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Background and Objectives: The wind turbines (WTs) with doubly fed
induction generator (DFIG) have active and reactive power as well as
electromagnetic torque oscillations, rotor over-current and DC-link over-
voltage problems under grid faults. Solutions for these problems presented in
articles can be classified into three categories: hardware protection devices,
software methods, and combination of hardware and software techniques.
Methods: Conventional protection devices used for fault ride through (FRT)
capability improvement of grid-connected DFIG-based WTs impose difficulty in
rotor side converter (RSC) controlling, causing failure to comply with grid code
requirements. Hence, the main idea in this paper is to develop a novel
coordinated model predictive control (MPC) for the power converters without
need to use any auxiliary hardware. Control objectives are defined to maintain
DC-link voltage, rotor current as well as electromagnetic torque within
permissible limits under grid fault conditions by choosing the best switching
state so as to meet and exceed FRT requirements. Model predictive current
and electromagnetic torque control schemes are implemented in the RSC.
Also, model predictive current and DC-link voltage control schemes are applied
to grid side converter (GSC).

Results: To validate the proposed control method, simulation studies are
compared to conventional proportional-plus-integral (Pl) controllers and
sliding mode control (SMC) with pulse-width modulation (PWM) switching
algorithm. In different case studies comprising variable wind speeds, single-
phase fault, DFIG parameters variations, and severe voltage dip, the rotor
current and DC-link voltage are respectively restricted to 2 pu and 1.2 times of
DC-link rated voltage by the proposed MPC-based approach. The maximum
peak values of DC-link voltage are 1783, 1463 and 1190 V by using PI control,
SMC and the proposed methods, respectively. The maximum peak values of
rotor current obtained by Pl control, SMC and the proposed strategies are
3.23, 3.3 and 1.95 pu, respectively. Also, Pl control, SMC and the proposed
MPC methods present 0.8, 0.4 and 0.14 pu, respectively as the maximum peak
values of electromagnetic torque.

Conclusion: The proposed control schemes are able to effectively improve the
FRT capability of grid-connected DFIG-based WTs and keep the values of DC-
link voltage, rotor current and electromagnetic torque within the acceptable
limits. Moreover, these schemes present fast dynamic behavior during grid
fault conditions due to modulator-free capability of the MPC method.

©2020 JECEL All rights reserved.

Introduction

Due to development in power electronic technology, variable speed wind energy conversion systems (WECSs)
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are integrated into power systems [1]. Among different
types of WECSs, doubly fed induction generator (DFIG)-
based wind turbines (WTs) are widely used because of
flexible operation at different speeds, high energy
transfer capability, requirement of low cost and small
size power electronics system, control capability of
active and reactive powers, etc. [2].

During faults and voltage dips occurred in a power
grid, the stator current of DFIG-based WT increases as a
result of the direct connection of stator windings to the
power grid. Since there is magnetic coupling between
stator and rotor windings, high rotor inrush currents and
DC-link capacitor over-voltage are created [3]. In order
to address the risk of damage to rotor side converter
(RSC) and DC-link capacitor, and to improve the fault ride
through (FRT) capability, researchers have proposed
three different types of solutions: hardware protection
techniques, software methods, and combination of
hardware and software methods.

Crowbar is an old hardware protection device to
maintain power electronics and to improve FRT behavior
of DFIG-based WTs. It suggests disconnecting WT from
the grid during severe electrical faults. Although this
protection device avoids high rotor inrush currents and
leads to RSC isolation, the DFIG-based WT operates
similar to a squirrel cage induction generator drawing a
considerable amount of reactive power from the power
grid [4], [5]. On the other hand, recent grid codes require
DFIG-based WTs to stay connected to the power grid
during and after faults, and to provide FRT capability [6].
Therefore, developed control strategies have been
proposed to improve the DFIG performance during the
voltage dip and crowbar activation [7], [8].

A set of thyristor controlled resistors that are
connected to the rotor windings have been presented in
[3] in order to limit the high current and to provide a
bypass for it in the rotor circuit. Furthermore,
superconducting magnetic energy storage-fault current
limiter (SMES-FCL) [9], dynamic voltage restorer (DVR)
[10], static synchronous compensator (STATCOM) [11]
and static volt ampere reactive compensator (SVC) [12]
are employed as hardware protection methods to
improve FRT behavior of DFIG-based WTs. In [13], the
authors used a superconducting coil (SC) in the DFIG-
based WT’s DC-link. The proposed hardware solution
acts as a FCL during severe faults of power systems to
reduce the rotor and stator over-currents and also the
DC-link over-voltage, while it acts as an energy storage
device during normal operating conditions to smooth
out output power fluctuations. FRT requirement of
current-based protection devices which their accurate
operation necessitates fault current provision by
resources for a given period of time has been discussed
in [14]. In [15], a modified DC chopper has been
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proposed not only to keep the DC-link voltage in
acceptable range, but also to limit the rotor transient
over-current in a permissible level without requiring the
high rated current antiparallel diodes in the RSC. A novel
inductive superconducting fault current limiter (SFCL)-
based protection strategy with demagnetization
technology has been presented in [16] to enhance the
FRT capability of DFIG-based WTs. However, hardware
solutions are still expensive as well as, they impose
additional maintenance costs.

In addition to hardware protection techniques,
advanced control strategies have been introduced to
limit the DC-link over-voltage and rotor over-current
which might be categorized under software solutions
[17]-[23], [25]-[29]. The authors in [21] implemented
proportional-plus-integral (PI) controllers combined with
Lyapunov-based nonlinear control method in order to
enhance the transient behavior of DFIG-based WT. In
this FRT method, the rotor back-EMF voltage
compensation leads to limit inrush current of the rotor
and electromagnetic torque oscillations. In [22] and [23],
feed-forward transient control approach was utilized for
RSC so as to enhance the FRT capability.

In recent years, model predictive control (MPC) has
attracted lots of attention because it provides a free-
modulation technique to control power converters, as
well as simple and flexible control approach while
constraints and nonlinearities are included. In [24], a
model-based predictive controller has been presented
for DFIG direct power control in RSC which the control
law has been derived by optimization of the difference
between the predicted active and reactive powers and
their references. Model predictive current control has
been proposed as FRT improvement strategy for DFIG-
based WT in [25]-[27].

Nevertheless, none of these works utilize the benefits
of MPC to control and limit DC-link voltage and
electromagnetic torque during fault conditions. An
application of fuzzy logic controller with type of Takagi—
Sugeno—Kang tuned using adaptive neuro-fuzzy
inference system (ANFIS) and MPC theory for power
converters was designed in [27] to limit the DC-link over-
voltage and rotor over-current under fault conditions,
although improving transient electromagnetic torque
has not been considered.

As the DFIG-based WT has nonlinear dynamics,
nonlinear controllers have been applied to power
converters in [28], [29]. The transient behavior of DFIG
by using sliding mode controllers and two protection
circuits of crowbar and DC-chopper under severe grid
faults was discussed in [28]. Even though the proposed
nonlinear control technique can regulate DC-link voltage
within acceptable limit, it tends to fail in limiting the
rotor current.
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Fig. 1: The grid-connected WT with DFIG under study.

Because of high cost and low system reliability of
using  hardware  solutions and  unsatisfactory
performance of some software solutions, proposing a
new control approach as a software solution in order to
enhance FRT capability of DFIG-based WT still seems
indispensable; a novel approach which is robust against
changes in the system model without requiring auxiliary
protection devices. Since the Pl controllers will be easily
saturated under severe voltage dips, these controllers
with pulse-width modulation (PWM) switching algorithm
in both RSC and grid side converter (GSC) are
substituting by MPC schemes in this paper. As the main
contribution of this paper, predictive control of
electromagnetic torque and DC-link voltage during fault
condition are employed in coordinated MPC schemes of
RSC and GSC, respectively. Moreover, power converter
switching signals are obtained by the MPC theory
without using any additional modulation techniques to
improve the FRT capability of DFIG-based WTs during
extreme voltage dips. And finally, the proposed control
structure  performance in the FRT capability
enhancement of DFIG-based WTs is compared with
sliding mode control (SMC) and Pl control by several
simulations in the MATLAB/SIMULINK environment.

The remaining parts of the paper are given as follows.
The next section presents modeling and conventional
control structure of DFIG-based WTs. Then, the SMC for
FRT improvement, which has been proposed in [28], is
reviewed. Next, the design of improved MPC-based
control schemes for enhancing transient behavior of
DFIG-based WT under grid fault condition is described.
Simulation results are discussed and concluded in the
next sections to validate the efficiency of the proposed
control approach.

Modeling and Conventional Control of DFIG-Based
WT

The schematic diagram of the DFIG-based WT test
system is illustrated in Fig. 1. With respect to the

indicated stator and rotor current directions, the DFIG-
based WT dynamics in a synchronous reference frame is

derived. The voltages and also fluxes of stator and rotor
circuits in a dq reference frame rotating at angular
speed of @, in per unit values, and referred to the stator
side are presented as follows [21], [30]:

S 1 dy,
Vsdq = Rslsdq + Ja)l//sdq +_qu (1)
S 1 dy,
Vrdq = errdq + Ja)zl//rdq +_qu (2)
(//sdq = Lsisdq + Lmirdq (3)
l//rdq = I‘rirdq + Lmisdq (4)

In accordance with (1), the stator flux state space
equations can be written as

d:;/_;d = a)h (Vsd - Rsisd + a)l//sq )
(5)
d
gjq =, (vsq - Rsisq — Yy )

Using (2)-(4), the state space equations of rotor circuit
are given as

di, a,R . Y @,
d_td = _?Ird +a)ba)2|rq T Ed +?vrd
di R , , ©
. o,R! . NG) @,
d_tq = _L_r,qu _a)ba)ZIrd _L_?Eq +L_? rq
where R[, L/ and E,, are given by
L 2
R'=R +(—mJ R, (7)
L,
2
=L —tm (8)
L,
Ll R
Edq = I—_S Vsdq - JwrWsdq _El//sdq (9)

The electromagnetic torque directly depends on
stator flux and rotor current as

Te =%(l//sqird _l//sdirq) (10)

The harmonic pollution of the output current in the GSC
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Fig. 2: Schematic diagram of Pl controllers with PWM structure for RSC and GSC.
for an appropriate selected switching frequency is kept Q, = Im{vsdqigdq} =Vl —Veglgg (13)

low enough by means of a filter. This filter which is
located in the grid side is a series RL low pass filter which
consists of Rg and Lg . The state space representations

of grid side filter are obtained as

di w,R @, @,
gd 9 ; H
—_— = lyg t@,0,, ——V +—V
dt L, ” " L, * Ly : (11)
di a,R; . . o, @,
d_?'_q = _L_gglgq _a)ba)lgd __gqu +L—ngq

Considering synchronous reference frame with the d
axis aligned with the stator voltage space vector, the
dynamic model of DC-link is described by the following
instantaneous power balance.

av .
Cvdc dtdc =_Pr — Vg gd F’Ioss

Fig. 2 shows the conventional control system of RSC

and GSC. In the RSC, the d and g components of rotor

(12)

current reference value are generated using active and
reactive power controllers. The difference between
these reference components and measured values of
rotor current are applied to the current controller. v,

and V,, are obtained from the current controller and

converted to abc quantities. Then, IGBT gate drive

signals are generated using PWM switching technique.
The control system in GSC keeps the DC-link voltage

constant as its main purpose. Taking into consideration

the vector control oriented with stator voltage, Iy

controls the DC-link voltage. Reactive power which is
injected into the power grid by GSC can be stated as
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Accordingly, the reactive power is controlled by igmref

and can be injected into the grid. In this study, we set

Qg,ref = O .
Review of SMC for Fault Ride Through

SMC is a nonlinear control technique with several
advantages such as simplicity, robustness against system
uncertainties and disturbances originated from external
source, as well as good dynamical response. The SMC
structure consists of equivalent control vector obtained
in regard to the system mathematical model and
switching part of control vector. In the SMC method,
sliding surfaces are defined and the system states are
pushed to their desired values. In [28], the sliding
surfaces for RSC control have been considered the error
between the measured and reference rotor currents as
follows:

Sy = ird ref ird
S (14)

Srq = Irq,ref _Irq

The equivalent rotor voltages are obtained by supposing
the sliding surface derivatives to be zero.

dsrd dird,ref _ dird

dt  dt ot (15)
dsrq — dqu,ref _ dqu
dt dt dt

The equivalent values of rotor voltages obtained by
substituting (6) into (15) are stated as follows.
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L' di
eq __ r rd,ref ’-
Vi =— +(R,|rd

o ~ o, +Ey)

r'rq
. (16)
eq I—; dqu,ref A s
qu = ET-{-(errq +a)2Lr|rd
The switching rotor voltages are properly designed so
that the derivative of Lyapunov function, which is

considered as v :152 , i=rd,rq, becomes negative-
2 1

+Eq)

definite as follows:
Vig =K Sign(srd)

v, =K sign(s,, )

» Kyq 1S positive
- (17)
, ki is positive

The rotor voltage consists of two parts: the equivalent
value and the switching value given as

e s
{Vrd _Vrd +Vrd

s (18)
Vig = Vig + V5

Fig. 3 depicts the schematic diagram of the SMC used
in the RSC control structure which has been proposed in
[28]. It is adjusted according to equations in per unit
values that have been presented in this paper.

Ird

krd Sign(srd) j

€q
v, e PWM

Al

Kq Sign(s,, )

Fig. 3: Schematic diagram of the SMC used in RSC control
structure.

In the GSC control structure, SMC sets the dq

components of the GSC current by considering state
space representations of the grid side filter, (11), and
thus, defining sliding surfaces as follows:

{sgd = igd,ref _igd (19)
Sgq = lggret ~lgq
dsgd — digd,ref _ digd
dt dt ot (20)
ds,, _ iy ref _dlﬁ
dt dt dt
L, di
eq _ 9 gd, ref - -
Ve _a—dt +(Rg|gd —alyiy, +vsd)
L di (21)
|
eq _ 9 gq, ref H H
Vig _E—dt +(Rg|gq + oLy, +vsq)

S

Vig =Kg Sign(sy, ), Ky is positive

- , . (22)
v;q = kgq Slgn(srq) ) kgq IS positive
{ng = Vg4 +Vgq 23)
Vaq = Vg TVgq

The block diagram of the SMC applied to the GSC, which
has been proposed in [28], has been adjusted based on
equations in per unit values within this paper (see Fig. 4).

Ver f Voo,
dc,ref m _ & gd ref
Vdc Cvdc

VSd
igq,re' =0

Fig. 4: Schematic diagram of the SMC used in GSC control
structure.

The Proposed Predictive Approach

The MPC schemes for electromagnetic torque and
current control in RSC and DC-link voltage and current
control in GSC, which are on the basis of system models
for predicting the action of state variables at the next
sampling time and generating switching drive signals of
power converters, are presented in this section. Firstly,
the predicted value of a state variable is computed for all
switching states which can exist. Then, the appropriate
switching state which minimizes a cost function is
chosen. Considering the discrete nature of power
converters, the finite number of switching states, and
the fast microprocessors, online minimization of the cost
function is possible [31], [32]. It is essential to note that
stability analysis of MPC controlled power converters has
been presented in [33], [34] by considering the cost
function of MPC as a candidate Lyapunov function. Fig. 5
illustrates the schematic diagram of the proposed MPC-
based controllers’ design for RSC and GSC.

A. MPC-Based Control of RSC

Fig. 6 shows an RSC that is assumed to be a three-
phase converter with two power switches for each
phase. At any specific time, only one switch is permitted
to operate. The switching signals S,, S,, and S, can be

defined as
1if S, on and S, off

Sa=1. . (24)
0if S, off and S, on
1if S, on and S, off

Sp =1 . (25)
0if S, off and S; on
1 if S; on and Sy off

Se =1, (26)
0if S, off and S, on
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Fig. 5: Schematic diagram of the improved MPC implemented in RSC and GSC control structures.

The switching states of the three-phase two-level  signals, eight states and consequently seven different

converter shown in Fig. 6 are given in Table 1. The
converter’s output voltage vector is described as follows:

vectors of voltage are achieved (i.e. the switching states
1 and 8 in Table 1 present similar voltage vector which

2 ) have been written in red.). In order to predict the action
V= —(vaN +avyy, +a Vg ) (27) . .

3 of dq components of rotor current, a discrete-time
where a=el?"?, and v, =SV, ; i=ab,c. model in sampling time T, is used which is obtained by a

Considering the possible combinations of switching
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approximation method is used to approximate the dq
components of rotor current derivative as follows:

diy ird,(k+1) _ird,(k)

~

dt T,

o ° (28)
dIJ ~ Irq,(k+1) - Irq,(k)

dt T

S

iy

Fig. 6: Three-phase power converter circuit.

Table 1: Switching states of the three-phase two-level
converter

s, S, S S, S S
1 0 0 0 1 1 1
2 0 0 1 1 1 0
3 0 1 0 1 0 1
4 0 1 1 1 0 0
5 1 0 0 0 1 1
6 1 0 1 0 1 0
7 1 1 0 0 0 1
8 1 1 1 0 0 0

By replacement of (28) into (6), the dg components

of rotor current at the next sampling time are given by

. w,R; . . @, w, .
g ety = Ts [_Tlrd,(k) Dl T = +erd‘(k)j+ ha (k)
T T T (29)
7| @R, ; & @, i
ha g = Ts [‘T;'m«k)“%“ﬁ'mx >‘T;Eq‘(k>+ T V) | e

The above equations are utilized for calculating a cost
function which is given in the following paragraphs; it is
defined so as to minimize the quadratic error between
reference values of rotor current components and their
predicted values. For simplicity, the reference rotor
currents are considered not to change during each
sampling time; thus:

Ird,ref,(k+1) ~ Ird,ref,(k)’ Irq,ref J(k+1)

(30)

=~ |

rq, ref (k)

Similar principle is used in predictive electromagnetic
torque control. In other words, predictions are made for
the future values of the stator flux and electromagnetic
torque in this scheme. Forward Euler approximation is
also considered to compute the dg components of the

stator flux as follows:

dl//,d N ‘//rd,(k+1) _V/rd,(k)
dt T
° (31)
dl//rq - l//rq,(k+1) _(//rq,(k)

dt T

S

The stator flux components at the next sampling time
are calculated by substituting (31) into (5).

Ve (k1) = Ts@p (Vsd,(k) —Riy o +ov ) L0 (32)
l//sq,(kﬁ) = Tsa)b (Vsq,(k) - Rsisq,(k) - wl//sd,(k) ) + !//sq,(k)

Given the values of stator flux and rotor current
components at the next sampling time and substituting
them into (10), the electromagnetic torque prediction is
obtained:

L . .
Te,(k+l) = :(W sq,(k+1) Ird,(k+1) -y sd,(k+1) Irq,(k+1) ) (33)

Similar to reference rotor currents, the reference
electromagnetic torque at the next sampling time is
assumed to be equal with the present sampling time.

The switching state is selected corresponding to
minimum cost function for the next sampling time, and
hence applied to RSC in order to achieve an appropriate
electromagnetic torque and rotor current regulation.
The cost function is defined as:

9 = “[(im,ref,m g (o )2 +(i,q,,ef T ﬂ

+ ﬁ|:(Te,ref (k) _Te,(k+1) )2 :|

where, a and [ are weighting factors and in this paper

(34)

have been assigned 0.3 and 0.7, respectively by trial and
error to improve both transient rotor current and
transient electromagnetic torque during fault conditions.
Due to the dependence of the electromagnetic torque
on the rotor current, the rotor current can be indirectly
controlled by controlling the electromagnetic torque.
Hence, the weighting factor of electromagnetic torque
term is considered to be larger than the weighting factor
of the rotor current term in the (34). Based on [32],
weighting factors are design parameters and adjusting of
these factors depends on terms of the cost function. In
other words, each term in the cost function is multiplied
by a weighting factor to allow balancing of the different
units and magnitudes of the controlled variables and to
control their relative importance. A systematic way to
determine these parameters is still a challenge and an
open topic for research.
B. MPC-Based Control of GSC

Similar to RSC topology, GSC is considered to be a
three-phase two-level converter with seven different
vectors of voltage (Fig. 6). GSC current action is
predicted by following approximation equations
regarding to current derivative dq components:
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dig _ o ) oo )

dt T

o v (35)
digy < oy Tl

dt T

S
The predicted components of GSC current are
obtained by substituting (35) into (11) as

. R, . i @, o, .
Toa (o) = Ts (‘ L : 'ga«k)+“%”'gu,(k>‘L_"sdm+,__b"ga(k)]+'gu(k)

9 9 9 (36)
S @R - @, @ ;
ng,(k+1)_Ts[ L ng,(k)7a)ba)|gd,(k)7|__vsq,(k)+_vgq,(k) gk

g 9 9

Since DC-link dynamics is nonlinear, the conventional
PI' control for DC-link voltage regulation will fail to
operate properly considering uncertainties and voltage
dips. Hence, during fault conditions, predictive DC-link
voltage control is designed based on DC-link dynamics
equation (12) regardless of GSC switching losses as
follows:
CVg d(\j/sc =R _ngigd (37)

Based on forward Euler approximation, the derivative
of DC-link voltage can be written as

dVy Vdc,(k+1) _Vdc,(k) (38)
dt T,

The predicted DC-link voltage
substituting (38) into (37).

P VPN |
1[0 Veew'eg
Vdc,(k+l) - Ts { CVdC J +Vdc,(k) (39)

is calculated by

Similar to MPC scheme in RSC, changes of the
reference values in one sampling time are ignored.

The switching state of GSC is obtained on the basis of
the defined cost function (40) in order to return the
minimum value for the next sample time:

02 = AV Ve

) ; 2 ) 2
+ B(Igd,ref (k) - Igd,(k+1) ) + (ng,ref J(k) - ng,(k+1) ) (40)

As shown in Fig. 5, A and B are obtained from a
hysteresis controller which its output takes zero or one
values. It should be noted that according to the nominal
value of Vg (i.e. 1150 V) the upper and lower bands of
the hysteresis controller have been considered 1165 V
and 1155 V, respectively. When the DC-link voltage
exceeds the upper band, the output value of the
hysteresis controller will be one. If the DC-link voltage is
less than the lower limit, the output value of the
hysteresis controller is zero. In fact, at normal conditions
the cost function (40) is the quadratic error between
reference values of GSC current components and their
predicted values. Whereas, during fault conditions, this
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cost function becomes the summation of the quadratic
error between g component of predicted GSC current
and its reference, and the quadratic error between
predicted DC-link voltage and its reference.

Results and Discussion

The test system shown in Fig. 1 is modeled and
simulated in the MATLAB-SIMULINK environment to
investigate the performance of the proposed approach
in FRT capability of the grid-connected DFIG-based WT
with regard to the U.S. grid code stated by the Federal
Energy Regulatory Commission, FERC. Fig. 7 shows the
voltage dip ride through curve as specified by the FERC
grid code. Accordingly, WTs must provide FRT support
and remain connected to power grid in fault conditions
with 85% depth and 600 ms duration in the point of
common coupling (PCC) voltage [6]. In this study, the
proposed control objectives are to restrict the current of
rotor winding and the DC-link voltage to the ranges of 2
pu and 1.2 times of DC-link rated voltage value,
respectively [35].

V(%)
4 Beginning of voltage dip

100 /

204+ WT may trip

104+ |
0 I — I
0 06 1 2
Time (sec)

w—

Fig. 7: Low voltage ride through (LVRT) requirement presented
by FERC.

Parameters of the power grid, synchronous generator
and DFIG-based WT shown in Fig. 1 are given in Tables 2-
4. At time t=1 s, a 600 ms three-phase short-circuit fault
has been simulated in the transmission line, which drops
the PCC voltage to 15% of its rated value. Fig. 8 shows
the transient response of DFIG-based WT during the
fault.

Simulations are performed for a constant wind speed
equal to 12 m/s. Results are compared with PI control
and SMC methods which utilize PWM to implement the
desired control.

For proper impartial comparison between
conventional PWM and switching based on MPC theory,
the same average of switching frequency has been
considered in the latter one. Rotor current and DC-link
voltage intense transients can be seen as the fault occurs
and as it is cleared. When the conventional PI method is
used, at the fault occurrence moment, the rotor current
reaches 3.5 pu as a consequence of the magnetic
coupling between stator and rotor.
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Table 2: Parameters of electrical power grid Furthermore, the sudden voltage drop prevents GSC
from delivering the excess power to the power grid.
Therefore, the excess power in RSC causes DC-link
voltage fluctuations to exceed their permissible limit

(around 1.4 pu in this case). Accordingly, there is the risk

Rated voltage 25 kV
Rated frequency 60 Hz

Parameters of transmission lines

Sequences of damage to RSC and DC-link capacitor. SMC method

R /km) ':)oilltgl; ozzr103 can limit the DC-link over-voltage bellow 1.2 times of DC-
link rated voltage value, but it is incapable to restrict the

LmH /km) 105 332 rotor current within permissible limits. However, using
C(nF/km) 11.33 >.01 the proposed method, peak oscillations of DC-link
#1 #2  #3 #a voltage and rotor current will be restricted to acceptable

Length(km) 20 5 15 30 thresholds and ride through capability of DFIG-based WT

Parameters of loads will be ensured. Significant mechanical stresses are

P(kw) Q(kVAr) created due to electromagnetic torque fluctuations
#1 400 120 under low grid voltage conditions which consequently
#2 600 150

reduce the machine reliability. The performance of the
proposed method in electromagnetic torque peak
suppression can be observed in Fig. 8c. As shown in Figs.
8d and 8e, output active and reactive powers of DFIG-

Table 3: Parameters of synchronous generator

Rated volt .
Rated voltage ggi\\//A based WT by using the proposed method have better
ated power .
transient responses than PI control and SMC methods,
Rated speed 1500 rpm ) .
X, 1.305 pu especially at the fault clearance time.
Xd' 0.296 pu
1600 PI control method
SMC method
Xd” 0.252 pu 0o Proposed method
X 0.474 pu =
a = 1200 |
" 0.243 pu £
Xq P 2 1000 ]
= ]
X 0.18 pu g 800 ]
T, 1.01s oo
Td" 0.053s 400
" 0.1s 0 1 2 1 ; 5
TCIO Time (s)

Stator resistance

Pole pairs
Inertia coefficient

2.8544 *107pu
4
3.2s

Table 4: Parameters of WT with DFIG

Rotor current (pu)

Rated power 1.5 MW
Rated value of v, 575V
Rated frequency 60 Hz e
T 5%10°s Proposed method
S L i —
Nominal wind speed 12 m/s ’ ! ’
R, 0.00706 pu
0.5
R 0.005 pu -
Leakage inductance of stator 0.1716 pu = of
Leakage inductance of rotor 0.156 pu ?
Lm 29 pu g -0.5 F 0.98 1 1.02 1.04 1.06 1.08 1.1
Pole pairs 3 5’
£
Inertia constant 0.685s g °
3 -0.5
RQ 0.003 pu = Plc | method ! G v oY
) o L5 1 T e method L ut
Filter reactance in grld side 0.3 pu Proposed method 158 1.6 1.62 1.64 1.66 1.68 1.7
. 0 1 2 3 4 5
Nominal value of V,, 1150 v Time ()
c 10 mF (c)
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Fig. 8: Transient behavior of DFIG-based WT under wind speed
of 12 m/s and an 85% three-phase fault: (a) DC-link voltage (V);
(b) rotor current (pu); (c) electromagnetic torque (pu); (d)
active power (pu); (e) reactive power (pu).

A. Operation with Variable Wind Speed

In order to prove the effectiveness of the proposed
MPC-based control approach considering the variability
of wind speed, three other case studies are conducted in
this part.

A three-phase fault occurs such that it leads to 85%
voltage dip.

The simulated fault is cleared after 600 ms. Transient
behavior of DFIG-based WT using wind speeds of 7 and
10 m/s are shown in Figs. 9 and 10, respectively.

Also, in order to investigate real wind turbulence in
action, variable wind speed firstly starts with 12 m/s;
then at time t=10 s a real turbulence term which is
generated by Dryden velocity spectra [36] is applied.

The wind speed variations and its effects on transient
behavior of DFIG-based WT are illustrated in Figs. 11 and
12, respectively. It is observed from Figs. 9, 10, and 12
that the SMC method cannot limit the rotor current to 2
pu, but it keeps the DC-link voltage within the
permissible range.

Also, the proposed FRT enhancement approach is
capable to constrain the DC-link voltage, rotor current
and electromagnetic torque within specified bounds,
and thus, the FRT capability of DFIG-based WT is
improved.
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Fig. 9: Transient behavior of DFIG-based WT under wind speed
of 7 m/s and an 85% three-phase fault: (a) DC-link voltage (V);
(b) rotor current (pu); (c) electromagnetic torque (pu); (d)
active power (pu); (e) reactive power (pu).
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Fig. 10: Transient behavior of DFIG-based WT under wind
speed of 10 m/s and an 85% three-phase fault: (a) DC-link
voltage (V); (b) rotor current (pu); (c) electromagnetic torque
(pu); (d) active power (pu); (e) reactive power (pu).

14

1351

125

Wind speed (m/s)

11.5 . * !
10 15 20 25

Time (s)
Fig. 11: Wind profile (m/s).

B. Operation with Single-Phase Fault

A short-circuit fault of single-phase to ground is
tested to examine the robustness of the improved MPC
schemes for enhancing FRT capability. Given the DFIG-
based WT operating under wind speed of 12 m/s, the
performance of coordinated MPC approach is compared
to Pl control and SMC methods which is shown in Fig. 13.
The proposed method improves the peak DC-link
voltage, rotor current, and electromagnetic torque by
5.53%, 35.33%, and 83.75%, respectively, and reduces
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their corresponding oscillations in comparison with the
results derived from Pl and SMC applications for FRT
capability enhancement.

1800
--------- PI control method
— = SMC method
1600 F s Proposed method
n
1400 -
S A~
%1200- 18.8 18.82 18.84 18.86 1888 18.9
E
2 1000 |
|
2 so0f
600
400
17 18 19 20 21 22 23 24 25
Time (s)
(a)
3
2.5
22
=
£
5 1.5
3
b
2
é’ 1 18.8 18.82 18.84 18.86 1888 18.9
; J—

D g S

ssssmsnas P control method

0.3 = = +SMC method
e Proposed method
0 L . L L L . L
17 18 19 20 21 22 23 24 25
Time (s)
(b)
0.5
—>» 0.5 P
0
~ Or 05
=
il -1
2 -5
g-05r
g 18.1 182 183 184 185 186
2 Pt
5]
& -1 0
<
£ -0.5 .
g : 1
Lot P ’ ;
m R 1 -1.5
""""" Pl control method | 1
= * SMC method
- Proposed method 18.8 19 19.2 19.4
T T T L L L L
17 18 19 20 21 22 23 24 25
Time (s)
()
1.6
L PI control method
14k | = = +SMC method
l s Proposed method

Active power (pu)
(=]
S

0.6
0.4
0.2
0
17 18 19 20 21 22 23 24 25
Time (s)
(d)

212

0.4

0.2+

Reactive power (pu)

&
2
.

o
T

&
S
:

......... PI control method
= = +SMC method
s Proposed method

21 22 23 24 25
Time (s)

(e)

Fig. 12: Transient behavior of DFIG-based WT under variable

wind speed and an 85% three-phase fault: (a) DC-link voltage

(V); (b) rotor current (pu); (c) electromagnetic torque (pu); (d)
active power (pu); (e) reactive power (pu).
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active power (pu); (e) reactive power (pu).

C. Operation with Variation in DFIG Parameters

In this part, the simulation is performed when the
magnetizing inductance, stator and rotor resistances are
1.5 and 0.5 times of their nominal values to investigate
robust performance of the proposed control method
against parameter uncertainties [21]. Figs. 14 and 15
depict the simulation results. In such cases, where DFIG
parameters vary, the proposed MPC-based control
scheme is more effective than both of the PI control and
SMC methods in terms of FRT enhancement.
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Fig. 14: Transient behavior of DFIG-based WT under wind
speed of 12 m/s, an 85% three-phase fault and DFIG parameter
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voltage (V); (b) rotor current (pu); (c) electromagnetic torque

(pu); (d) active power (pu); (e) reactive power (pu).
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D. Operation with a Severe Three-Phase Fault

In order to study the DFIG transient behavior under a
severe three-phase fault using the proposed method, a
90% three-phase dip in voltage is considered. In Fig. 16,
simulation results show that using the coordinated MPC
approach, the peak rotor current, electromagnetic
torque and DC-link voltage are limited significantly.
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Fig. 16: Transient behavior of DFIG-based WT under wind
speed of 12 m/s and a 90% three-phase fault: (a) DC-link
voltage (V); (b) rotor current (pu); (c) electromagnetic torque
(pu); (d) active power (pu); (e) reactive power (pu).

From the above different case studies provided in this
section, it can be observed that, using the proposed
method, the DC-link voltage and the rotor current are
kept within acceptable limits. Moreover, it is worth
noticing the fast dynamic behavior of the proposed
method. This can be explained by the fact that MPC is a
direct strategy that does not require an inner PI control
loop for modulators. Hence, there is no bandwidth
limitation for the electromagnetic torque dynamics.
Although the proposed control scheme requires lots of
calculations compared to conventional methods,
fortunately, the today performance of modern

microprocessors is sufficiently high to make this
approach practical.

Conclusion

This paper proposed a novel MPC-based control
strategy to improve the FRT capability of grid-connected
DFIG-based WTs. Simulation results illustrated that the
proposed control scheme is able to effectively reduce
the peak values of DC-link voltage, rotor current and
electromagnetic torque, while maintaining their values
within the acceptable threshold. As a consequence of
the inherent fast dynamics of the proposed control
method, it also reduces system oscillations during fault
conditions. Accordingly, the DFIG-based WT successfully
rides through grid faults and provides continuous
active/reactive power for the grid during and post faults
without requiring any auxiliary hardware protection
devices, ensuring the compliance to grid code
requirements.

Finally, the robustness, effectiveness, and proper
operation of the proposed control strategy over PI
control and SMC techniques with PWM switching
algorithm was demonstrated by conducting several
different case study simulations including: variable wind
speeds, severe voltage dips, single-phase faults, and
DFIG parameters variations. It should be noted that
maximum peak values of DC-link voltage by using Pl
control, SMC and the proposed methods in different
case studies were 1783, 1463 and 1190 V, respectively.
The Pl control, SMC and the proposed methods provided
3.23, 3.3 and 1.95 pu values, respectively as maximum
peak of rotor current. Also, the maximum peak values of
electromagnetic torque by using PI control, SMC and the
proposed MPC strategies were 0.8, 0.4 and 0.14 pu,
respectively. To conclude, the proposed model
predictive approach can be considered as a fast, robust
and effective FRT crowbarless solution for grid-
connected DFIG-based WTs.
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A,B

ANFIS

DFIG
DVR

FRT
9 9,

GSC
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Weighting factors

Flux
dq reference frame’s speed

Base value of angular frequency (in this
study, we considered =, )

Rotor speed

Rotor slip frequency

Zero or one values obtained from the
hysteresis controller

Adaptive neuro-fuzzy inference system
DC-link capacitance

Doubly fed induction generator
Dynamic voltage restorer

Error between the measured
reference values of parameters
Rotor back-EMF voltage

Fault ride through

Cost functions in RSC and GSC control
structures respectively

Grid side converter

Current

SMCs’ parameters

Filter inductance used in grid side

and

Magnetizing inductance
Self-inductance of rotor
Transient inductance
Self-inductance of stator

Low voltage ride through

Model predictive control

Active power

Point of common coupling
Proportional-plus-integral

Total conducting and switching losses of
the GSC

Rotor instantaneous input power

Pulse-width modulation
Reactive power

Filter resistance used in grid side
Resistance of rotor

Transient resistance

Resistance of stator

Rotor side converter
Sliding surfaces
Switching signals

Superconducting coil

SFCL Superconducting fault current limiter

SMC Sliding mode control

SMES-FCL Superconducting  magnetic  energy
storage-fault current limiter

STATCOM Static synchronous compensator

SvC Static volt ampere reactive
compensator

T, Electromagnetic torque

T, Sampling time

v Voltage

Vi DC-link voltage

WECS Wind energy conversion system

WT Wind turbine

Subscripts

d,q Synchronous dq reference frame

g Quantities of grid side filter

(k)
(

k+1)

Quantities at the k"
(present sampling time)
Quantities at the k+1" sampling time
(next sampling time)

sampling time

nominal Nominal quantity

r Quantities of rotor

ref Reference quantities

S Quantities of stator

Superscripts

€q Equivalent control inputs

S Switching control inputs
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