromagnetic induction through the generator [2, 3]. The usage of DFIG is receiving high attention regarding wind turbines connected to electrical
grid. The DFIG is an induction machine with a wound
rotor, where the stator windings are connected to grid
and the rotor windings are connected to bidirectional
converters, thus the stator and rotor windings are connected to grid bus, hence the derived term of ‘doubly
fed’ [4, 5]. The DFIG is sensitive to voltage dips during
grid fault, subsequently the high current is passing
through the power electronic converters [6]. This situation needs special attention to block converters and
disconnect DFIG from the grid to avoid any risks [7–9].
The fault ride through (FRT) or low voltage ride through
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(LVRT) is a term that refers to the wind turbines
must be remain connected to grid during faults [10].
Also, all requisites for safe operation of DFIG components is required, because of rotor current will become very large during grid faults [11]. Therefore, DFIG
requires a protection system called crowbar techniques that
usually adopted for limiting the high currents in order to
improve the fault handling capacity and protection requirements [12]. The crowbar protection technique is
necessary to avoid a disconnecting of DFIG wind turbines during grid faults. Many researches introduce
different crowbar protection techniques such as series
crowbar resistors connected with stator windings, parallel crowbar resistors connected with rotor windings,
and outer crowbar resistors connected between the
DFIG terminals and electrical grid [10–18]. Traditionally, the parallel crowbar is engaged to rotor windings, where the converters are disabled and the DFIG
is converted to a singly fed induction generator.
Therefore, the usage of traditional parallel rotor crowbar technique is unsatisfactory for LVRT grid requirements. Recently, this problem is solved by using the
outer crowbar technique that designed in [14, 15].
Typically, only 5% of the faults occurrences in power
systems are a three-phase fault with or without
ground. Regarding the unbalanced faults, 80% are
single-phase to ground fault and 15% are
double-phase faults with or without ground, where
these faults often can be deteriorated to three-phase
fault [19, 20]. It is clear that, the single-phase to
ground fault is most frequently fault type that occurs in
electrical power system. Most researchers concentrate on
the studying of DFIG wind turbine behaviours in case of
three-phase to ground fault [9–18]. This paper proposes a
novel controllable CBFT protection technique driven by
ANFIS for studied DFIG wind turbines. The ANFIS is a
type of artificial intelligent algorithms that involves the two
algorithms of fuzzy logic system and neural network system
[21–23]. Moreover, the ANFIS can be designed and
employed to get the benefits of both fuzzy logic and neural
structure in one scheme [24, 25]. The proposed protection
technique is structured as a combination of three crowbar
resistors that connected to wind turbine generator terminals. The combination resistors are connected in different
ways which they are controlled by ANFIS networks. The
accuracy of proposed CBFT protection technique is studied
for different fault types of symmetrical and unsymmetrical
faults such as single-phase, double-phase, and three-phase
to ground faults. In addition, the behaviours of studied
DFIG wind turbines equipped with classical outer crowbar
and proposed ANFIS CBFT protection techniques during
different fault types are investigated. Also, a comparison
with traditional parallel rotor crowbar protection technique
as introduced in [10–14] is added to demonstrate the
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effectiveness of the proposed technique. Moreover, the impacts of different crowbar resistor values on the accuracy of
proposed protection technique equipped with studied system are investigated. The rest of this paper is organized as
follows: Section 2 presents the description of DFIG wind
energy conversion system. Section 3 describes the structure
of ANFIS network. Section 4 introduces the Methods,
where the methodology of classical outer crowbar and proposed CBFT protection techniques are driven by ANFIS
networks. In Section 5, the simulation results are demonstrated to show the effectiveness of proposed technique. Finally, the paper is concluded in Section 6.

2 Description of DFIG wind energy conversion
system
The mechanical power captured by wind turbines is converted into electrical power through DFIG, then it is transmitted to utility grid through the converters and stator.
Therefore, the whole system structure that converts the
wind power into useful electrical power is known as wind
energy conversion system. The general structure of grid tied
DFIG wind turbine is illustrated in Fig. 1. The mathematical
model of wind energy conversion system is discussed in
[25–30] and presented in the following subsections.
2.1 Wind turbine model

The wind turbine is used to convert the kinetic energy
of wind into mechanical energy [25–30]. The power that
can be extracted from the wind is given as follows:
Pw ¼

1
ρ π R2b V 3w
2

ð1Þ

where Pw is the wind power, ρ is the air flow density, Rb is
the blade radius, and Vw is the wind speed. The perfect
wind turbines cannot extract all the power available in the
wind. The mechanical power that can be extracted by wind
turbine is a function of power coefficient and it is given as
follows:
Pm ¼

1
C P ðλ; βÞ ρ π R2b V 3w
2

ð2Þ

where Pm is the mechanical power, CP is the power coefficient, λ is the tip speed ratio, and β is the pitch angle.

Fig. 1 Schematic diagram of grid tied DFIG wind turbine
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The turbine mechanical torque is the ratio of output
mechanical power to shaft speed and can be described as
follows:
Tm

ð3Þ

λ¼

ωt Rb
Vw

ð4Þ

where Tm is the mechanical torque, and ωt is the turbine
rotor speed.
The power coefficient CP represents the fraction of wind
power captured by the turbine and can be expressed as:



 −18:4
151
λ
−0:002β−13:2 e i
C P ðλ; βÞ ¼ 0:73
ð5Þ
λi
where λ i is the middle variable that can be expressed as
follows:
λi ¼

−1
 
1
0:035
− 3
λ þ 0:08β
β þ1

ð6Þ

2.2 DFIG model

The DFIG is an adjustable speed induction machine
which is widely used in wind turbines [25–30]. The
model of DFIG system in an appropriate d-q reference
frame is given as follows:
uds ¼ Rs ids −ωs ψ qs þ

dψ ds
dt

uqs ¼ Rs iqs þ ωs ψ ds þ
udr ¼ Rr idr −ωr ψ qr þ

dψ qs
dt

dψ dr
dt

uqr ¼ Rr iqr þ ωr ψ dr þ

dψ qr
dt
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power, Qs is the stator reactive power, and Qr is the rotor
reactive power.
2.3 AC/DC/AC converters

P m C P ðλ; βÞ π ρ R3b V 2w
¼
¼
ωt
2λ
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ð7Þ

The AC/DC/AC converters equipped with bidirectional
IGBTs are connected between rotor windings and grid bus.
The power that transmitted via converters is typically about
25–30% of generator nominal power [4]. The rotor side converter (RSC) and grid side converter (GSC) are voltage
sourced converters that use forced commutated power electronic components to synthesize AC voltage from DC voltage source. The shunt capacitor that connected to DC side
works as a DC voltage source. The controllers of converters
are divided into two main parts such as RSC controller and
GSC controller, where the RSC is used to control active
power and reactive power (or voltage level), while the GSC
is used to control DC-link voltage and reactive power.

3 The structure of ANFIS network
ANFIS network is a data learning algorithm that uses the
fuzzy logic system to transform the given inputs into a desired output via highly interconnected artificial neural network processing elements and information connections,
which it is weighted to map the numerical inputs into output. The structure of ANFIS network is based on
Takagi-Sugeno fuzzy inference system, thus fuzzy inference
system is described by a set of fuzzy IF-THEN rules that
have adapted via learning algorithm of neural network [21–
25]. The fuzzy rules are presented based on zero order
Takagi-Sugeno model as in Eq. (13) or first order
Takagi-Sugeno model as in Eq. (14). The rules of the inputs
(x, y) and the output (z) can be described as follows:

ð8Þ

Rule i : IF x is A j and y is Bk THEN zi ¼ r i

ð13Þ

ð9Þ

Rule i : IF x is A j and y is Bk THEN zi
¼ pi x þ q i y þ r i

ð14Þ

ð10Þ

where uds, uqs, udr, uqr, ids, iqs, idr, iqr, ψds, ψqs, ψdr, and
ψqr are the d-q components of stator and rotor voltages,
currents, and fluxes linkages, Rs and Rr are the resistances of stator and rotor windings, ωs and ωr are the
angular frequencies of stator and rotor currents.
The total active power and reactive power for both
stator and rotor sides can be expressed respectively as
follows:
P ¼ Ps þ Pr

ð11Þ

Q ¼ Qs þ Qr

ð12Þ

where P is the total active power, Ps is the stator active
power, Pr is the rotor active power, Q is the total reactive

where Aj and Bk are the fuzzy sets belongs to inputs x
and y respectively, j = (1, 2,….., m) and k = (1, 2,….., n) indicate the number of membership functions that defined
by the indicated fuzzy input variables, zi is constant or
linear consequent function, (pi, qi, and ri) are the consequent parameters, and i = (1, 2,….., m × n) indicates the
number of rules. The ANFIS network architecture consists of five layers. The first layer of this architecture is
named as the fuzzification layer. Each input node in this
layer is an adaptive node which produce membership
grade of linguistic label with a node function that may
be triangular membership function, gaussian membership function, or any membership functions.
O1; j ¼ μ A j ðxÞ

ð15Þ

O1;k ¼ μ Bk ðyÞ

ð16Þ
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where (μAj, μBk) are membership function degrees and
(o1,j, o1,k) are the outputs of node j, k for layer 1.
The second layer is named as the rule layer, where
every node in this layer is a fixed node. Each rule’s firing
strength is calculated with the membership function degrees that are coming from the previous layer. This layer
involves fuzzy operators, where it uses the AND or
product operator to fuzzify the inputs. The output of
this layer can be represented as follows:
O2;i ¼ wi ¼ μ A j ðxÞ  μ Bk ðyÞ

ð17Þ

where the output signal wi denotes the firing strength of
the associated rule and o2,i is the output of node i for
layer 2. The third Layer which is named as the
normalization layer, where every node is a fixed node
and the normalized firing strengths for each rule are getting from the previous layer. The output of this layer
can be calculated as follows:
wi
O3;i ¼ wi ¼ mn
X

ð18Þ
wt

t¼1

where the output signal wi denotes the normalized firing
strengths and o3,i is the output of node i for layer 3. The
fourth layer is the defuzzification layer, where every node
in this layer is an adaptive node with a function node.
The output value for each rule is calculated by using the
value of normalized firing strength from previous layer
and polynomial of Takagi-Sugeno model. The output of
this layer is given as follows:
O4;i ¼ wi  zi

ð19Þ

where o4,i is the output of node i for layer 4.
The fifth layer is called sum layer, where it is a fixed
node and represented by a single summation node. The
ANFIS output is calculated by collecting the overall output values belong to the incoming signals of each rule in
the previous layer. The overall output of ANFIS network
is given as follows:
X
wi  zi
X
i
O5;i ¼ z ¼
ðwi  zi Þ ¼ X
ð20Þ
wi
i
i

where o5,i is the output of node i for layer 5.

4 Methods
In the following subsections, the methodology of classical operation mechanism of outer crowbar protection
technique and new operation mechanism of proposed
controllable CBFT protection technique based on ANFIS
network is presented. The ANFIS network is trained and
tested using different measured data of studied system
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in normal and abnormal cases. It is trained based on
measured values of voltage and current for each phase
during different fault types, then after training process
the network is tested for different fault cases other than
that are used in training. The input layer of ANFIS has
two input signals such as phase voltage and current,
which these inputs are processing through internal
layers of network and trained via optimization algorithm
to get the perfect control signal of output layer. The
trained ANFIS network is applied in protection techniques to detect various fault cases, where the output of
ANFIS network is logical state (0 or 1). This output is 0
during normal operation condition and 1 during fault
condition. The selected parameters of ANFIS structure
for classical outer crowbar and proposed CBFT protection techniques are given in Table 1.
4.1 The methodology of classical outer crowbar
protection technique driven by ANFIS

The classical outer crowbar protection technique consists of three resistors which are connected in parallel
with three-phase CB [14, 15]. In normal conditions, the
CB remains closed and the currents are passing through
it. During fault occurrence, the fault is detected via
ANFIS and the CB is opened, then the currents will be
passing through crowbar resistors. Figure 2 shows schematic diagram of DFIG wind turbine equipped with classical outer crowbar protection technique. This technique
uses one ANFIS network to detect any fault type occurs
on phases a, b, and c, then a control signal will be sending to open the CB during fault period and reclose it
after fault clearance for any fault types. Figure 3 shows
the ANFIS structure of classical protection technique for
studied system. The inputs of ANFIS are the measured
root mean square (RMS) values of the three phase voltages and currents at DFIG terminals, where these inputs
are (Uabc, Iabc). The ANFIS output is a control signal
for CB to activate or deactivate it. The flowchart of classical protection technique during fault occurrence is illustrated in Fig. 4. The ANFIS network of classical
Table 1 Parameters of each ANFIS structure
Parameters

Values/types

Input layer

2

Output layer

1

Input membership function number

3

Rules

9

Input membership function shape

Gaussian

Output membership function shape

Constant

Optimization method

Hybrid algorithm

Training epochs

300

Error of testing

0
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Fig. 2 Schematic diagram of DFIG wind turbine equipped with classical outer crowbar protection technique

protection technique is not classify the fault type. Thus,
the operation mechanism of CB is not depending on
fault type. Therefore, in the next subsection, the operation mechanism of CB is modified as a proposed protection technique to operate in different connection
ways based on fault types.
4.2 The methodology of proposed controllable CBFT
protection technique driven by ANFIS

The proposed ANFIS CBFT protection technique operates based on a new operation mechanism of a three
single-phase CBs (CBa, CBb, and CBc) for phases a, b,
and c respectively as shown in Fig. 5. Each controllable
CB is connected in parallel with a crowbar resistor and
all of them are connected in series to grid terminals. In
normal conditions, all CBs remain closed and the currents are passing through them. During grid faults, the
CB of any faulted phase is opened, then the current is
passing through its crowbar resistor.
In the proposed controllable CBFT protection technique, the fault type detector and the operation mechanism of CBs are driven via ANFIS networks. A separated
three ANFIS networks (ANFISa, ANFISb, and ANFISc)
are used to detect the fault occurrence and classify it for

Fig. 3 ANFIS structure of classical protection technique for
studied system

phases a, b, and c respectively. As shown in Fig. 6, the
inputs of each ANFIS network are the RMS values of
voltage and current for each phase, where these inputs
are measured at DFIG terminals. The inputs of ANFISa,
ANFISb, and ANFISc are (Ua, Ia), (Ub, Ib), and (Uc, Ic)
respectively. The output of each ANFIS network is a
control signal that sending to the desired CB to activate
or deactivate it. Therefore, the protection technique activates only the crowbar resistances of faulted phases. The
outputs of ANFIS networks for all faults occurrence
probabilities are given in Table 2. The flowchart of proposed technique for different fault types is illustrated in
Fig. 7.

5 Simulation results and discussion
In this section, the dynamic performance of DFIG wind
turbine equipped with the proposed CBFT protection
technique during occurrence of symmetrical and

Fig. 4 Flowchart of classical outer crowbar protection
technique using ANFIS network
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Fig. 5 Schematic diagram of DFIG wind turbine equipped with proposed ANFIS CBFT protection technique

unsymmetrical faults is investigated. The whole studied
system consists of six 1.5 MW wind turbine generators
connected to distribution system of 25 kV and exports
power to 220 kV grid through transmission line of
30 km length as shown in Fig. 5. The wind turbine generator operates at wind speed of 10 m/s, where the maximum output power of wind turbine is 0.55 pu of its
rated power. During steady state conditions, the values
of DC-link voltage, active power, and reactive power are

1200 V, 4.74 MW, and 0 MVAR respectively. The overall
parameters of grid connected DFIG wind turbines are
given in Table 3. The studied faults are single-phase,
double-phase, and three-phase to ground faults, these
faults occur at terminals of wind turbines for a duration
time of 150 ms, where any fault occurs at 1.5 s and it is
cleared at 1.65 s from simulation time. Figure 8 shows
the terminal voltage variations of wind turbines
equipped with proposed CBFT protection technique in
cases of single-phase to ground fault, double-phase to
ground fault, and three-phase to ground fault. Figure 8(a)
shows that, the voltage of faulted phase a is decreased to
0.0159 pu and the voltages of un-faulted phases b and c
are increased to 1.705 and 1.871 pu respectively during
fault period of single-phase to ground fault. Figure 8(b)
shows that, the voltages of faulted phases a and b are decreased to 0.08129 and 0.07213 pu respectively and the
voltage of un-faulted phase c is increased to 1.861 pu
during fault period of double-phase to ground fault.
Figure 8(c) shows that, the voltages values of faulted
phases a, b, and c are decreased to 0.087 pu during fault
period of three-phase to ground fault.
Table 2 Grid fault type codes
Faulted phases

Fig. 6 ANFIS structures of proposed protection technique
for studied system (a) ANFISa; (b) ANFISb; (c) ANFISc

ANFIS outputs
ANFISa

ANFISb

ANFISc

Fault type

No fault

0

0

0

0

Phase a to ground

1

0

0

1a

Phase b to ground

0

1

0

1b

Phase c to ground

0

0

1

1c

Phases a and b to ground

1

1

0

1a, b

Phases b and c to ground

0

1

1

1b, c

Phases c and a to ground

1

0

1

1c, a

Phases a, b, and c to ground

1

1

1

1a, b, c
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phase (a) voltage
phase (b) voltage
phase (c) voltage

Terminal voltage (pu)

3
2
1
0
-1
-2
1.4

1.5

1.6

Terminal voltage (pu)

Table 3 Parameters of studied system
Parameters

Values

The parameters of DFIG

Terminal voltage (pu)

2

1
0
-1

1.5

1.6

1.7
Time (s)

1.8

1.9

2

(b)

3

The comparison between performance of DFIG wind
turbine generators in case of using the classical outer
crowbar and in case of using the proposed ANFIS CBFT
protection techniques during different fault types is
studied and illustrated in the following subsections. Also,

1.9

phase (a) voltage
phase (b) voltage
phase (c) voltage

2

-2
1.4

5.1 Impacts of different fault types

1.8

(a)

3

Fig. 7 Flowchart of proposed CBFT protection technique
using ANFIS networks

1.7
Time (s)

phase (a) voltage
phase (b) voltage
phase (c) voltage

2
1
0
-1
1.4

1.5

1.6

1.7
Time (s)

1.8

1.9

2

(c)

Fig. 8 Terminal voltage variations during different fault types
(a) single-phase to ground fault; (b) double-phase to ground
fault; (c) three-phase to ground fault

a comparison with traditional parallel rotor crowbar protection technique is investigated to demonstrate the effectiveness of the proposed technique. It is worth to be
mentioned that, the operation mechanism of traditional
parallel rotor crowbar protection technique as described
in [10–14] is designed to deactivate the RSC during fault
occurrence and the rotor windings are connected to the
crowbar resistors instead of the converters.

Rated voltage (V)

575

Rated power (MW)

1.5

Rated frequency (Hz)

60

Rotor resistance (pu)

0.0050

Stator resistance (pu)

0.00706

Mutual inductance (pu)

2.9

5.1.1 Impact of single-phase to ground fault

Rotor leakage inductance (pu)

0.156

Stator leakage inductance (pu)

0.171

During occurrence of single-phase to ground fault on
phase a, the ANFIS network of classical outer crowbar
protection technique detects the fault occurrence and
sends a control signal to open the CB, then the current
will be flowing through the crowbar resistors. Otherwise,
the proposed ANFIS CBFT protection technique detects
the fault occurrence and classifies it, then a control signal is sending to open only CBa for faulted phase and
the current will be flowing in crowbar resistor a. Figure 9
shows a comparison between the variations of DC-link
voltage, active power, and reactive power during occurrence of single-phase to ground fault when the studied
system is protected by traditional parallel rotor crowbar,
classical outer crowbar, and proposed ANFIS CBFT protection techniques respectively. As is shown in Fig. 9(a),
when the wind turbine generator is equipped with traditional parallel rotor crowbar protection technique, the
DC-link voltage is decreased to 1187 V during fault
period and increased to 1221 V after fault clearance,
then it returns to steady state value of 1200 V. Also,

The parameters of transmission line
Zero sequence resistance (Ω/km)

0.4131

Positive sequence resistance (Ω /km)

0.1154

Zero sequence capacitance (F/km)

5.02e-9

Positive sequence capacitance (F/km)

11.33e-9

Zero sequence inductance (H/km)

0.00331

Positive sequence inductance (H/km)

0.00105

The parameters of transformer (T1)
Turns ratio

575 V/25 kV

Impedance (pu)

0.0017 + j0.05

The parameters of transformer (T2)
Turns ratio

25 kV/220 kV

Impedance (pu)

0.00534 + j0.16

The parameters of grid
Impedance (pu)

0.0004 + j0.004
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1500
Traditional parallel rotor crowbar
Classical outer crowbar
Proposed ANFIS CBFT

DC-link voltage (V)

1400
1300
1200
1100
1000
900
1.4

1.5

1.6

Active power (MW)

1.8

2

1.9

(a)

8

Traditional parallel rotor crowbar
Classical outer crowbar
Proposed ANFIS CBFT

6

4

2

0
1.4

1.5

1.6

1.7
Time (s)

1.8

1.9

2

(b)

6
Reactive power (MVAR)

1.7
Time (s)

Traditional parallel rotor crowbar
Classical outer crowbar
Proposed ANFIS CBFT

4
2
0
-2
-4
1.4

1.5

1.6

1.7
Time (s)

1.8

1.9

2

(c)

Fig. 9 Comparison of measured values for traditional, classical,
and proposed protection techniques during single-phase to
ground fault (a) DC-link voltage; (b) active power; (c)
reactive power

when the wind turbine generator is equipped with classical outer crowbar technique, the DC-link voltage is increased to 1359 V during fault period and decreased to
935 V after fault clearance, then it returns to steady state
value of 1200 V. On the other hand, when the system is
equipped with the proposed CBFT protection technique,
the DC-link voltage is stable and has a little variation,
where it is varied between 1193 and 1212 V during fault
period. Figure 9(b) shows the comparison of active
power variations in cases of using traditional parallel
rotor crowbar, classical outer crowbar, and proposed
CBFT protection techniques respectively. It is noticed
that, when the wind turbine generator system is protected with traditional parallel rotor crowbar technique,
the active power is decreased to 0.96 MW after fault occurrence and increased to 6.68 MW after fault clearance,
then it returns to the steady state value. Also, when the
wind turbine generator system is protected with classical
outer crowbar technique, the active power is decreased
to 2.94 MW after fault occurrence and fluctuated between 4.18 and 5.61 MW during fault period, then it is
increased to 7.68 MW after fault clearance before it
returns to the steady state value. Otherwise, with using
the proposed CBFT protection technique, the active
power is decreased to 4 MW after fault occurrence and
returns to steady state value during the rest time of fault
period, then it is increased to 5.44 MW after fault clearance before it returns to steady state value. Moreover,
the delivered active power is more stable during fault
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period in case of using the proposed CBFT protection
technique comparing with cases of using traditional and
classical crowbar protection techniques. Figure 9(c)
shows the variations of reactive power in cases of using
traditional parallel rotor crowbar, classical outer crowbar,
and proposed CBFT protection techniques respectively.
It is obviously that, the reactive power is decreased to −
3.04 MVAR after fault occurrence and increased to 4.77
MVAR after fault clearance in case of using the traditional parallel rotor crowbar technique, while it is decreased to − 1.99 MVAR after fault occurrence and
increased to 3.24 MVAR after fault clearance in case of
using the classical outer crowbar technique. On the
other hand, it has a little fluctuation in case of using the
proposed CBFT protection technique, where it is decreased to − 0.64 MVAR after fault occurrence and increased to 0.72 MVAR after fault clearance. Also, the
absorbed reactive power during fault period in case of
using the proposed CBFT protection technique is less
than the absorbed reactive power in cases of using traditional and classical crowbar techniques.
5.1.2 Impact of double-phase to ground fault

The behaviours of studied wind turbine generators during occurrence of double-line to ground fault are studied
when the fault occurs on phases a and b. the ANFIS network of classical outer crowbar protection technique detects the fault, then the CB is opened and the currents
will be passing through the crowbar resistors for all
faulted and un-faulted phases. Otherwise, the ANFIS
networks of proposed CBFT protection technique detect
the fault and classify its type, then a control signals are
sending to open CBa and CBb for faulted phases and the
current will be flowing in crowbar resistors a and b. The
variations of DC-link voltage, active power, and reactive
power are indicated in Fig. 10. As is shown in Fig. 10(a),
the variation of DC-link voltage with traditional parallel
rotor crowbar technique is varied between 1491 and
1128 V after fault occurrence, also it is varied between
1179 and 1236 V after fault clearance. Otherwise, the
variations of DC-link voltage with classical outer crowbar technique and with proposed CBFT protection technique are nearly identical. Thus, it is increased to
1482 V after fault clearance and fluctuated around the
steady state value of 1200 V during fault periods, then it
returns to the steady state values after fault clearance.
As is shown in Fig. 10(b), the active power is more stable
with proposed CBFT protection technique during fault
periods. It is clear that, in case of using the traditional
technique, the active power is decreased to 0.134 MW
during fault period and increased to 7.15 MW after fault
clearance. Otherwise, the active power is decreased to
1 MW after fault occurrence in case of using the proposed CBFT protection technique, while it is decreased
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Fig. 10 Comparison of measured values for traditional, classical,
and proposed protection techniques during double-phase to
ground fault (a) DC-link voltage; (b) active power; (c)
reactive power

to 0.14 MW with the classical outer crowbar technique.
Also, after fault clearance, the active power is decreased
to 2.77 MW with the proposed protection technique
and decreased to 1.63 MW with the classical outer
crowbar protection technique. Figure 10(c) shows the reactive power variations, in case of using the traditional
technique, the reactive power is decreased to − 0.68
MVAR during fault period, then it is fluctuated between
− 2.88 and 3.29 MVAR after fault clearance. On the other
hand, it is increased to 7.5 MVAR and decreased to − 1.76
MVAR after fault occurrence in case of using the classical
outer crowbar technique, while it increased to 7.3 MVAR
and decreased to − 2.2 MVAR in case of using the proposed CBFT protection technique. Moreover, during the
rest time of fault period, the absorbed reactive power with
proposed protection technique is less than the absorbed
reactive power with the classical outer crowbar technique.
After fault clearance, the reactive power is increased to 1.4
MVAR with the classical outer crowbar technique and it is
fluctuated between 0.85 and − 0.32 MVAR with the proposed CBFT protection technique.
5.1.3 Impact of three-phase to ground fault

In case of using the proposed CBFT protection technique, the three-phase to ground fault is detected and
classified, then a three control signals are sending to
open CBa, CBb, and CBc, while in case of using classical
outer crowbar protection technique, the fault is detected
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and not classified, then one control signal is sending to
open CB. Logically, the responses of studied system are
identical when it is protected by proposed CBFT protection technique or classical outer crowbar protection
technique. Figure 11 shows the variations of DC-link
voltage, active power, and reactive power in case of
three-phase to ground fault with different studied protection techniques. As is shown in Fig. 11(a), the
DC-link voltage is increased to 1695 V and decreased to
977.5 V during fault period in case of using traditional
parallel rotor crowbar protection technique. Otherwise,
the DC-link voltage is fluctuated between 1735 and
1056 V after fault occurrence in cases of classical outer
crowbar and proposed CBFT protection techniques. As
shown in Fig. 11(b), the active power is increased to
8.6 MW and decreased to 0.443 MW during fault period,
while it is fluctuated between − 2.6 and 7.12 MW after
fault clearance in case of using traditional parallel rotor
crowbar protection technique. On the other hand, the active power is fluctuated between 9.15 and 1.58 MW after
fault occurrence, while it is fluctuated between − 3.15 and
6.56 MW after fault clearance, then it returns to the
steady state value in cases of classical outer crowbar and
proposed CBFT protection techniques.
As indicated in Fig. 11(c), the reactive power is increased to 5.9 MVAR and decreased to − 0.59 MVAR during fault period, while it is fluctuated between − 2 and 3.5
MVAR after fault clearance in case of using traditional

1800

DC-link voltage (V)

Traditional parallel rotor crowbar
Classical outer crowbar
Porposed ANFIS CBFT

Traditional parallel rotor crowbar
Classical outer crowbar
Proposed ANFIS CBFT

1600
1400
1200
1000
800
1.4

1.5

1.6

1.7
Time (s)

1.8

1.9

2

(a)
12
Traditional parallel rotor crowbar
Classical outer crowbar
Proposed ANFIS CBFT

10
Active power (MW)

1600

(2018) 3:35

8
6
4
2
0
-2
-4
1.4

1.5

1.6

1.7
Time (s)

1.8

1.9

2

(b)

8
Reactive power (MVAR)

Noureldeen and Hamdan Protection and Control of Modern Power Systems

Traditional parallel rotor crowbar
Classical outer crowbar
Proposed ANFIS CBFT

6
4
2
0
-2
-4
1.4

1.5

1.6

1.7
Time (s)

1.8

1.9

2

(c)

Fig. 11 Comparison of measured values for traditional, classical,
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5.2 Impacts of crowbar resistance values

The different impacts of crowbar resistance Rc on the accuracy of proposed CBFT in the cases of single-phase,
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Fig. 12 Variation of measured values during single-phase to
ground fault with different CBFT resistances (a) DC-link
voltage; (b) active power; (c) reactive power
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6 Conclusions
This paper presents a novel ANFIS controllable CBFT
protection technique to protect the DFIG wind turbines
grid connected during different faults. The studied system has a total capacity of 9 MW, where it consists of
six wind turbine generators with a capacity of 1.5 MW
for each of them. The proposed protection technique
consists of three crowbar resistors, where each resistor
is connected in parallel with a controllable single-phase
CB and both of them are connected between the
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Rc =10 Rs

1230

Active power (MW)

double-phase, and three-phase to ground faults are investigated. The different values of Rc are equal to 2, 5,
and 10 times of stator resistance Rs. The variations of
measured values of DC-link voltage, active power, and
reactive power at different Rc values are illustrated in
Figs. 12, 13, and 14 for different fault types. It is clear
that, the measured values are affected by the crowbar resistance value, thus the crowbar resistance value should
be chosen carefully. Moreover, the stability of studied
system equipped with the proposed CBFT protection
technique is more stable in case of using Rc equals 2 or
5 times of Rs.

DC-link voltage (V)

parallel rotor crowbar protection technique. Otherwise, in
cases of classical outer crowbar and proposed CBFT protection techniques, the reactive power variation is fluctuated between 6.08 and 2.35 MVAR after fault occurrence,
while during the rest time of fault period, the magnitude
of it equals 0.56 MVAR nearly. Also, it is fluctuated between 2.35 and − 2 MVAR after fault clearance.
Finally, the operation of DFIG wind turbines in case of
using the proposed ANFIS CBFT protection technique
is more stable, where it can return to steady state conditions in a short time after fault clearance comparing
with the traditional parallel rotor crowbar and classical
outer crowbar protection techniques. The studied system is staying to deliver stable active power with proposed CBFT protection technique during fault period.
Moreover, the variations of DC-link voltage, active
power, and reactive power are decreased by using the
proposed ANFIS CBFT crowbar protection technique.
The proposed technique is more accurate in case of
single-phase to ground fault considering this fault is the
most frequently fault type that occurs in power system.
The operation mechanism of proposed technique is designed based on fault type, where this fault is detected
and classified using ANFIS networks. Also, the proposed
technique inserts a specified crowbar resistor for faulted
phases only to enhance the studied system stability.
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Fig. 13 Variation of measured values during double-phase
to ground fault with different CBFT resistances (a) DC-link
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technique is more obvious in case of single-phase to
ground fault considering this fault is the most frequently
fault type that occurs in power systems. Also, the impacts of different crowbar resistance values on the behaviour of studied system and the accuracy of proposed
protection technique are investigated. Finally, the results
show that the proposed CBFT protection technique
based on ANFIS has obvious effect for enhancing the
stability of studied system.
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Fig. 14 Variation of measured values during three-phase to
ground fault with different CBFT resistances (a) DC-link
voltage; (b) active power; (c) reactive power

terminals of DFIG wind turbine and electrical grid. The
ANFIS networks are used to detect and classify the fault
types, then it sends a control signal to activate the specified CBs of faulted phases to protect the DFIG, DC-link
capacitor, and converters from dangerous effects. The
accuracy of proposed protection technique is investigated during different fault types such as single-phase to
ground fault, double-phase to ground fault, and
three-phase to ground fault. The variations of DC-link
voltage, active power, and reactive power during occurrence of different fault types are investigated when the
studied system is equipped with proposed protection
technique and when it is equipped with classical outer
crowbar protection technique. Also, a comparison with
traditional parallel rotor crowbar protection technique is
investigated to demonstrate the effectiveness of proposed technique. The simulation results show that, the
variations of measured DC-link voltage, active power,
and reactive power during fault periods are more stable
and have little fluctuations when the wind turbine generators are equipped with proposed CBFT protection technique. The reduction of fluctuations when the studied
system is equipped with proposed CBFT protection
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