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Abstract: Considering the increasing usage of the clean and renewable energies, wind
energy has been saliently improved throughout the world as one of the most desired
energies. Besides, most power houses and wind turbines work based on the doubly-fed
induction generator (DFIG). Based on the structure and the how-ness of DFIG connection
to the grid, two cases may decrease the performance of the DFIG. These two cases are
known as a fault and a low-voltage in the grid. In the present paper, a hybrid method is
proposed based on the multi-objective algorithm of krill and the fuzzy controller to improve
the low-voltage ride through (LVRT) and the fault ride through (FRT). In this method, first
by using the optimal quantities algorithm, the PI controllers’ coefficients and two variables
which are equal to the demagnetize current have been calculated for different conditions of
fault and low voltage. Then, these coefficients were given to the fuzzy controller. This
controller diagnosed the grid condition based on the stator voltage and then it applied the
proper coefficients to the control system regarding the diagnosed condition. To test the
proposed method, a DFIG is implemented by taking the best advantages of the proposed
method; additionally, the system performance has been tested in fault and low voltage

conditions.
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1 Introduction

N recent years, wind energy has had the highest

development in comparison with other renewable
energies such that among wind turbines (WTs), the
DFIG including the rotor-side converter (RSC) and the
grid-side converter (GSC) is the most common and most
desired choice [1]. It is because the main part of the
power is transmitted through the stator circuit and only
about one-third of the power is passed through the rotor
controlling circuit; besides, the active and reactive
powers can be controlled by the rotor controlling
circuit [2, 3]. However, the major shortcoming of DFIG
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occurs when it encounters the grid fault or the grid low-
voltage that causes a problem in its controlling circuit.
Thus, in studying WTs, proposing structures and
methods to improve LVRT and FRT and suggesting the
suitable reactive power to the grid which is able to
improve the transient voltage along with the grid great
fault become very significant issues [3-5].

In WTs, the DFIG is the most common generator
technology. A DFIG-based WT is dependent to a simple
crowbar resistance which is directly connected to the
DFIG’s rotor circuit to ride through the grid fault [5-7].
In this situation, the DFIG control ability is gone and
the DFIG termination voltage is more exasperated
concerning the reactive power used by DFIG along-with
the faults [8]. To solve this problem, various improved
methods which are applicable in the RSC have been
suggested to improve the ability of LVRT and FRT in
DFIG [9-11]. For example, in [10] a method for
demagnetize current control is suggested so that the
rotor current is controlled to compete with the negative
sequence and the DC components of the stator flux
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along with a grid fault. However, regarding the fault
which decreases the grid voltage significantly, the
current controlling plan cannot actualize
demagnetization concerning the RSC’s limited current
rate. In [11] a simple leakage flux tracking based
strategy to improve LVRT is proposed to control RSC
and to repress the fault current. Besides, in [12] a new
DFIG transient structure is suggested to improve its
FRT performance. In this method, to compensate the
stator low-voltage along with the transient operation, the
GSC is reconfigured by means of a series connection
line as a dynamic voltage restorer (DVR).
Notwithstanding, to reach the absolute voltage
compensation, this typology needs to make the GSC
power rate equal to the generator. Moreover, most
hardware-based methods like GSC and the
demagnetizing series GSC (SGSC) [13], dynamic
resistances of the RSC [14], DVR [15] and nine switch
GSC [16] are developed.

Recently grid codes need WTs connected to the grid
to supply the grid transient reactive power support along
with the transient faults [9,17-21]. A new reactive
power support strategy is proposed in [17] in which
RSC is restructured to connect with the stator circuit
paralleled with GSC in order to inject the reactive
power to the grid; while the crowbar protection is used
to decrease the rotor current along with the grid fault.
The major scheme of this controlling plan is that the
DFIG is an inductive generator which can absorb many
reactive powers from the grid. This indeed significantly
limits the DFIG transient voltage support. In [19] a new
structure of RSC is proposed that includes an electrical
doubled-layer capacitor-based ESD to improve the
LVRT capability. Besides a transient reactive power
control strategy is suggested. In [20], to reduce the rotor
DC components and its negative sequence, a solution is
proposed in that the rotor speed is temporarily enhanced
by the DFIG controller such that more space of the RSC
capacity was gotten to be saved for the reactive power
injection purpose. However, this method capacity is
limited by the rotor speed limitation especially when
DFIG works in rotor high speed situations.
Additionally, to attain the transient reactive power
control, the temporary over load of RSC and GSC is
recommended. However, this method is merely suitable
for symmetrical faults and can make undesired effects
on the power convertors’ life time.

In the present article, a new RSC-based hybrid method
is proposed to improve the LVRT and FRT abilities in
DFIG. The proposed method includes two on-line and
off-line steps. In the first step, PI controllers’
coefficients in the RSC circuit and two demagnetize
currents modeling parameters have been optimized by
applying the krill optimization algorithm. This process
has been separately done for different states of the faults
and the low-voltages; consequently, coefficients related
to each state are extracted. By considering the fact that
demagnetization currents need filters to be calculated
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and here they are assumed as two parameters in
optimization, the proposed method uses the benefits of
demagnetization method and also removes the related
filters and reduces the computing burden. In the second
step, these optimal coefficients are given to a fuzzy
controller which calculates the proper coefficients in an
on-line manner concerning the stator three-phase
voltage and then sends them to the controller.

Regarding the existence of three Pl controllers and
concerning this fact that the optimization goal is to
minimize these controllers’ errors, the current
optimization problem is a multi-objective one. Besides,
regarding this fact that the optimal controlling
parameters are measured in an off-line manner and the
fuzzy controller makes the proper parameters on-line,
the proposed method performance speed is noticeably
high. On the other hand, since the demagnetized
currents enter the proposed methods as coefficients, it
takes the best advantages of the method,
simultaneously. The used RSC circuit controls the
electromagnetic torque and the stator reactive power,
therefore, the optimal calculated coefficients for the Pl
controllers help to have a more constant reactive power
along with a fault or a low-voltage that decreases the
pressure on the grid.

The rest of the present article is organized as follows:
In Section 2, the used DFIG model is explained. LVRT
and FRT related concepts are proposed in Section 3.
Section 4 encompasses the krill optimization algorithm.
The general implementation trend of the DFIG proposed
method and the related considerations are introduced in
Section 5. Section 6 holds results related to the proposed
method performance. Conclusion is placed in Section 7.

2 DFIG Modelling

In this section, a proposed model of the system that is
based on topology proposed in [22] is used to control
the DFIG. This system has two independent controlling
sections: the rotor-side converter and the grid-side
converter. Since a DC link capacitor is used between
two rotor and grid-side convertors, these two convertors
can be controlled independently [22].There are different
theories to control DFIG by means of these two
convertors. In the present method, the reactive power
passed through the grid-side converter and the DC link
voltage are both controlled by the grid-side convertor.
On the other hand, the stator reactive power and the
electromagnetic torque are both controlled by the rotor-
side convertor. In this system, first quantities are
conducted from the abc reference frame to the rotor d-q
reference frame; then, the reference signals are
generated and finally these signals are returned to the
abc frame.

2.1 Rotor-Side Convertor

Considering [23], Egs. (1) and (2) are used to design
the controlling system.
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Eqg. (1) has been used directly. The reference stator
reactive power and the d-axis stator voltage have been
used to calculate the g-axis stator current. Based on
Eg. (2), it can be seen that the d-axis component of the
rotor current and electromagnetic torque are related.
Thus, this relation is used to measure the d-axis
reference quantity of the rotor-current. It is apt to
mention that Eq. (2) is not utilized directly and first the
fault quantity of the electromagnetic torque is altered to
the d-axis reference quantity of the rotor current by
means of a Pl controller. This process is done to attain a
belter controllability. Then, these two rotor reference
currents are compared to their actual quantities in d and
q axis. After that, the calculated fault is given to two
separate PI controllers so that their outputs are the rotor
reference voltage in d and g axes. Finally, the scheme of
the system is represented in Fig. 1.

2.2 Grid-Side Convertor

Considering [23], Eg. (3) is used to design the
controlling system:

. Qq
1 =
© " 186, )

Eq. (3) is used to calculate the d-axis reference
quantity of the GSC current by applying the reactive
power reference quantity of the GSC current by
applying the reactive power reference quantity passing
through GSC and the d-axis of the GSC voltage.
Moreover, a PI controller is used to control a DC link
voltage. The input of the mentioned PI controller is the
DC link voltage fault and its output is the d-axis
reference quantity of the GSC current. Then, these two
GSC reference currents are compared to their real
quantities in d and q axes and the calculated fault is
given to two separate Pl controllers that their output is
the GSC reference voltage in d and g-axes.
Consequently, the system scheme is as Fig. 2.

Further explanations regarding these two control
systems are in [23].

3 FRTand LVRT

When there is a fault in a grid, based on the
disconnection limitation [24], a turbine have to be
connected to the grid for a specific time span. It is done
to make sure that the power generation during the usual
time of the fault purgation is not reduced. The rapid
disconnection of a wind turbine, especially huge wind
farms, can affect negatively on the grid. This ability is
called FRT. Moreover, based on the grid codes it is
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necessary that huge wind farms tolerate the low voltage
for a specific drop percent in relation to the nominal
voltage and a specific time period. This ability is called
LVRT.

DFIG-based wind farms are highly sensitive to the
grid changes especially the low-voltage. It is because of
this fact that the DFIG stator is directly connected to the
grid. During the grid fault or the low-voltage condition,
one or more stator voltage phases drop. This
phenomenon causes a lot of stator transient current
which make a lot of current flow through the rotor and
the rotor convertors because of a magnetic couple made
between the stator and the rotor. Considering the
convertors’ limitation, it iS possible that generating
convertors controlling commands are not achieved
under the rotor high current and it is possible to lose the
DFIG control and lead to the temperature failure of the
convertors. Even if convertors work within their
domains, it is again possible that the stator current gets
very unbalanced that causes a torque pulse. This torque
pulse makes a sound noise which can highly destruct the
rotor shaft, gearbox and vane assemblies.

In research papers, some interactive measures are
introduced to boost LVRT and FRT capabilities in
DFIG. These measures can be classified into active and
passive methods. Passive methods are hardware-based
methods which utilize additional equipment. Among
these methods, one can refer to vane pitch angle,
crowbar methods and an energy capacitor system. On
the other hand, active methods take the best advantages
of convertors suitable control [25].

In the present article, the proposed hybrid method is
an active one which is divided into two parts known as
applying the demagnetization control theory and
improving controlling coefficients. Based on the
demagnetization control theory, when the rotor current
exits the permitted domain, it can influence on the basic
rotor current by using the band-pass filter and make the
current come back to the permitted domain. In this
regard, to access more information, one can refer
to [10]. Based on the second part of this article, during
the fault and low-voltage situation, optimal values of the
P1 controller coefficients of the rotor-side converter and
coefficients which is equal to the demagnetize current
have been applied to the controlling system.

4 The Krill Optimization Algorithm

Krill algorithm has been introduced in 2012 to
optimize the mathematical models [26]. The krill herd
algorithm is categorized as the swarm intelligence
algorithm which investigates the collective movements
of krill to find food. By applying this algorithm, it is
possible to solve those problems which have no precise
solution in logical time and find a close and reasonable
solution. This algorithm works based on the simulation
of a krill herd behaviors and movements to find food. In
this algorithm, the minimum distances between any
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Fig. 1 The rotor-side controller scheme.

given krill to food on one hand and to the centralized
population on the other hand are considered as the krill
movement objective function. In the krill herd
algorithm, a time dependent place is formulized based
on three factors:

1. The inductive movements by other krill,

2. Probe to find food,

3. Random movement.

To simulate krill’s behaviors, a herd of krill is

generated and their situation is updated based on the
following equation:

Nd
X9t =x¢ +Vigxk(ZUPj —LowJ} (4)

i=1

9 _y 9 9 g
Vi _Vl,i +VP,i +VR,i (5)

In Eq. (4), xi and g represent each krill situation and the
number of iteration respectively. The upper and lower
limits of each controlling variable are shown by UP; and
LOW,. The above speeds are based on krill’s inductive

speed (v¢, ), probe to find food (v¢,) and random

movement (vg,i). The mathematical realization of

these trends are defined as:
e The inductive speed
The influence of neighbor krill on each krill is
modeled in this process. Each krill arranges its speed
based on the local influence, the objective influence and
the repellent influence that formulated as below:
vy

=0 ,ivlnjiaX‘Falvlg,;1 (6)
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The local and objective influences are modeled by
means of a; in an inductive speed. ¢, is an internal
weight of the inductive speed that is between [0, 1]. A;,
Ay and Ay are the fitness functions of the i-th, the worst
and best krill observed in the population, respectively.
iter and iterma Shows the current and the maximum
iteration. The neighbor selection of each krill is
determined based on the recognition domain and the
situation of each krill in the searching domain. Each
krill chooses the closest krill which is in the recognition
domain as its neighbor. The distance among krill (d) is
determined by using the following equation:

1 &
9. = g 2l ®)
¢ Probe to find food
Here, the aim is to update the food searching speed
based on the krill memory in finding food. Indeed, each
krill updates its speed based on the present and the last
food.

iter
iter, .,

0 X
ZLK
JA

ve, =0.02 2[1—

+0.V T 9)
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e Random movement
Along with the optimization process, the population
diversity is ensured by the random movement. Its
modelling is as below:

Ve, = 9 (10)

In Eq. (10), vi™ is the maximum scattering speed

that falls in [0.001, 0.002] span. 9 represents the random
direction vector that is in [-1, 1].

To access the optimum and to increase the convergence
speed, the genetic algorithm operators (Crossover and
Mutation) are used in krill algorithm.

5 Implementation
5.1 Optimization

As mentioned, the aim is to arrange PI controllers’
coefficients existing in RSC and arrange coefficients
equalized to the demagnetize current such that the
LVRT and FRT capabilities of the system are enhanced.
Table 1 defines the optimization parameters.

To arrange optimization parameters, the krill
algorithm is used that is a three-objective in this article.
The used objectives include sum of squares of the three
PI controllers’ inputs existing in the RSC controlling
system through the time.
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As it is known, parameters of Pl controllers must be
set such that the fault of the controllers’ inputs be close
to zero as much as possible. Therefore, here, the
optimization problem is a minimization three-objective
problem that its output is like a 3 dimension pareto. This
algorithm is used in seven different states which are
introduced in Table 2; consequently, by applying this
algorithm in these states, sought parameters are
calculated.

First, state 1 is performed in which x; and xg
optimization parameters are not considered and just
parameters of Pl controllers have been used. Then,
results of this optimization have been utilized in PI
controllers during those spans in which no fault or low-
voltage is occurred. As a result, in states 2 to 7,
optimization parameters have merely been used when
any fault or low-voltage occurs. Considering above-
mentioned facts, in Egs. (7)-(9), t1 and t, values can be
considered as: in state 1, t; =0 and t, = 2, in states 2, 3
and 4,t1=1andt,=1.1, in states 5, 6 and 7, t; = 1 and
t, = 1.5.

5.2 Fuzzy System

Up to now, optimization parameters are calculated for
seven states off-linely. Now, the fuzzy logic is used to
on-linely arrange the controlling system’s parameters.
This fuzzy system has three inputs and eight outputs.
Inputs are stator three-phase voltage peak values and

f, = _[:it (AT, (t))2 dt (11) outputs are optimized parameters. Fig. 3 represent this
;1 ) system simply. Consequently, considering the applied
f,= .[1-1 (Ai ot )) dt (12) conditions which are calculated by the stator three-
[; ' _ ) p_hase voltage peak, parameters of the control system
fa=[7 (A (1)) dt (13) find out,
Table 1 Optimization parameters.
Parameter Definition
X1 Kp coefficient (PI controller with electromagnetic torque error as input and d-axis rotor current as output)
X2 Ki coefficient (PI controller with electromagnetic torque error as input and d-axis rotor current as output)
X3 Kp coefficient (PI controller with d-axis rotor current error as input and d-axis rotor voltage as output)
X4 Ki coefficient (PI controller with d-axis rotor current error as input and d-axis rotor voltage as output)
Xs Kp coefficient (PI controller with g-axis rotor current error as input and g-axis rotor voltage as output)
X6 Ki coefficient (PI controller with g-axis rotor current error as input and g-axis rotor voltage as output)
X7 d-axis demagnetization current
Xs g-axis demagnetization current

Table 2 States of applying optimization.

State No. Operation Type

~No ok~ WN -

Normal operation

Single phase fault to ground (1 <t<1.1)
Two-phase fault to ground (1 <t<1.1)
Three-phase fault to ground (1 <t<1.1)
25% Low-voltage (1 <t<1.5)

50% Low-voltage (1 <t<1.5)

75% Low-voltage (1 <t<1.5)
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Table 3 The fuzzy system laws.
Rule Operation Input  Input Input Output Output Output Output Output Output Output Output
No. State 1 2 3 1 2 3 4 5 6 7 8
1 Normal a,l b,1 ¢l X1,1 X2.1 X3,1 X4.1 X5.1 X6,1 0 0
il X a0 b,1 cl
2-4 falﬂﬂe Phase a1 b,0 c,l1 X12 X22 X32 Xa2 X52 X6.2 X72 X8.2
a,1 b1 c,0
T h a,0 b,0 c,l
57 favL\Jllc;-p e a0 b1 c,0 X13 X2;3 X33 X4.3 X5,3 X6:3 X73 X83
a,l b,0 c,0
Three-ph
8 faulie phase a,0 b,0 c,0 X1,4 X2.4 X34 Xa.4 X5.4 X6.4 X7.4 Xe.
25% Low-
9 voltage a,0.75 b,0.75 ¢,0.75 X5 X2,5 X35 Xa5 X5,5 X6,5 X7,5 X85
50% Low-
10 voltage a,0.5 b,0.5 c,0.5 X1,6 X2,6 X3,6 X4,6 X5,6 X6.6 X7.6 X8,6
75% Low-
11 voltage 2,025 Db,025 025 Xxi7 X2,7 X3,7 Xa,7 X5,7 X6,7 X7,7 X8,7
Lj
X:

»

Fig. 5 Output membership functions.

To use this system, it is necessary to define
membership functions and the fuzzy system laws. In
Figs. 4 and 5 and Table 3, the input membership
functions, output membership functions and used laws
are represented.

In Fig. 5 and Table 3, x; is the i-th output of the fuzzy
system and x;; equals to the optimized quantity of x;
variable in the j-th utilization state. As observed, the
output membership functions are represented as a
singleton and the input membership functions are shown
as a triangle.
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5.3 General Structure

To reach at a better understanding of the proposed
structure, its general scheme is shown in Fig. 6. As one
can see, the stator voltage values are given to the three-
phase controller and the optimized coefficients of x; to
Xg are given to the PI controllers. Consequently, x; and
xs coefficients are summed up with the rotor current
faults.
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Fig. 7 The output pareto of krill algorithm: a) state 1, b) state 2, c) state 5 and d) state 7.

6 Results

As it mentioned, the optimization algorithm is a three-
objective and its output is as a 3 dimension pareto and
as the algorithm is done on the 7 states, there are 7
paretos. Results of performing krill algorithm and the
output paretos for sample states 1, 2, 5 and 7 are
represented in Fig. 7.

Optimized parameters in different states are shown in
Table 4 considering the calculated point and the
selection from the pareto.

As mentioned in the previous sections, the RSC

controls the electromagnetic torque and the stator
reactive power. First to justify the proposed method, its
performance is compared with the demagnetize method.
To do so, results of the electromagnetic torque and the
stator reactive power are shown in Fig. 8 and Fig. 9 for
conditions of the uncontrolled, demagnetized and
proposed method for two-phase fault and 50% low
voltage states, respectively.

Considering Figs. 8 and 9, it seems that while
applying the proposed method the electromagnetic
torque and the stator reactive power have less jump and
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Table 4 The optimized parameters in different utilization states.

Operation State X1 X2 X3 X4 X5 X6 X7 Xs
Normal -1.95717 -2 2.535847 14.71155 5.684226 0.076487 0 0

Single  phase | -1.9489 17.69 2.2711 43.349 0.98194 -1.6066 -0.27961  0.2743
fault

Two-phase fault | -2 0.22944 5.8842 37.475 7.1124 41.547 -0.33113  0.14263
Three-phase 36.391 22.56 14.682 34.997 -0.03323 44811 -0.68635 -0.64283
fault

25% Low- | 41.48438 29.13214 15.44657 13.21094 28.3109 34.39113 -1 -0.89716
voltage

50% Low- | 17.51973 33.86995 17.73002 37.27866 43.84739 42.86396 -1 -0.44805
voltage

75% Low- | 50 11.48706 24.43795 33.77883 7.555173 50 -0.99998 -0.19065
voltage

a
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Fig. 8 The electromagnetic torque and the stator reactive power in two-phase fault state and in conditions of uncontrolled,

demagnetized and the proposed method.
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more stability speed. In the first diagram normal state’s coefficients of the PI

By paying attention to Figs. 8 and 9, one can better controllers and the demagnetize current are considered
detect the performance of the proposed method in and in the second diagram the optimized coefficients
relation to the demagnetized method. In the following and currents related to each state are used based on
Figs. 10 and 11, the electromagnetic torque and the Table 3.
stator reactive power are shown under conditions 2-7 Considering above results, the following propositions
represented in Table 2. Each state holds two diagrams: are understood:
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Fig. 10 The electromagnetic torque in the normal condition and in the proposed method condition under a) single phase fault, b) two-
phase fault, c) three-phase fault, d) 25% low voltage, €) 50% low voltage and f) 75% low voltage states.
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e In Figs. 10(a)-(c) which represent the
electromagnetic torque under a fault in 1s to 1.1s
time span, it is observed that when the optimized
coefficients by the algorithm are used, both the
torque ripple and jump are reduced and the
oscillations damped earlier.

e In Figs. 10(d)-(f) which represent the
electromagnetic torque under a low voltage in 1s to
1.5s time span, it is observed that applying
optimized coefficients get the torque change peak
reduced.

e In Figs. 11(a)-(c) which represent the stator
reactive power under a fault in 1s to 1.1s time span,
it is observed that when the optimized coefficients
by the algorithm are used, both the torque ripple and
jump are reduced and the oscillations damped earlier
e In Figs. 10(d)-(f) which represent the stator
reactive power under a low voltage in 1s to 1.5s time
span, it is observed that applying optimized
coefficients get the torque change peak reduced.

The torque peak reduction makes the suddenly
mechanical pressure reduction on the turbine’s
components and gets the occurrence of events
decreased. The reduction in the torque oscillation
damping time makes removing changes faster and has
the turbine operation smoothly. The reactive power peak
reduction also reduces the negative effects on the grid
voltage. Moreover, the reactive power oscillation
damping time reduction gets the voltage more stable and
helps the grid to encounter with the fault or the low
voltage.

7 Conclusion

Considering the rapid development of wind energy,
designing controlling systems with the better
performance has been highly noticed in recent years. In
designing DFIG controlling systems, improving LVRT
and FRT are the most important factors. Therefore, in
the present article a hybrid method based on the krill
algorithm and the fuzzy logic is proposed in that the
demagnetization controlling theory is applied as well.
The proposed method is an active method which can
improve the DFIG performance by changing the
controlling coefficients and the demagnetization effect
when any fault or any low-voltage occurs. Simulation
results of the proposed method have shown that the
method reduces the changes peak and the changes
mortality time, consequently, increases the DFIG
system stability at the time of a fault or a low-voltage.
Optimized coefficients have been calculated off-line.
However, controlling and applying coefficients to the
controlling system have done on-line. Therefore, the
proposed method is a high performance method for the
practical applications.
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