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Abstract—Wind farms must be linked to the grid during the
voltage sag. Therefore, the improvement of low-voltage ride-
through (LVRT) capability of wind turbine (WT) is a vitally
issue. Protection system based on an interval type-2 fuzzy logic
system (IT-2 FLC) is presented to improvement of LVRT
capability of permanent magnet synchronous generator
(PMSG) based on WT during the voltage dip. The presented
control system prevents the power converters from the
damaging effects of over-voltage during LVRT time. In
addition to, the proposed protection system based on IT-2 FLC
provides constant DC link voltage, reduces the amplitude of
stator fault voltages, and enhances all response of PMSG. The
proposed method is applied wind turbine using a 1.5MVA
PMSG during different voltage sag types in the
MATLAB/Simulation. The effectiveness of presented technique
is verified by simulation results.

Index Terms—Permanent magnet synchronous generator;
Low-voltage ride-through; Interval type-2 fuzzy logic system;
Wind energy conversion.

I. INTRODUCTION

Recently, wind energy generates electricity from a
renewable source that has attracted much interest [1]. Many
types of generators are used in wind farms, and each has
different advantages and disadvantages [2]. Permanent
magnet synchronous generator (PMSG) has started widely
used according to other generator types due to its superior
characteristics, such as a low wind speed and the highest
power-to-weight ratio in a direct drive [3], [4].

Grid codes require low-voltage ride-through (LVRT)
capability for the wind energy conversion system (WECS)
during grid fault conditions. LVRT capability is
implemented to protect the wind turbine and maintain a
connection during grid fault conditions [5]. The LVRT grid
codes differ according to requirements of the Transmission
System Operator (TSO) in each country [6]. The LVRT grid
codes of some Europe countries are given in [5], [7]. Each
country has recovery voltage’s different values. A control
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method cannot implement to all types of wind generators and
all countries due to grid code changes for each country. If a
country has weak grid codes, it will need more reactive
power support during grid faults [5]. Therefore, many
systems have been presented to enhance LVRT capability of
PMSG based on wind farm in the literature.

A braking chopper (BC) is implemented to enhance the
LVRT capability of a PMSG based on WECS during a
voltage dip [8]-[10]. This method has some advantages such
as a simple control structure and low cost, but BC does not
enhance the power quality at output of WECS. The second
method is static synchronous compensator (STATCOM) that
voltage regulation is greatly enhanced in both the steady and
transient states [11], but STATCOM has disadvantages, such
as high cost and additional hardware. In another way, a
predictive control protection system is presented as the most
successful LVRT strategy for a PMSG based on WECS
[12]. However, the predictive control protection system has
difficulty implemented to control topologies of grid-side
(GSC) and machine-side converter (MSC) because of
nonlinearity and uncertainties of power system. However,
the proposed fuzzy type 2 system (IT-2 FLC) in this paper
provides a full control for PMSG during all grid fault types.

The interval fuzzy type 2 system is presented to enhance
LVRT capability for PMSG based on WECS using low-
voltage two-level voltage-source converter (VSC) [13].
Two-level VSC is a widely used converter in WECS
according to multilevel converter types, but multilevel
converters are more effective than conventional two-level
systems for higher power applications based on WECS. The
neutral-point clamped (NPC) converter is more suitable for
back-to-back applications among other multilevel converter
types. The NPC converter has several advantages, such as a
simpler structure, good dynamic response, good harmonic
spectrum, and decreases voltage values for power electronic
switches.

This paper presents an improvement of LVRT capability
of a PMSG based on an NPC converter using an interval
type-2 fuzzy logic system (IT-2 FLC) protection circuit
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during different voltage dip conditions. The aim of the
proposed protection method is to continue connection
between PMSG and the grid during a voltage dip and
maintain uninterrupted power supply for grid. The main aims
of protection method based on IT-2 FLC are to maintain a
constant DC link voltage, reduce the amplitude of stator
fault voltages, and generally enhance all responses of
PMSG. The proposed system prevents the power converters
from the damaging effects of over-voltage during a voltage
dip. The proposed system implemented a WECS-based 1.5
MVA PMSG for different grid fault conditions using
MATLAB/Simulation. It is compared to a system with and
without protection for different grid fault conditions, and the
effectiveness of presented method is proved by simulation
results.

The rest of the paper is organized as follows. Section Il
summarizes WECS system. A proposed protection control
system for improving the low-voltage ride-through of a
PMSG based on WECS is introduced in Section Ill. The
design of 1T-2 FLC is given in Section IV. The comparative
results of simulation studies of the efficiency of the proposed
protection system are introduced in Section V. As result,
conclusions are given in Section V1.

The WECS consists of a generator, blade, power
electronics, control systems, transformer, and a PCC, as seen
in Fig. 1. AWECS plant converts from wind power to
electrical power. There are many types of generators used in
the WECS, each of which has different advantages and
disadvantages. PMSGs are widely used compared to other
generator types due to their superior characteristics, such as
a low wind speed and the highest power-to-weight ratio in a
direct drive. MSC and GSC systems consist of an NPC
system each using 12 IGBT. The NPC system is more
effective than conventional two-level converter systems for
higher power applications based on WECS.

WIND ENERGY CONVERSION SYSTEM

A. Wind Turbine Characteristics

Any wind turbine’ mechanical power is obtained in (1)
[14]
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where C,, which depicts the power coefficient, varies with S
and A of wind turbine. A depicts area swept by blade. A
depicts a nonlinear function of TSR and p represents air
density. B, which depicts pitch angle, is obtained according
to producer data [14]. V,, represents the wind speed. The 4
equation is (2)
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where o, depicts rotor speed and r represents blade radius.

The relationship between WT’s speed and maximum
power point is obtained in (1). As shown in (1), the
maximum active power (Pm) changes linearly with wind
speed.
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Cp has been a maximum power value obtained from the
wind by WT for a specific value of lop. WT is operated at
optimum speed to achieve maximum power efficiency even
during wind variations.

B. Mathematical Model of PMSG

The PMSG voltage equations are illustrated in (3), where
Rs and Ls represent stator resistance and inductance,
respectively. w. depicts electric angular frequency. Vs
denotes a terminal voltage generated by PMSG described in

(3) (14]-117]
[l ) B

Vsg
Vsg Lylsq

The stator’s flux linkages (dq frame) are obtained in (4):
0

e el

where ysq and s are the flux linkages. s represents the flux
linkage in the permanent magnets. Lq and Lq represent stator
inductances in the dqg frame. isq and isq represent generator dq
frame currents.
The voltage equations of dqg frame are obtained in (5)
Ld isd 'Lq isq
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where vsg and vsq are voltages of the d and g loops in the
stator, respectively. The voltages of the vg and vsq are
utilized to generate the reference three-phase sinusoidal
voltage. isq and isq depict currents of d and g loops in stator,
respectively. Lq and Lq represent inductances of g and d
loops in the stator, respectively. Rs denotes stator resistor,
and we iselectrical angular of PMSG.
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The proposed control structure of a PMSG using 1T-2
FLC is given in Fig. 1. The IT-2 FLC has more new features
than conventional control systems, such as numerical
uncertainties and modelling the uncertainties in the linguistic
variables. The parameters of a proportional-integral (PI) are
difficult to adjust for a WECS based on high nonlinearity
with uncertain operating conditions. Pl controller supplies
proper performance for a given operating point. However,
conventional controller has poor transient performance due
to continuously varying the dynamics of WECS based on
PMSG during all fault conditions. Thus, the performance of
the designed conventional control method is reduced when
the operating conditions of WECS based on a PMSG are
highly uncertain.

The parameters in the conventional control method are to
be frequently readjusted to sustain normal performance and
to cope with the uncertainties of a WECS based on a PMSG.
Therefore, new methods are investigated to overcome the
numerical uncertainties and new linguistics. The type-2
fuzzy set is a new method with specific characteristics. Thus,
the special characteristics of 1T-2 FLC are used to improve
wind energy conversion systems.

PROPOSED PROTECTION CONTROL SYSTEM
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Fig. 1. Control structure of PMSG based on WECS.

A. MSC Control

A control diagram of MSC is seen in Fig. 1. This block
diagram consists of dq frame currents of PMSG. The pulse-
width modulation (PWM) method is implemented to obtain
the duty cycles of voltage commands by means of an IT-
2FLC and a PI. Two large capacitors are applied to find a
neutral point N. The MSC control has two switch modes.
First mode is to normal operation mode. A g-axis current
component is determined by stator active power (P), and the
d-axis current component equals zero during normal
operation conditions. In Fig. 1, reference voltages (v'sy and
V'sa) are calculated by the following formula

Vsd Vsd 0
« |=| o |twe + @y
Vsg Vsq Ve
Second mode is LVRT mode during the grid-voltage dip.
The g-axis current is determined by a DC link voltage during

LVRT operation. MSC arranges a DC link voltage with 1T-2
FLC during LVRT operation.

B. GSC Control

A control diagram of GSC is seen in Fig. 1. The GSC
control has two switch modes. First mode is to normal
operation. In normal operation condition, GSC control
inputs consist of two loops, which is a reactive power
control and DC link voltage system. The GSC control
regulates a reactive power and DC link voltage of the wind
turbine. A stator reactive power (Q) is obtained by g-axis

“Lylsq

(6)
Laisg
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grid-side converter control

component, whereas DC Link voltage (Vqc) is obtained from
d-axis component. In Fig. 1, reference voltages (v'q and v*q)
are calculated by the following formula

HEHE W)

Second mode is to LVRT mode during a grid-voltage dip.
The d-axis current component is determined by LVRT
power (P*_Lvrr) during LVRT operation. The GSC regulates
the LVRT powers of the system with the proposed control.

Llg

()
Lgig

IV. TYPE 2 Fuzzy LogIC SET DESIGN

The block diagram for the IT-2 FLC is given in Fig. 2. An
open source IT2-FLS Matlab/ Simulink toolbox produced by
Taskin and Kumbasar [18] is used in this study. An IT-2
FLC uses a fuzzy logic rule based on data analysis system.
The basic structure of I1T-2 FLC consists of four
components. At first, the fuzzier converts from crisp input
signal to fuzzy inputs. The inference mechanism is formed
using fuzzy reasoning to obtain a fuzzy output. The type
reducer converts from a Type-2 Fuzzy Set to a Type- 1
Fuzzy Set and finally obtains crisp output using various
defuzzification techniques.

The proposed structure of IT-2 FLC is given in Fig. 3.
The reference current value (lg) of GSC controller is
generated from DC link voltage during normal operation or
from P*Lyrr during the voltage dip. The reference current
value (lq) of GSC controller is generated from the reactive
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power (0) value during normal operation or from Q"Lvrr
during a voltage dip.
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Fig. 2. The general block diagram of IT-2.
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Fig. 3. Proposed structure of IT-2 FLC.
The error signals are derived as:
€4 =Vdret -Va > (8)
€q :Vqref _Vq’ )

where eq and eq depict error signals. The inputs of the final
controller are expressed by:

EZKeGd,
E =Kyéy.

(10)
(11)

The ¢éq4 and ¢4 depict the derivatives of the error signals,
and K. and Kq depict controller gains.

A. Fuzzification

The membership functions of the error signals are
fuzzified using five triangular shapes. The fuzzy sets are
identified as PL-Positive Large, PS-Positive Small, Z-Zero,
NL-Negative Large, and NS-Negative Small. The designed
membership functions for IT-2 FLC are given in Fig. 4.

£ NL NS Z PS PL
Z 1

)
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Error

Fig. 4. Designed membership functions of IT-2 FLC.

The membership functions with an equal width and span
of FOU are used in most studies, but this application does
not represent the best performance of IT-2 FLC. The
membership functions are selected using information from
various simulation results in this study. The width of the
FOU is regulated according to the oscillation of DC link
voltage and output powers. The maximum and minimum
values for all outputs and inputs are selected as +1 to -1
[18].

B. Inference Engine

The inference engine has three type operations based on
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the rule implication, aggregation and type reduction. The
fuzzy mapping of the input variables consists of IF-THEN
rules expressed by

If (e (eq )is X )and (¢ (éq )is 11 ), then(Vy (Vg )is wy). (12)

All 25 rules and membership functions for IT-2 FLC are
selected. The inference system uses the max method for the
Join aggregation and operation and the min-method for the
Meet implication and operation [18].

C. Defuzzification

The Karnik-Mendel algorithm is implemented in this
study as a defuzzification method. The Karnik-Mendel
algorithm identifies the largest and smallest elements among
the centroids. This method converts from fuzzy to crisp
system output values

+
yoo =270 (13)
2
where yr and y; depict the output of the IT - 2 fuzzy system.
The average of yr and y; is used to defuzzify the output of the
IT - 2 fuzzy system [18].

V. SIMULATION RESULTS

A block diagram of PMSG based on WECS method is
given for verification using an I1T-2 FLC in Fig 1. Three
different cases of the LVRT are analysed for PMSG-based
on WECS wusing an IT-2FLC control system in
Matlab/Simulink. This Simulink operation is used two
switching methods based on the normal and LVRT operation
systems. Pl and IT-2FLC control systems for the two
converter systems are implemented to improve during the
normal operation and LVRT operation. The MSC inputs are
i"ss and P"y during normal operation and are iy and Ve
during LVRT operation. The GSC inputs are Vg and Q"
during normal operation and are P*yrr and Q*Lvrr during
LVRT operation.

The MSC enhances the active power requirement during
normal operation. The GSC maintains a nearly constant DC
link voltage during normal operation. The MSC maintains a
nearly constant DC link voltage during LVRT operation due
to the switching method. The GSC enhances the active
power requirement during LVRT operation due to the
switching method.

A. Scenario 1

The simulation results of PMSG based on WECS are
given with and without proposed control system during a
voltage-dip of (90 %). As seen in Fig. 5(a), when the voltage
dip occurred, DC link voltage increases from a nominal
value of 1150 V to 4000 V without proposed system.
However, the DC link voltage maintains a nominal value of
1150 V with proposed system in Fig. 5(c). The rotor speed
increases at 3 p.u. without the protection system, and it
maintains a nominal value of 1.2 p.u. with the protection
system in Fig. 5(b). The active power suddenly reduces to
zero without the protection system during a voltage dip and
is fixed at 1 p.u. with the protection system during voltage
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dip in Fig. 5(d). The reactive power suddenly rises to 1 p.u.
without the protection system during a voltage-dip and is
fixed at O p.u. with the protection system during voltage dip
in Fig. 5(e). The electromagnetic torque value reduces to 0
p.u. without the protection system, but it is fixed at 1 p.u.
with the protection system even after and during a grid fault
in Fig. 5(f). The DC link voltage, electromagnetic torque,
rotor speed, active, and reactive power are enhanced due to
the control action of the proposed protection system. A
voltage dip of (90 %) is serious compared to other fault
types. Therefore, this type of voltage dip is quite difficult to
control during LVRT. Thus, as seen from the compared
results, the proposed protection provides full control of the
PMSG.
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Fig. 5. Dynamic response of a 1.5 MVA PMSG with and without a
protection system during a voltage-dip (90 %).

B. Scenario 2

The simulation results of a PMSG based on WECS are
given with and without a protection control system during a
voltage-dip of (50 %). This voltage dip is applied between
4.0 s and 4.5 s in Fig. 6(a). As seen in Fig. 6, when the
voltage dip occurs, DC link voltage increases from a
nominal value of 1150 V to 2700 V without proposed
system. However, it maintains a nominal value of 1150 V
with a protection system in Fig. 6(c). The rotor speed
increases to 2.2 p.u. without the protection system and
maintains a nominal value of 1.2 p.u. with the protection
system in Fig. 6(b). The active power suddenly reduces to
0.4 p.u. without the protection system during a voltage dip
and is fixed at 1 p.u. with the protection system during
voltage dip in Fig 6(d). The reactive power suddenly rises to
0.6 p.u. without the protection system during a voltage dip
and is fixed at 0 p.u. with the protection system during
voltage dip in Fig. 6(e). The average electromagnetic torque
value decreases to 0.4 p.u without the protection system but
is fixed at 1 p.u. with the protection system even after and
during a grid fault in Fig. 6(f). The DC link voltage,
electromagnetic torque, rotor speed, active, and reactive
power are enhanced due to the control action of the
proposed protection system.
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Fig. 6. Dynamic response of a 1.5 MVA PMSG with and without a
protection system during a voltage-dip (50 %).

As seen from the compared results, the proposed
protection provides full control of the PMSG.
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C. Scenario 3

The simulation results of a PMSG based on WECS are
given with and without a protection control system during a
voltage dip (25 %). This voltage dip is implemented between
4.0 s and 4.5 s in Fig. 7(a). As seen in Fig. 7(c), when the
voltage dip occurs, the DC link voltage increases from a
nominal value of 1150 V to 1900 V without proposed
system, and it maintains a nominal value of 1150 V with the
protection system. The rotor speed increases to 1.6 p.u.
without the protection system, and it maintains a nominal
value of 1.2 p.u. with the protection system in Fig. 7(b). The
active power suddenly reduces to 0.65 p.u. without the
protection system during a voltage dip and is fixed at 1 p.u.
with the protection system during voltage dip in Fig. 7(d).
The reactive power suddenly rises to 0.3 p.u. without the
protection system during a voltage dip and is fixed at 0 p.u.
with the protection system during voltage dip in Fig. 7(e).
The electromagnetic torque value reduces to an average of
0.7 p.u. without the protection system, but the value is fixed
1 p.u. with the protection system even after and during a grid
fault in Fig. 7(f). DC link voltage, electromagnetic torque,
rotor speed, active, and reactive power are enhanced due to
the control action of the proposed protection system. As seen
from the compared results, the proposed protection provides
full control of the PMSG.
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Fig. 7. Dynamic response of a 1.5 MVA PMSG with and without a
protection system during a voltage-dip (25 %).

A voltage dip of (25 %) is slight compared to other fault
types. However, it is the most common type.

VI.

This paper presents an enhancement of LVRT capability
of a PMSG based on WECS with IT-2FS during different
voltage sag conditions. Three different cases of voltage sag
are analysed using IT-2FLC. The proposed protection
system is implemented to enhance the LVRT capability of a
PMSG based on WECS, even after and during different
voltage sag conditions.

A voltage dip of (90 %) is serious compared to other
voltage sag types. Therefore, it is quite difficult to control
during LVRT. A voltage dip of (25 %) is slight compared to
other voltage dip types. However, it is the most common
type of voltage dip. Thus, as seen from the compared results,
the proposed protection provides full control of PMSG and
prevents from damage effects of the overvoltage during
voltage dips.

During a voltage dip of (90 %), DC link voltage rises
from a nominal value of 1150 V to 4000 V without a
protection system. During a voltage dip of (50 %), DC link
voltage rises from a nominal value of 1150 V to 2700 V
without a protection system. During a voltage dip of (25 %),
DC link voltage rises from a nominal value of 1150 V to

CONCLUSIONS
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1900 V without proposed system. However, DC link voltage
maintains a nominal value of 1150 V with proposed system
for all voltage dip types.

The active power suddenly decreases to zero without the
protection system during a voltage-dip of (90 %). It
decreases to 0.4 p.u. without the protection system during a
voltage dip of (50 %), and decreases to 0.65 p.u. without the
protection system during a voltage dip of (25 %). However,
the active power value remains nearly 1 p.u. with the
proposed protection system for all voltage dip types.

The proposed protection system has a very small settling
time, drop and peak value compared to a no-protection
system and performs better than a no-protection system
during different voltage sag conditions. Finally, as seen from
the compared results, the proposed protection system
provides full control of PMSG and prevents from damage
effects of the overvoltage during a voltage sag.
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