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Abstract—Large inrush currents emerge abruptly whenever
a doubly fed induction generator (DFIG) attempts to connect
with the grid. Moreover, a DFIG is highly vulnerable to grid
disturbances owing to its direct stator-grid contact, which
induces a sizable electromotive force in its rotor circuit.
Therefore, to ensure reliable and stable system operations, it is
unavoidable to improve system performance through suitable
and corrective control actions to counteract such issues
effectively. In this context, this study focuses on establishing a
stable and smooth grid connection for a DFIG by developing
dynamic models of the rotor-side converter controls that
generate suitable rotor-current references for both the
synchronizing and running modes of a DFIG. Furthermore, a
smooth transition between both modes is also precisely made
with trivial inrush currents. Dynamic simulations confirm the
validity of the proposed synchronization method in
MATLAB/SIMULINK. Finally, a comparative study with a
conventional synchronization method is also performed.

Index Terms—current control, power
generators, power grids, wind energy integration.
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I. INTRODUCTION

Wind-power plants (WPPs) are significantly integrated
into the existing grid infrastructure to fulfill the desire to
shift towards sustainable energy resources. However, this
large-scale penetration has opened up new challenges,
particularly reducing system stability and security [1-3].
Different countries have amended their grid codes to
minimize its adverse impacts to ensure stable and reliable
power-system operations [4—5]. Synchronization of a WPP
with the grid forms a significant element for convincing a
highly safe and quality power system [6]. It implicates
synchronizing the voltage amplitude, frequency, and phase
angle between the generator and the grid with minimal
deviations.

In recent years, doubly fed induction generators (DFIGs)
are popular configurations for wind-energy-conversion
systems (WECSs) due to their variable-speed operation,
high efficiency, and reduced-capacity converters [2].
Inspired by the above background and the upsurge in the
permanent magnetic material cost, a DFIG has competitive
advantages over the permanent-magnet synchronous
generator. Obtaining a direct stator-grid connection, a DFIG
is highly susceptible to grid disturbances that persuade a
sizable electromotive force in the rotor circuit due to low
converter ratings and DC-link voltage limitations. In these
situations, both the rotor-side converter (RSC) and the grid-
side converter (GSC) are likely to experience overcurrents.
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In contrast, the DC-link [7-8] undergoes transient
overvoltages. Besides, large inrush currents arise whenever
a DFIG attempts to establish a connection with the grid.

Despite having extensive literature on the modeling and
controls of DFIG-based WECSs [9-12], only a few efforts
have been focused on their startup and grid synchronization
[6,13—19]. A state-feedback controller for a fast grid
connection of a DFIG was developed in [6]. A control
scheme for suppressing the stator-current transients during a
conventional startup of a DFIG was presented in [13]. The
authors of [14] proposed an improved grid synchronization
method for a DFIG that controls the positive- and negative-
sequence stator voltages to track the grid voltage. A stator
flux-oriented vector control to synchronize a DFIG with the
grid was employed in [15]. In [16], the authors proposed to
start the DFIG as a motor. Afterward, they reversed it to
work as a generator. However, this process led to large
inrush  currents. Detailed analyses of different
synchronization methods for renewable energy sources were
discussed in [17]. The authors of [18] suggested a
synchronization mechanism in which the stator voltage was
adjusted equal to the grid voltage by regulating the rotor d-
axis current. In contrast, the frequency was made to
synchronize by rotor-flux angle. The work in [19] proposed
a synchronization method based on direct control of stator
voltage.

These concerns stated above, need to be addressed to
devise a practical method for the smooth integration of
WPPs to the grid. The study’s ultimate objectives and the
proposed technical solutions to achieve them are briefly
summarized as follows. Developing an efficient and soft
mechanism for grid connection of a DFIG can suppress
transient inrush stator and rotor currents effectively to
ensure system stability, and it must be capable of reducing
electrical stresses on the system in the context of current
transients, electromagnetic torque oscillations, and DC-link
voltage fluctuations. Moreover, it can also make a smooth
transition from synchronizing mode to normal running mode
possible. These objectives are achieved by developing
different dynamical models for DFIG controls, responsible
for operation in both operating modes. Suitable rotor-current
references are generated for DFIG controls, which induces
stator voltage close to the grid voltage during synchronizing
mode. Well-designed proportional-integral (PI) regulators
for current controls are embedded in RSC controls for
achieving a smooth transition, from synchronizing to normal
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mode, without transients.

In summary, the main contributions of this study are
presented as follows:

e A soft synchronization mechanism based on modified
DFIG control structures generates the proper rotor-
current references for establishing a smooth and stable
stator-grid connection with trivial inrush currents,
thereby guaranteeing the system stability. Moreover,
the electromagnetic torque oscillations and DC-link
voltage variations are effectively surpassed.

o Initial errors of rotor position are estimated well and
suitably compensated in the DFIG control system
during synchronizing mode. Furthermore, the design is
efficient and straightforward to implement.

e Simple and effective PI controls are prepared for
obtaining a smooth transfer between both operating
modes because the change in current references can
cause huge transients, thus minimizing the impacts on
the DFIG and system operations and maintaining the
integrity of the power system operations.

The remainder of this paper is structured as follows: A
brief description of a basic wind-driven DFIG system is
presented in Section II. In Section III, a mathematical model
of a DFIG is reviewed. The basic concepts, detailed
formulation, designed procedures, and analyses of the
proposed control method are established in Section IV. In
Section V, a DFIG system is simulated in
MATLAB/SIMULINK, and extensive reviews of the
numerical simulations are provided to examine the
performance of the proposed control scheme. Further, a
comparative study with the conventional synchronization
method is also performed. Finally, Section VI presents the
concluding remarks.

II. DESCRIPTION OF A GRID-CONNECTED DFIG SYSTEM

Figure 1 presents the basic schematic of the DFIG-based
WECS, where the most important components are
highlighted. The system comprises a variable-speed WT, a
wound-rotor induction generator, RSC, an intermediary DC-
link circuit, GSC, a coupling transformer, and an associated
control system. As described, the stator is directly connected
to the grid via a three-phase transformer and a three-phase
stator circuit breaker (SCB); however, the rotor is indirectly
integrated through a bidirectional converter.
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Figure 1. Block diagram of a wind-driven DFIG system
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III. DFIG MODELING

The dynamical behavior of a DFIG is analyzed in the
synchronous reference frame (SRF) [11, 20], and the voltage
and flux equations can be explained as

. dyy
Vis = Rslds + == a)sl//qs
dy
. qs
qu = Rslqv + T OV 4
. dyy
Var = erdr + 7V — Wy l//qr

dy
_ . qr
Vor = Ry, +—dt + g,

Vas = Lsids +Lmidr
V/qs = Lsiqs +Lmiqr
Var = Lridr + Lmids
Yo = Lriqr + Lmiqs
LS = Lls + Lm
Lr = Llr + Lm

Oy =0 — @,

)

where, vy and v, are the stator voltage components in dg-
frame; iy and i, are the stator current components in dg-
frame; ¥y and ¥, are the stator-flux linkages in dg-frame;
R, and R, are the stator and rotor winding resistances,
respectively; L, and L, are the stator and rotor inductances,
respectively; L, and L, are the stator and rotor leakage
inductances, respectively; w; is the electrical angular
frequency of the SRF; w, is the rotor angular frequency; wy
is the slip angular frequency.

Stator voltage-oriented control (SVOC) is applied to the
DFIG model (1) in which the d-axis is associated with the
stator voltage. In large-scale WECSs, the generator’s stator
resistance is generally minimal and can be ignored to
simplify the analyses [11]. From (1), the stator currents can
be expressed as

. Y s _Lmidr
lgs =
LS
. 2
. Vs _Lmlqr @
[ =—
qs
LS
Inserting (2) into (1), the rotor fluxes are calculated as
L .
Var = — Vs + O-Lrldr 2
L o=1-—"-
5 I 3)

L'ﬂ .
l//qr = L—l//qs + O-Lrlqr

S

Sr

where, ¢ denotes the leakage coefficient. Substituting (3)
into (1), the rotor voltages are expressed as:

d L, (dy,
vy =| R +oL — |i, —w,0Li, +— L% _g
dr ( 7 r dl‘j dr sIY Hriqr Ls ( dt Sll//‘lsj
d L dl//s
v.=|R +0L — i +w,oLi, +—" —L 4+
qr ( 7 7 dtj qr sl =rtdr LS ( dt sll//dsj
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The stator-voltage equations in (1) can be simplified
further by ignoring the transient terms and are rewritten as

Vas =~ Vs
vqs = O 4

By substituting (5) into (4), the rotor voltages can be
expressed as

©)

d). . L, o,
vy :(R +oL —jzd —wyoL,i, +—"—=v,
r 7 T ) s rlqr LS o, /s o
d . . Lm 2
vqr :(Rr +0Lr Ejlqr +a)le-Lrldr +L—S;SV[1S

The electromagnetic torque (7,,) can be calculated as (7)
[19]:
L . .
Tem = l'spL_m(l//qsldr _l//dslqr) )

s

IV. PROPOSED GRID-SYNCHRONIZATION MECHANISM

This section presents the proposed synchronization
method for performance improvement of the DFIG by
overcoming the problems associated with the rapid onset of
the sizable inrush currents. This study is carried out:

o First, some basic concepts of the synchronization are
discussed for well-understanding of the entire
process.

e Second, the errors related to the initial position of the
speed sensor/encoder are estimated.

e Third, the required position angles for obtaining the
accurate coordinate transformation are achieved.

e Finally, the designed control structures of the RSC
are explained.

A voltage is induced in the stator windings by properly
controlling the rotor dg currents, whereas the SCB is
opened. The induced stator voltage must be equal to grid
voltage with minimal deviations regarding the amplitude,
frequency, and phase. There are some criteria defined in
IEEE1547 for successful implementation of grid
synchronization that the system must acquire and these are
provided below (see Table I) [21].

TABLE 1. IEEE1547 SYNCHRONIZATION PARAMETERS LIMITS

. Frequency Voltage Phase angle
A%)g;;es::it::sr(zll(t:/lf)of difference difference difference
(Af, Hz) AV, %) (A0, °)
>1500-10,000 0.1 3 10

SVOC is used in the RSC control system that results in
relatively independent controls of d- and g-axis currents.
The resultant stator voltages are expressed by

Vas = Vs (8)
Vs =0
Based on (8) and (5), the stator fluxes can be derived as
Vs =0
2 9
l//qs = & ( )

Prior information about the initial position of the rotor-
speed sensor/encoder must be known. Due to the mechanical
coupling of the encoder to the rotor-axis, two types of errors
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concerning the initial rotor position are needed to be
accounted for. The first error is related to the encoder’s
mounting, and it is necessary to compensate for this error
during the synchronization process. The value of this error
(Berror) 1s kept at 30° in this study. The second error is the
correct adjustment of the encoder. It arises when the
absolute zero-position of the rotor encoder does not coincide
with the zero-location of the rotor windings. It should be
noticed that the DFIG control performance will worsen if no
appropriate remedy is introduced to correct the angle shift
between two zeros.

Further, in SVOC of a DFIG, two angles are essential.
The first one is the grid-voltage phase angle (6;) and is
determined by a phase-locked loop (PLL). The second is the
rotor-position angle (6,), which is obtained by an encoder.
These angles must be known to achieve accurate coordinate
transformation for rotor currents. As described earlier in this
section, v, is zero in SVOC, and this null value is an
indicator of the correct sensor position. The non-zero value
of this stator-voltage component should be fed to a PI
regulator to obtain the compensation angle (8.,p.). Thus, the
resultant rotor-position angle can be calculated as

Oromp. = PL(0=v,)

comp.
9’, = pem Z + Hcomp.

error

(10)
an

Sizable inrush stator and rotor currents occur whenever a
stator connection to the grid is made. The proposed control
scheme based on generating suitable rotor-current references
for both the synchronizing and running modes mitigates
inrush currents to ensure a reliable and smooth grid
connection. Well-designed PI current regulators are used to
achieve a soft mode switching, from synchronizing to
running mode. Detailed mathematical modeling, designed
approaches, and analyses of RSC controls for each operating
mode are explained well in the following subsections.

A. RSC Control Scheme in Synchronizing Mode

The control objective in synchronizing mode is to bring
the stator voltage close enough to the grid voltage for
making a smooth stator-grid connection possible. Initially,
the stator currents of a DFIG are zero (12), as the SCB is
opened.

idS = 0
. (12)
Iys =0

Inserting stator currents (12) into (1), the stator and rotor

fluxes are

Vas = Linlay
Weas = Linly
War = Lyig, (13
Wor =Lydy,

By substituting stator fluxes (13) into (5), the resultant
stator dq voltages are expressed as

Vas = _a)sLmlqr

(14)

Vqs = a)sLmldr

From (14), it can be concluded that the rotor currents in
synchronizing mode regulate the stator voltages. Combining

93



Advances in Electrical and Computer Engineering

the last two equations of (13) and the rotor dgq voltages from
(1), the modified expressions for the rotor dgq voltages are

. d .
Var = erdr +Lr Eld

e

_a)le l

reqr

(15)

. d . .
Vqr = erqr + Lr Elqr + a)lerldr

Equation (15) shows that the rotor currents depend on
rotor voltage. The dynamical model of a DFIG in
synchronizing mode is represented by (14) and (15).
Analytical expressions for rotor-current references in
synchronizing mode are represented by

idr—rejf =0
— :_wtdim +PI([v| v (16)

The second term (right-hand side) of i, in (16) is the
output of a transient-voltage regulator (TVR), which is
designed to cater to the effects of the stator overvoltage that
arises when the SCB closes. The control diagram of the RSC
in synchronizing mode is presented in Fig. 2. Combining the
PI outputs of the current-control loops and the decoupling
terms (Var.comp. a0d Vgrcomp ), the rotor-voltage references are
obtained by (17), which are applied to generate the
switching signals for RSC.

Vir—ref = PI (ldr—ref — gy ) + Vr—comp.

vqr*r‘?f = PI(l'qrfref - iqr ) + vqricomp' (17)

Vr—comp. = ~ Wi Lr Lo

vqrfcomp. =y Lr Lay

B. RSC Control Scheme in Running Mode

After establishing a connection to the grid, the DFIG
starts to generate active power through RSC. Using (2) and
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(9) to derive a direct relation between the stator and rotor
currents.

s —L_r: L
18
v L, o
gs qr
a)SLS LS
Putting (9) into (7) yields the electrometric torque as
L .
];m :_l'spivdsldr (19)
SIJS
The stator active and reactive powers in SVOC are
PS = IS(VdSldS +Vqsiqs ) = 15Vdsldy
(20)

Qs = I'S(Vqsids _vdsiqs ) =-1 ‘Svdsiqs

By substituting (18) into (20), the above expressions can
be rewritten as

S

L
P=-15"v,i
L ds*dr

S

1% \% (21)
0, =1.5f[is+Lmiq,j

S a)S

Equation (3) can be further simplified by putting (9) into
it, and the resultant rotor fluxes are written as

Var = GLridr
. L (22)
=oli ——2v
l//qr riqr o, LS ds

Inserting (9) into (4), the dynamical model of a DFIG in
terms of rotor dg voltages can be expressed by

i Y asl
dr dr—comp. l R S C
idr—re/ :0+ < (] + vdrfref
—%é)—> PI :
- dq/ || P | __|
-] W =]
v -1 ) be— M
ds abc
oL i +® PI + Vo
5 qr-ref - — + qr-ref
Vqrfcump.
ldr dq l b
R aber
|VS| ~— ~ubc *
1
qr T
951
(a)
9
B
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dqs | dq abcs
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O —
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Oy ~— Grid

Figure 2. Schematic of the RSC control scheme in synchronizing mode: (a) RSC control and (b) slip-angle calculation
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Figure 3. Schematic of the RSC control scheme in running mode

. d . . Ay Lm
Vir = erdr + O-Lr — gy — Wy O-Lrlqr + & Vs
dt o, L,
p s Vgs = 0
Vpr = R0, +0OL, Eiqr +awyoL.i,
(23)

The schematic of the RSC control scheme in the running
mode is depicted in Fig. 3. The rotor d-axis current
reference (iy..s) is obtained from torque command (19);
however, iy, is estimated by combining (second equation
of (21)) and the TVR output. The rotor-current references
are given as

. o, L
lar—ref :_m em—ref
: ‘m" ds
(24)
. L Y
[— zmQS—mf - Co:zm +PI(|VS|—‘Vg‘)

Because the rotor provides magnetizing current, the stator
reactive-power reference is taken as zero [10]. Here, Ty e
is the output of the maximum power point tracking
controller (MPPT) and is obtained as

T, o =k, & —Fo, —D (25)

em—ref
In (25), k, denotes the maximum power at base wind
speed; however, F' and D are the coefficients of the losses.
Mathematical expressions for rotor-voltage references in
running mode are given by

gL
_ . . sl =m
vdr—ref =PI (ldr—ref —lgy ) + vdr—comp. + Vds
w,L,
vqrfref =PI (lqrfref - lqr ) + Vqrfcomp. (26)
Ver—comp. = ~OWy Lrlqr
vqrfcomp. = 0wy Lrldr

V. SIMULATION RESULTS AND DISCUSSIONS

This section deals with the suitability and validation of
the proposed scheme developed in Section IV for the
smooth grid integration of a DFIG. The DFIG parameters
are taken from [20] and are provided in Table II. The
parameters of PI regulators are referred to in Table III.
Simulation studies in MATLAB/SIMULINK are performed
to demonstrate the performance of the proposed
synchronization scheme. Two cases for different values of
the initial slip (s;,;) are considered.

TABLE II. PARAMETERS OF 1.5MW DFIG SYSTEM

Parameter Value Unit
Nominal mechanical power 1.5 MW
Nominal stator line-to-line voltage 690 V (rms)
Rated frequency 50 Hz
Rated rotor speed 1750 rpm
Pole pairs 2 Nos.
Rated mechanical torque 8.185 kNm
Stator resistance 2.65 mQ
Rotor resistance 2.63 mQ
Stator leakage inductance 0.1687 mH
Rotor leakage inductance 0.1337 mH
Mutual inductance 5.4749 mH
Inertia constant 3 s
DC-link voltage reference 1150 \Y

TABLE III. PARAMETERS OF PI CONTROLLERS

Controller | Kp | Ki
Synchronizing mode
Current controllers 14.1 6.598
Transient voltage regulator 0.002389 0.3002
Rotor-position compensation controller 0.1 1
Running mode
Current controllers 0.664 6.599
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A. Case 1: Performance of the Proposed Synchronization
Scheme (s;,; = 0.2)

The validity of the proposed synchronization process is
investigated herein. Initially, the stator windings are
disconnected from the grid as the SCB is turned off, and the
RSC generates the rotor current, i.e., ig..» On the other
hand, the rotor d-axis current reference (i) is maintained
at zero. The GSC operates first and develops the DC-link
(Vae) up to its rated value. Figures 4(a)-(f) present the
simulation results of generator torque, DC-link voltage,
rotor current, rotor d- and g-axis currents, and stator current,
respectively. Figure 4(a) illustrates that the generator torque
in the synchronizing mode is nearly zero and goes into the
generating mode smoothly when the SCB closes. It is
evidence of establishing a smooth stator-grid connection.

Generator torque (pu)

Rotor current (pu)

Volume 20, Number 4, 2020

Figure 4(b) depicts the DC-link voltage maintained at its
nominal value, which validates the excellent efficiency of
the designed regulators. The insignificant rotor inrush
currents, as observed in Fig. 4(c) indicates the strength of
the proposed synchronization method. The rotor dg currents
are appropriately regulated and rigorously follow their
reference values, respectively, and are presented by Figs.
4(d)—(e). Figure 4(f) shows a specified portion of the stator
current at the instant of SCB closure, proving the suitability
of the proposed scheme in mitigating the transient currents.
The simulation results reveal that a smooth and stable grid
connection of a DFIG is established with trivial stator- and
rotor-inrush currents when the proposed scheme is applied.

DC-link voltage (pu)

1.05 T T T T T T T T T
1
0.95 | | . . | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
(b)
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Figure 4. Simulation results of the test system via proposed synchronization method for Case 1
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Figure 5. Simulation results of the test system via conventional synchronization method for Case 1
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Figure 7. Simulation results of the test system via conventional synchronization method for Case 2
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It is of interest to analyze the system performance via the
conventional synchronization method for comparison
purposes, and the resultant waveforms of the selected
quantities are presented in Fig. 5. As can be seen from Fig.
5(a) that the generator torque goes into the motoring mode
with huge transients at SCB closure. It can be figured out
from Fig. 5(b) that the DC-link voltage variations (more
than 10%) are higher compared to the result realized using
the proposed scheme (see Fig. 4(b)). The significant stator-
and rotor-current transients are also noticed in Figs. 5(c)-
(d), which show that the conventional method is less reliable
than the established design.

Summarizing, the proposed synchronization method
establishes a safe and stable connection of a DFIG with the
grid and avoids inrush currents. Moreover, the switching
process between both modes is also smooth, which is
confirmed from Fig. 4.

B. Case 2: Performance of the Proposed Synchronization
Scheme (s;,; = -0.2)

The system is simulated again for Case 2, and the
simulation results of the selected quantities using proposed
and conventional synchronization methods are shown in
Figs. 6-7, respectively. As expected, the proposed
synchronization method offers a stable stator-grid
connection, as shown in Fig. 6, without inrush currents,
thereby ensuring system security. On the other hand,
significant transients in stator and rotor currents are
observed, which can be seen in Fig. 7(c)~(d) when the
conventional method is applied. Moreover, massive
electromagnetic torque and DC-link voltage variations can
be observed in Fig. 7(a)—(b).

Thus, it can be concluded from the simulation results that
the proposed method has adequately reflected the superior
performance compared with the conventional method in
terms of current transients and torque oscillations. Hence,
the application of the proposed method is a promising
alternative to grid connection and has potential in wind-
energy integration.

VI. CONCLUSION

This study addressed a critical issue of grid integration of

a DFIG-based WECS that was raised with the significant

penetration of wind power into the system and presented a

technical solution based on generating appropriate rotor-

current references for solving it. This paper can be
concluded as follows:

1. A soft and efficient synchronization method for the grid
connection of a DFIG-based WECS was presented and
validated via simulation results. It revealed its
effectiveness in suppressing the transient inrush stator
and rotor currents, electromagnetic torque oscillations,
and DC-link voltage variations thus play a crucial and
critical role in maintaining system stability.

2. It also made a stable and smooth grid connection of a
DFIG possible. Moreover, suitable compensation in
respect of initial errors of the rotor position was
provided.

3. Finally, a control-performance comparison with the
conventional synchronization method was provided.
Four important system variables namely, stator and
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rotor currents, electromagnetic torque, and DC-link

voltage are considered. Simulation results showed that

e The proposed method effectively limited transient
stator and rotor currents. In contrast, the
conventional method produced unsymmetrical and
high-frequency inrush transients thus had adverse
impacts on DFIG and power converters.

e Huge clectromagnetic-torque oscillations in case of
applying the conventional method had put a
question mark on system stability. Notably, at the
instant of circuit breaker closure, the DFIG
behaved as an induction generator and absorbed
reactive power from the grid.

e Acceptable DC-link voltage variations (within 6%
of the rated value) were achieved by the proposed
method. In contrast, the conventional method
generated large voltage fluctuations with a peak of
above 15% of its rated value.
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