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y / farms on a large scale. This machine is influenced by the multiple transient states that

are happening in the grid. Many researchers studied the effect of voltage-dip on DFIG
performance; none of them studied the effect of voltage-dip sharing with wind-speed
changing for both sub- and hyper-synchronous modes. In this paper, DFIG behavior

is investigated under a transient state which is represented by 3-phase voltage-dip, in
both operation modes (sub-synchronous & hyper-synchronous) with various values of
the wind speed. Based on MATLAB Simulink, the various DFIG parameters are extracted
to determine the relation between voltage-dip, variable wind speed, and DFIG perfor-
mance. Results show that the parameters that are affected were rotor-current, rotor-
voltage, and DC-Link voltage, while stator-current and stator-flux are not affected. It is
also shown that DC-Link voltage values are smaller in the hyper-synchronous mode
compared with sub-synchronous one.

Keywords: Rotor-current, Wind speed, Voltage-dip, Transient state, Doubly fed
induction generator (DFIG), DC-Link voltage

Introduction

Recently, wind energy has been widely employed for its positive effect on the
environment decreased cost and more advantages. Generally, wind-turbine generators
are designed to be variable or fixed speed. Undoubtedly, doubly fed induction generator
(DFIQG) is one of the major technologies for wind-turbine WT manufacturers. It is
suitable cost [1] and has the ability to provide a power to grid at constant frequency
and voltage with variable rotor speed [2]. Despite the previous features, DFIG has some
drawbacks such as absorption of reactive power and disability to control the voltage in
existence of the rotor variable speed; thus, power converters should be used. The basic
feature is to integrate power converters with DFIG that is the small fraction of the total
power which is provided by the DFIG stator and which in turn connects to the power

grid directly [3]. Size, overall costs, and power loses of power converters for DFIG are
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smaller compared to full-size power converter. The rotor side of this machine could
be operated at multiple rotationally speeds; by this way, the optimized ayro-dynamic
efficiency could be achieved. Therefore, DFIG could operate in two modes: the first
one is the sub-synchronous, and the other is the super-synchronous [4]. The voltage
disturbances could be named as “voltage-dips.” This term illustrates the drop of the grid
voltage due to fault occurrence in the power system [5]. WT based on DFIG is influenced
by these disturbances at the contact point; this could also influence on the power
converters and contactors of this system [6]. Voltage sag impacts on both DFIG and the
power system, active power (P) is decreased, and the reactive power (Q) is increased.
Moreover, the dc-bus voltage is increased to a considerable value, and the rotor-current
has a considerable magnitude. Chen et al. [7] explained the total-harmonic distortion
of the DFIG parameters under multiple kinds of voltage-dip with various magnitudes
[8]. Voltage sag is basically associated with faults, and it may happen due to massive
loads or during starting the large power machines [9]. When voltage-dip occurs, the
stator is directly impacted [10]. Due to the electromagnetic connection between stator
and rotor winding, voltage disturbance on the stator causes a considerable EMF in the
rotor winding, which leads to create overcurrents in the rotor. These overcurrents have
the ability to damage the semiconductor’s elements at RSC, and therefore, the DFIG is
disconnected [11]. Majority of countries improved their codes related to WT connected
with power grids, to keep reliability and quality in power grid. According to these
codes, WTs should remain connected to the grid during voltage disturbance and after
recovering its normal value [12]. Ref. [13] observed that overvoltage which is produced
by voltage-dips may damage the DC-Link capacitor. Overcurrent is created in the rotor
due to losing RSC control when voltage-dip is occurred [14]. According to [15], high
magnitude of voltage-dip causes a high overvoltage on the DC-Link. Therefore, a current
passes in the DC-Link due to power direction reversing. Stator-flux magnitude is shifted
from normal magnitude to a novel steady-state magnitude [16]. Some researchers such
as [17] concentrated on the dynamic performance of DFIG and the effects of excitation
system based on RSC and GSC converters, by decreasing the transitive relationship of
the transient cases. According to [18], PI controllers should be employed to regulate
the RSC and GSC to control P&Q powers for both normal and transient operation
conditions. Duggirala and Gundavarapu [19] investigated the instability that is resulted
due to the voltage swells; stator-flux decay during the voltage swell is not occurred
rapidly. Makhoba [20] investigated the basic challenges that are associated with voltage
disturbances and determined the causes of these dips [21]. Presented the dynamic
operation of DFIG under single-phase fault. Previous works are concentrated on the
impact of voltage-dip on DFIG performance with a specified wind speed. Actually, wind
system works with variable wind speed; thus, it is necessary to take into consideration
the wind speed changes. It is found that previous studies concentrated on study DFIG
performance under distribution for a fixed wind speed to facilitate the parameters’
observation; none of them has taken into consideration the variation of the wind speed.
Therefore, there is a main question about as follows: How the variable wind speed could
affect on DFIG performance under voltage-dip? And in this paper, we would define these
effects to answer the study question.
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Our work aims to investigate DFIG performance under voltage-dip for multiple
wind speeds to determine the impact of these factors on DFIG performance as the

following:

1- Investigate the impact of voltage-dip on (rotor-current, stator-current, stator-flux,
rotor-voltage, DC-Link voltage) in sub-synchronous mode (7.5, 8, 8.5) wind speeds.

2- Investigate the impact of voltage-dip on (rotor-current, stator-current, stator-flux,
rotor-voltage, DC-Link voltage) in hyper-synchronous mode (10, 10.5, 11, 11.5) wind

speeds.

Background
A three-phase voltage grid is applied directly to the DFIG stator; this creates a mag-
netic field in the stator windings [1]. For DFIG rotor, the supply is achieved by vary-
ing voltage and frequency to reach various operating conditions such as torque and
speed. To implement this, a 3-phase back-to-back converter should be used. Figure 1
represents the general structure of WT based on DFIG.

DFIG has the ability to operate in three various modes according to the slip sign.

There are three various modes of operation [22]:

+ Sub-synchronous: S > 0
+ Hyper-synchronous S < 0

+ Synchronous S =0

The operation with multi-speeds is implemented by managing the rotor circuit
using an external device represented by electronic converters. Figure 1 presented the
direct connection of the DFIG stator to the grid. However, the rotor is tied by power
converters to the grid. By this way, the power is exchanged by these converters with
the grid [23]. By controlling the RSC, the generator speed is regulated to implement
the highest extraction of wind energy, thereby working in sub-synchronous and

hyper-synchronous modes [24].
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Fig. 1 The basic structure of DFIG
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Methods

Modeling the system of wind energy based on DFIG

Wind system based on the DFIG consists basically of wind turbine, back-to-back
converters, and the doubly fed induction machine as a generator. These components are

represented mathematically.

Aerodynamic representation of the turbine

This model evaluates mechanical torque for air flowing on the turbine, to compute
the rotor output power. Wind velocity is defined by the wind average quantity which
is caught on the area of the turbine’s rotating blade; the torque of turbine’s rotor is

formulated as follows [25]:
_1 23
Ty = 2,0 x C () VSR> (N.m) (1)

where R: rotor’s radius of WT, p: air density, Vw: wind speed, Cp: coefficient of power
(defined by the parameters of WT), B: turbine’s pitch —angle, and \: tip — speed ratio.

27 Rn
' =sov, @
There is a relation between C;, and the coefficient of torque Cy:
Cp(hB) = ACe (M) 3)
Mechanical energy of the wind farm could be formulated as follows:
P = 0 x Gyl HITRV @

DFIG representation mathematically
Based on Park transformation, the 3-phase quantities of DFIG machine are transformed

to dq reference frame as shown in the Fig. 2:
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£

Fig. 2 Park transformation (dg) for (DFIG)
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According to [26, 27], the mathematical equations could be as follows:

. dws

Vds = Rsigs + T - (DS\IJqS (5)

t

. dW¥s

Vgs = Rsigs + a&t + wsWys (6)
. . d. Lnd

Var = Reigr — (DrULrlqr + oL, aldr + fsawds (7)
. . d. d

Vg = erqr + orolrigr + 0Lralqr + wra‘l’ds (8)

Vs, Vs ias, Wds: Represent stator voltage, stator current, and stator-flux, respectively,
according to d-axis, Ry: stator resistance

Vdrs Var» idr» Wdr» rotor-voltage, rotor current, and rotor flux, respectively, according to
g-axis.

R;: Rotor resistance, w,: rotor speed o is the machine’s leakage coefficient.

L, and L represent rotor inductance and stator inductance respectively.

The formula of torque is represented as follows [28]:

3 ) ,
Tem = _EPL(wdrlqr — Qqridr) )

where P: poles’ machine number and L, rotor inductance.

Rotor-side converter (RSC)

The main function of the RSC is active and reactive power regulation independently.
This is achieved by the vector-control application [25]. The control strategy includes two
control loops for rotor current to get the reference voltages. The control scheme is built
based on Egs. 7 and 8 [29]. RSC injecting currents into the rotor circuit which adjust the
rotor speed values according to the wind speed change [30].

Symmetric dip for the voltage
Voltage-dip is defined as a decline in the amplitude of voltage for several milliseconds.
There are two types of voltage dip: symmetrical and non-symmetrical [31, 32].

Simulink implementation and discussion

This section investigates the performance of DFIG to observe the basic voltage-dip
effects for both sub- and hyper-synchronous modes. The WT and DFIG are modeled
in the MATLAB Simulink environment. Power system consists of a 2 MW DFIG, and
WT, and RSC and GSC control schemes. Figure 3 presented the implemented model in
MATLAB. DFIG works at variable wind speeds (7.5, 8, 8.5) m/s for the sub-synchronous
mode and (10, 10.5, 11, 11.5) m/s for the hyper-synchronous mode. DC-Link voltage
value is 1150 V under steady-state operation. The symmetric voltage-dip occurred at 3 s
and stopped at 3.5 s (Fig. 3).
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Fig. 3 Block diagram of wind-system representation in MATLAB

Tables 1 and 2 show the parameters of the system that are used in this study.

Results and discussion
The performance of DFIG is implemented under two operating modes (sub- & hyper-

synchronous) under symmetric voltage-dip as the following:

Sub-synchronous

In this case, DFIG experiences a voltage-dip that is occurring at period time between 3
and 3.5 s and the wind speeds between 7.5, 8, and 8.5 m/s; both stator and rotor currents,
DC-Link voltage stator-Flux, and rotor-voltage are measured for different wind speeds

under symmetric voltage-dip. The measured parameters are summarized in Table 3.

Table 1 The parameters of the simulated DFIG

Parameter Value Unit
Ps 2% 10° Kkw
Tem 12 KN.m
Vs 690 v
Nnominal 1500 rp.m
Pole 2 -
L 0.86 x 1073 mH
Ls 0.86 x 1073 mH
R, 0.025 ohm
Rs 0.027 ohm

Table 2 The parameters of WT

Parameter Value Unit
Blade's radius 42 m
Wind speed 12.5 m/s
Max—min turbine 9-18 rLp,m
Ratio optimal-tip speed 7.2 —

Comax 0.44 _
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Table 3 The measured parameters of DFIG under voltage-dip and sub-synchronous mode

Wind speed Is(A) I,(KA) (IR)THD% V(V) Vac(V) @s(WB)
(m/s)

75 10 4 75.33% 1183.7 1182 0.5

8 10 36 71.98% 1186.6 1181 0.5

85 11 34 62.09% 1181 1180 0.5

The symmetric voltage-dip is shown in Fig. 4. In this case, overcurrents in both stator
and rotor are created; this impacts directly on the RSC and may lead to disconnect the
wind system from the main grid, which reduce the reliability. Figure 5 shows the peak
values of the rotor overcurrent for various wind-speed values. It is found that 7, got the
highest peak at the wind-speed 7.5 m/s in the sub-synchronous mode, and it decreased
by increasing the wind-speed value.

Despite that stator-current I is increased from its value before the dip to a higher
value during the dip, it is not affected by the variance in wind speed. Additionally, sta-
tor-flux ¢; also is not affected by wind-speed variance; however, its value during the dip

600

400

S —

L
3.02

Stator Voltage in Volt

292 294 2.96 298
Time in sec

Fig. 4 Voltage of the DFIG stator with dip at 3 s

Rotor current under voltage dip for various values of wind speed
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Fig. 5 Rotor-current values under voltage-dip and sub-synchronous mode
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Fig. 6 DC-Link voltage under voltage-dip and sub-synchronous mode

Rotor voltage under voltage dip for various values of wind speed
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Fig. 7 Rotor-voltage under voltage-dip and sub-synchronous mode

is smaller than its value before the dip. Stator-current and flux shape and behavior are
agreed with [33, 34] for the same power 2 MW and at fixed wind speed. Moreover, over-
voltages are appeared, and this also impacts on the DC-Link that might be deteriorated
due to this overvoltages (Fig. 6). The DC-link voltage oscillates under and over the ref-
erence value (1150 V), and it was found that it is slightly affected by varying the wind
speed. Based on fast Fourier transform (FFT), THD values are obtained for the meas-
ured rotor-current values. It could be seen from Table 1 that THD values are decreased
when the rotor peaks are decreased. From Fig. 7. it could be observed that the effect
of both, voltage-dip and the variable wind-speed, on the rotor-voltage. Generally, the
disturbance in the voltage-grid impacts on rotor-voltage of DFIG and leads to create
overcurrents with high magnitudes; however, after clearing the disturbance, V; did not
return to its value before the disturbance. It transforms to a new value that is higher than
the normal value. This makes a challenge for the RSC operating during the voltage dip.
Thereby, with variable wind-speed values, rotor-voltage is also changed (Figs. 7, 8 and 9).
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Fig. 8 Stator-flux under voltage-dip and sub-synchronous mode
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Fig. 9 The impact of voltage-dip on ¢;

Hyper-synchronous

DFIG performance is investigated in this section under voltage-dip which occurring

at 3 to 3.5 s, with the hyper-synchronous speed between (10, 10.5, 11, 11.5) m/s. The

measured DFIG parameters in this case are summarized in Table 4.

In this case, Is, ¢s are affected only by the voltage-dip at 3 s, and results of these
parameters are similar to the sub-synchronous mode’s ones. However, rotor current
is decreased in this mode with the wind speed increasing to 10.5 m/s, and then it is
increased for values that are higher than 11 m/s. In general, the voltage-dip impacts on
the performance of DFIG for both sub-synchronous and super-synchronous operation

modes. From the above results, it is obviously presented that the smaller values of rotor

currents under voltage dips are achieved around 8 m/s for the wind speed (Fig. 10).

Page 9 of 13
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Table 4 The measured parameters of DFIG under voltage-dip and sub-synchronous

Wind speed I5(A) 1,(KA) (IR)THD% Vi(v) Vac(V) @s(WB)
(m/s)

10 114 35 49.28% 1184 1178 0.5

10.5 11.5 3.77 40.86% 11784 1178 0.5

Il 115 3.21 38.93% 1180 1178 0.5

1.5 1.2 413 29.18% 1179 1178 0.5

Rotor current under voltage dips for various values of wind speed
T T

4000 " 1
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1 1 L L L 1
3 3.05 31 3.15 3.2 3.25
time in sec

F

g. 10 Rotor-current values under voltage-dip and hyper-synchronous mode

DC voltage is influenced by changing the operation mode from sub-synchronous to
hyper-synchronous. DC-Link voltage values are smaller in the hyper-synchronous mode
compared with sub-synchronous one in [12, 35]. For hyper-synchronous mode, the DC
voltages have the same values for different wind speeds, and these values are higher than
the reference value 1150 V. DC-Link voltage presents oscillations in this mode (Fig. 11).
For the rotor-voltage V;, its magnitude is also changed according to the variable wind
speed. It is also transformed from the normal value before disturbance to a higher value
after clearing the disturbance (Fig. 12).

Conclusions

DFIG provides a flexible behavior due to the ability to change the rotor speed
according to variable wind speeds. However, DFIG has a set of challenges associated
with its sensitivity to the disturbances that may occur in the grid. These disturbances
impact on DFIG performance. In this study, the behavior of DFIG is investigated
under symmetric voltage-dip for multiple values of wind speed for both modes (sub-
synchronous & hyper-synchronous). From the results, it could be observed that the
rotor current is reached to high values under voltage dip. In the sub-synchronous
mode, rotor-current peak is increased during the voltage dip, with increasing the wind
speed unlike the hyper-synchronous mode. These high currents impact on the RSC
converter and increase the power losses; thus, it is necessary to improve the protec-
tion schemes to mitigate the high peaks of rotor currents. DC-Link is not affected by



Alsati et al. Journal of Engineering and Applied Science

(2023) 70:65
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Fig. 11 DC-Link voltage under voltage-dip & hyper-synchronous mode

Rotor Voltage under voltage dips for various values of wind speed
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Fig. 12 Rotor-voltage under voltage-dip and hyper-synchronous mode

the wind-speed variation, but its magnitude is increased during the voltage dip, and
it presented oscillations. DC-Link should be protected from the overvoltage. Further-
more, overvoltages are created for both operation modes. Moreover, rotor-voltage is
transformed from normal value before voltage-dip to a higher value after clearing the
dip, this leads to some risks on RSC and DFIG performance, and stator-flux is affected
only by the voltage-dip where it transformed from its normal value before the dip into
higher value after clearing the dip. Overcurrents and overvoltages are considered as
challenges for the power quality that is provided to the grid. Additionally, overcur-
rents cause power losses and damage the power converters. Generally, the voltage-dip
effects lead to disconnect the wind system from the main grid. Therefore, DFIG should
be equipped with powerful schemes such as crowbar, DC chopper, and FACTs device
to improve its performance under voltage dip. At the end, in perspectives of this study,
voltage-dip is considered a serious limitation for DFIG especially with variable speed
that represents the actual operation of DFIG. It should develop powerful techniques
having the ability to adopt with variable wind-speed to mitigate the voltage-dip sharing
with changing wind-speed effects will be the aim of our future work.
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Abbreviations

DFIG Doubly fed induction-generator

WT Wind turbine

Vs Vigsr las, Was  Stator (voltage, current, and flux) respectively according to d-axis
s Stator resistance

Ve, Vars ides War  Rotor (voltage, current, and flux) respectively according to g-axis

r Rotor resistance
o Machine's leakage coefficient
Tem Electromagnetic torque
s Power stator
RSC Rotor-side converter
GSC Grid-side converter
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