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Abstract — A voltage dip is a sudden drop of voltages - generally between 10 and 90 % of the rated RMS value -
during a period lasting from half a cycle to a few seconds on the phases of the power lines. It is one of the most
important power quality problems affecting the stability of the Doubly Fed Induction Generator (DFIG) in Wind
Energy Conversion System (WECS) and hence needs to be analyzed for a given machine for its performance
analysis under grid disturbances. When a voltage dip problem happens in the given power as of faults, the
magnitude of the rotor and stator currents of DFIG get increased, and hence disturbs steady state operation of the
system. Therefore, in this paper, the worst voltage dip of 90 % is tested for grid faults on a 5 kW DFIG to validate
its performance under this phenomenon. Based on the results of the simulation - along with its experimental
validation - the machine is found to be robust for faults staying a shorter period without disconnecting it from the
grid. On the other hand, operating a machine for a longer period while keeping it connected to a grid during a
heavy dip, may result in its degradation as the rated limits are violated. To rectify and mitigate the aforesaid
problems, a control system - with and without a crowbar - is developed for symmetrical faults to tackle such a
problematic situation, and to discuss its fulfillment of the current grid code requirements. Finally, a complete
model of the DFIG coupled with the grid is developed, modeled, analyzed and simulated using
MATLAB/Simulink user-defined function toolbox block.

Keywords— Control system; Doubly fed induction generator; Modelling; Symmetrical faults; Voltage dips.

1. INTRODUCTION

Voltage dip is defined in EN50160 as a temporary reduction of the RMS voltage at a
common point of the electrical supply system to a value below 90% of rated voltage followed
by a voltage recovery after 10 ms to 1 minute [1, 2].

According to IEEE-1159 and IEC definitions, these include variations in the
fundamental frequency voltage that last less than one minute by best characterized on plots
of the RMS voltage versus time. But it is often enough to describe them by a voltage
magnitude and a duration that the voltage is outside of specified thresholds [3] as used in
this paper.

All electrical drives connected to a grid are affected to a greater or lesser degree by
voltage dips. Three-phase voltages can become unbalanced and distorted because of the
effect of nonlinear loads, transient grid faults, unpredicted short circuits, intentional
changing of a power system configuration, transformers energization, and connection of
large induction motors.
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Considering dynamic changes in the power quality requirements and the development
of power electronics devices, it is worth enough to focus on the control methods of power
electronic converters and their reliability in case of grid voltage dips, higher harmonics, etc.
to a system optimal and stable at least with intolerable range.

One of the main advantages of the Doubly Fed Induction Generator (DFIG) is that it
provides a variable speed using a small and economical power converter. These machines
are controlled by a converter connected to the rotor, where the power is only a small fraction
- approximately equal to the slip - of the stator power. This characteristic makes the DFIG
especially suitable for applications where the slip is narrowly limited, such as wind turbines
(WT) [4, 5]. However, as wind energy penetration increased and the number of wind
turbines using the DFIG expanded, its main disadvantage, that is, its excessive sensitivity to
electric grid disturbances becomes more and more relevant and increased [4]. Despite this
fact, the DFIG-based Wind Turbines are responsible for producing 50% of installed wind
power worldwide [6] by properly controlling their operating actions under voltage dip
scenarios as this is the main focus of this paper.

The desired independent active and reactive power flow control in a given power
system requires selecting appropriate pairs of voltage magnitude and phase angle [7].
Despite its limitations during voltage dip conditions, the DFIM has interesting features of
active and reactive power control capabilities. A voltage dip causes overcurrents and
overvoltages in the rotor windings, which would damage the converter connected to their
terminals if no countermeasures were taken.

As industrial processes have become more automated, the equipment has become
increasingly sensitive to these momentary under voltages. If a single piece of equipment in
the process is affected by the voltage sag, the entire process can be interrupted. This is one of
the main reasons for focusing on its control actions.

2. LITERATURE SURVEY

When a voltage dip occurs, the wind turbines in the wind farm try to disconnect from
the system to protect the converters from over voltages and over currents. On the other
hand, the various latest grid codes demand them to stay connected with the grid supplying
power to the system even in this horrible situation. That means, they need to possess fault
ride-through (FRT) capability under these conditions. For instance, the Grid Code of
countries mentioned in [1, 8] states that all wind turbines must remain connected in the event
of any short circuit in the high-voltage transmission network. Having this into conception,
there are various types of research under investigation of the phenomenon and providing
different kinds of control mechanisms that bring optimum solutions. For instance, the study
described in [9] suggests improving the generator terminal voltage during a grid fault using
shunt reactive power compensation. On the other side, the use of the crowbar is evaluated in
[10]. The inherent difficulty of ride-through control during a symmetrical grid fault is
explained in [11]. Limiting the high current in the rotor and providing a bypass for it via a set
of resistors (crowbar) that are connected to the rotor circuit of a machine is provided as a
proposed method of solution in [12] making wind turbines with DFIG stay connected with
the grid during grid faults. Initially, the solution implemented by the manufacturers to
protect the converter was to short-circuit the rotor windings with the so-called crowbar and
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disconnect the turbine from the grid [13]. With this solution, the wind turbines are not able to
collaborate in resuming the normal operation of the grid. Even worse they contribute to
increasing the dip as they stop generating electric power. However, there lacks sufficient
references and works in the area of developing detailed models, control, protection, etc. for a
dip in relating it with grid code requirements of various countries. Thus, this paper tries to
fill the gap by putting its contribution with proper control of active and reactive power
which can analogously be considered on the other hand as another issue of power quality
problem mitigation techniques.

It can again be realized that the Doubly Fed Induction Generator (DFIG) and back-to-
back converter are very sensitive to power quality disturbances in grid-connected wind
energy conversion systems (WECSs) with special attention for their protection from voltage
sags, considering the introduction of several low-voltage ride-through (LVRT) techniques
[14].

So far, the influence of wind turbines on the evolution of voltage dips has been small
due to the low penetration of wind energy. However, as the number of grid-connected
turbines grows, this influence has become more important.

In this study, limiting a rotor current by letting the excess current flow through a set of
resistors (crowbar protection) together with control techniques in compliance with grid code
requirements towards supporting it with a reactive power under a limited active power
production during a voltage dip is implemented for a given machine using MATLAB-
Simulink/PowerSym software and practical results have been obtained for its validation. For
this reason, a programmable voltage source of the MATLAB toolbox is used to implement
different kinds of voltage dips. Practical results from the previous studies [15] have offered
very useful suggestions of hardware setup for different kinds of machines, yet there exists a
lack of detailed explanation of a machine at a real-time simulation with a Digital Signal
Processing (DSP) micro-controller-based approach that would be useful to validate for
optimal results.

Many countries, especially in the developing parts of the world, have considerable
wind resources that are still untapped. A key barrier in these countries is their lack of
expertise, concerning both methods of site selection and technical aspects of wind power
[16]. In connection, many African countries are at the infant stage of producing their power
from renewable energy, especially wind power. Similarly, Ethiopia has no officially
announced and developed grid codes regarding wind turbines up to very recent times [17]
even though the countries installed capacity from wind reached 324 MW while 100 GW is
the expected potential [18]. Thus, aiming to fill the gap and being used as a reference for
further research works, this paper models a system for a given machine tied with a grid
under voltage dip scenarios.

3. DYNAMIC MODELING OF DOUBLY-FED INDUCTION GENERATOR

Before proceeding to the control and analysis of the DFIG in depth for its performance,
its model in space vector form using Clarke (aff) and Park (dq) transformations is very
important.

Three sets of voltage, flux linkage, and motion equations of the induction generator can
be used to describe it in space-vector [20]. The most widely used vector/field-oriented
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control and direct control techniques can be applied for DFIGs in wind power systems [17].
However, in this study, only a vector control technique in the form of the two-phase dq-
representation under a stator flux frame of orientation is used.

3.1. Alpha-Beta (aff) Model

By using a known Clarke and its inverse transformation, the three-phase (abc)
quantities are converted into two stationary frames (af) quantities and vice versa. The
instantaneous value of the grid voltage in afy can be used to find out the grid voltage angle,
@gas given in Eq. (1). If Vag, Vbg, and Vg are three-phase balanced sinusoidal waveforms of
grid voltages, ¢g can then be obtained as [20]:

V,
9g = tan'1<vi 1)

or considering all four quadrants such as:

V,

0g = atan2(—[3 (2)

a
A diagram showing the different reference frames used in the DFIG is presented in

Fig. 1 where af is a stator reference frame, DQ is the rotor reference frame rotating at wm and

£“”_ 7 “”_Jy
S r

the dq is synchronous reference frame rotating at wg. Subscripts and “a” denotes
the stator, rotor, and synchronous reference frames, respectively. Clark, Park, and their
inverse transformations can be applied on a space vector to represent it on any of these

frames [22].
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Fig. 1. An alignment of reference frames [22].

For the motor convention under 5t order modeling which includes the stator flux

dynamics, the stator voltage (Vs) equations can be derived as:

S
dy dy,’
S . r_,r v
Rg+—>; V, =1 R+ (3)

S
dt r dt
The stator voltage equation can be split in its alpha and beta components as follows to

(VAR

yield the following set of equations [4]:

. dy
duS Vas = 'slas df[xs
Ve = ISR + 08 = (4)
dt d\l’Bs

= i +
VBS r S IBS at

where Vas, Vs, ias, ips, iar, igr and Was, WPps, Yar, YPpr are voltages (V), currents (A) and flux
linkages (wb) of the stator and rotor in af-axis in vector form, Rsis stator resistance.
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The rotor voltage (Vr) in the stator reference frame is:

. dy
Vor = Rrlgr +Tar+mm\v[3r

d S
}»m.wﬁ P vy ®)
T

Vpr = R riBr +T'®m‘l’ar

01
Ve® =i °Ry +
A A
In the same way, the expressions for the stator and rotor fluxes in space vector form
under a stationary reference frame can be obtained and given as:

_\yss:| B |:Ls Lm:‘ {iss:| N Vos = Lsigs +Lmiar?‘VBS - LsiBS + LmiBr ©
S~ |- . . . .
LVr Lm  Lr iy Vor = Lmlas +Lrlar;‘|’[3r - LmlBs + LrlBr
Solving Eq. (6) for the currents:
. s S
s | _ | tr bm|| Vs
s | L -L s (7)
s m s A VYr
1
whereK=——»———, Lg=Lyg+Ly, and Ly=Lsp +Lpy. Rris rotor resistances [Q], Ls, Lr, Lm
Lm -LsLy

are the stator, rotor, and mutual inductances [H]. Los and Lor are the stator and rotor leakage
inductances [H], o is the speed of the reference frame [rad/s], ®m is the mechanical angular

velocity of the generator rotor [rad/s].

3.2. DQ Model

The space vector model of the DFIG can also be represented in a synchronously
rotating frame by multiplying the voltage expressions by e’% and e’ for the stator and rotor,
respectively. As a result, the dq voltage equations are [22]:

—R.i Vg
G +dq,sf+rr Vds T Rslgs T " @sVas .
=ls Og —
s st s g )
Vgs = Rslgs * — — +0sVgg
“R.i gy
Lo dy Ve TR T eV
V' = lr Ry + ——+jo, > ©)
dt ) dygr
Vgr = Rirlgr +— =+ orvg,

where @r = ®s- ®m, Vds, Vgs, ids, igs, idr, iqr and Wds, Yqs, Ydr, Yqr are voltages [V], currents [A],
and flux linkages [wb] of the stator and rotor in direct (d-axis) and quadrature (q-axis) axis in
vector form, P is the number of pole pairs. Rs and Ry are the stator and rotor resistances.

The relation between the mechanical speed of the shaft ®m and the electrical speed
depends on the pole pairs (p) of the machine and is given as we = pom [22]. The units of these
two equations are given in rad/s. The slip (s) of the machine is defined as follows:

_0,-0, o

=— > o, =s.0, and fr =s.fs

0N 0N
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Similarly, the fluxes yield:

Vgs = Lsigs T Lmigy

vs'| [Ls Lyl Vgs = Lsigs * Lmigr
r = L L .er - _ . . (10)

For a sinusoidal supply of voltages, at a steady state, the dq components of the
voltages, currents, and fluxes will be constant values, in contrast to the a3 components that
are sinusoidal magnitudes. Hence, the dq equivalent circuit model of the DFIM, in
synchronous coordinates, is used.

The torque and power expressions in the dq reference frame are equivalent to the aff
equations:

P, =1.5(Vyi4 +V

P.=1.5(v4i, +V

as qs)
qr qr) (11)

Pg = Ps + Pr = 1'5(Vds|ds +Vqs|qs + Vdr dr TV

Q =1. 5(Vqs ds Vdsiqs) ’
=1 5(Vqr dr ~ dr qr) (12)
Q Q + Q =1 5|: gs ds + Vqudr (Vdsiqs + Vdriqr):l

qr qr)

where P is the number of pole pairs.

The power losses accompanied by the stator and rotor windings and saturations are
neglected.

4. MODELLING DFIG UNDER VOLTAGE DIPS

The dynamic 5t order modeling of the DFIG used in the basic vector control method
can be extended to incorporate transient situations due to grid disturbances. Accordingly,
the whole control system for both Rotor Side Converter (RSC) and Grid Side Converter
(GSC) are modified to include the negative and positive sequence components.

Stator active power (Ps), stator reactive power (Qs), and electromechanical torque (Tem)

expressions in the dq reference frame for DFIG under unbalanced voltage conditions are
derived such as [6, 8]:

P, = g Re{vs'i*} - z(vdslds + Voslgs) (14
Bimlv i l_3. i i
Qs = E Im {VS.IS } = E(VQSIds _Vdslqs) (15)
3 — i
Tem =EpL_mIm{WS'IF }:_p_(qu dr stlqr) (16)

The fifth order differential equation that describes the wind turbine drive system by a
one-mass model taking the mechanical load torque (Tm) applied to the shaft as developed by
wind speed variations to describe the dynamic motion is given as [23, 24]:
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dom
dt
where ] is the total moment of inertia (kg.m?)
Using the expression of these powers given in Egs. (14) and (15) and splitting them into
the positive and the negative sequences, we can have [4, 22, 25]:

(17)

3, (- - - - i
P, =Re {vs.ls } =3Re (Ve +V,e ). (1,67 + 1,671 *| (18)
Q, = g Im {VT} =3Im{(V;e"™" +V,e77°0).(1, + 1 ,e7) *| (19)
Which yields:
P, =3Re{V,l, *+V,l, *e* + V1, *e 2> 1V, I, *} 20
Q. =3Im{V,l, *+V,l, ¥ + V1 *e 2 VI, %} 21

where subscripts 1 and 2 indicate positive and negative sequence components, respectively.
ws is the synchronous speed in rad/s. Is1 and Is; are stator currents during positive and
negative sequence components, respectively.

Having the aforementioned areas into consideration, the control loop with the
inclusion of the negative sequence components for the given grid-tied DFIG under voltage
dip conditions is designed and analyzed as it is unfolded in the next sections.

5. DUAL VECTOR CONTROL TECHNIQUES

The objective of this strategy is to reduce the stator overcurrents and as a consequence,
the rotor overcurrents that appear in the DFIG windings during the sag using adapting the
control of the RSC during this kind of event and without using any external crowbar circuit
[26]. The most intuitive way to control a current vector, consisting of positive and negative
sequence components is to use a current controller based on two synchronous reference
frames, rotating at the fundamental grid frequency in the positive and the negative
directions respectively as most of the unbalanced voltage problems can be overcome by
introducing a precise amount of negative sequence components in the current references. In
this way, the current references are becoming the addition of two sequences: one
synchronized with the positive sequence of the grid voltage, and the other synchronized
with the negative one [4, 26]. To guarantee that the two sequences are well regulated, it is
necessary to independently control each sequence. The original control loop is then
substituted by two control loops, one working in a positive rotating reference frame and the
other working in an inversely rotating reference frame [22]. This is why the strategy called
the dual vector control technique is used in dip periods.

6. CROWBAR AND ITS DESIGN

In addition to developing a control system for the protection of a WT during grid
faults, a crowbar circuit can be designed as a control system for positive and negative
sequence components of the fault current. In a practical wind power plant, the crowbar is a
commonly used practice for the protection of the generator and convertor. The crowbar is
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implemented by short-circuiting a low resistance across the rotor windings [27]. As a result,
a large amount of current is produced and is allowed to flow via the resistor circuit instead
of flowing in the RSC. The dynamic behavior of the power system during a dip phenomenon
is greatly affected by the resistor value of the crowbar. For this reason, the crowbar resistors
should be sufficiently low to avoid large voltages on the converter terminals. On the other
hand, it should be high enough to limit the rotor current. Thus, the resistance of the crowbar
Rerow must be chosen carefully. In [27], they chose the resistance value to be equal to 30 Ry,

where R; is the rotor resistance of DFIG.

7. RESULTS AND ANALYSIS

71. Comparison of Gradual Voltage Reduction Based on Experiments and Sudden

Voltage Drops

A 5 kW DFIM whose parameters are obtained as in [28] is used with its setup shown in
Fig. 1 and tested in the laboratory for gradual voltage reduction at real-time operation for
rated voltage (400 V, LL), and a reduced voltage of 300 V, LL and 200 V, LL using a
microcontroller of the Texas Instrument’s (TI) under the application of a Code Composer
Studio Software (CCS) to be compared with sudden voltage dip as the results are shown in
Fig. 2. Due to the lack of a programmable voltage source in the laboratory, it was not possible
to make experimentation on sudden voltage dips. The analysis and simulations were
conducted in the Matlab/Simulink user-defined function toolbox. However, the machine has
no inbuilt MATLAB and controllers. External PWM modulation inverter, the DC link system,
current and voltage probes, variable power supply as a grid voltage, microcontroller with
Texas Instrument CCS software, and others have been used as shown in Fig. 2. The DFIM is
driven by the emulator induction motor as shown in Fig. 2 and not driven by a real wind
turbine. Moreover, the speed is not fixed, it is variable to show the varying nature of the
wind speed.

; ’E;;Jl.'ator\. Vari.a .

=
Current MESi
sensor

sepsors

Osciloscope

As can be seen from the experimental results (shown in Fig. 3) at voltages of 400 V,
300 V, and 200 V, a gradual reduction of stator voltage has the same effects of reduction on
the stator and rotor currents. In addition, the results can clearly show the ability of dq rotor
current references in controlling the stator and rotor active and reactive powers by applying
CCS software in a microcontroller of Texas Instruments.
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Fig. 3. Experimental results at different voltages: a) 400 V, LL rms; b) 300V, LL rms; c) 200 V, LL rms.
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It can be noted that a sudden voltage drops (dip) as seen in Fig. 4 has quite different
effects compared with a gradual reduction of the stator voltages in Fig. 3. As a result, a
sudden drop in the stator voltages has a huge impact on the increments of stator and rotor
currents affecting the machine’s performance. This can be one of the main concerns towards
voltage dip analysis of the DFIG in grid-tied WECS.
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Fig. 4. Simulation results for sudden voltage dip from 400V to 200V.

7.2. Simulation Results

This part analyzes a symmetrical voltage dip carried out on a 5 kW DFIM whose model
is done in MATLAB/Simulink/ PowerSym as shown in Fig. 5. The analysis is carried out first
without and then with crowbar activation accompanied by a vector control towards grid

codes.
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DFIM
Fig. 5. DFIG Model in MATLAB-Simulink for voltage dip analysis.
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7.2.1. Without Crowbar

The performance of the DFIG under a balanced three-phase of 90 % voltage dip
occurred at a time between t = 4 - 4.5 s is shown in Figs. 6 and 7 with no crowbar activation.
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Fig. 6. Flux and stator current responses to a 90% symmetrical voltage dip: a) grid voltage dip of 90%; b) stator
flux evolution during a 90 % voltage dip; c) stator current response to a voltage dip.
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Rotor Current Response to a Voltage Dip
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Fig. 7. A 90% symmetrical voltage dip and generated power responses: a) rotor current response to a voltage dip;
b) electromagnetic torque for the applied voltage dip; c) current control loops during a voltage dip.

As can be seen from the above simulation results, during the steady-state operation,
the stator flux is proportional to the stator voltage (Figs. 6(a) and (b)). However, this situation
is changing during voltage dip conditions and as a result, therefore, the machine will
demagnetize slowly for deeper voltages like the above one.

When a sudden voltage dip occurs at the terminals of the DFIM, the stator flux cannot
evolve to its final steady state as quickly as its voltage [13]. This is shown in Fig. 6(b) for the
given machine under study with no crowbar activation.

In real-time practical systems like WECS, perfect conditions for the analysis of
characteristics harmonics which is another class of power quality problems of converters,
never met [29]. However, when the crowbar is activated by letting all the rotor current flow
through it, the current can then make the flux decay more quickly as shown in Fig. 8(c). This
can be a good implication for the importance of using a crowbar activation during a voltage

dip phenomenon.
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It is seen again that, once the fault occurs at t = 4 s, there is a huge amount of rotor
current which is almost more than four times the rated current as seen in Fig. 7(a). This
current will lead to damage the power converter in the rotor unless some kind of protection
and /or control techniques are not applied and the converter is not oversized.

The strongest voltage dip (90 %) is considered in this case as it resulted in a higher
induced emf and larger rotor and stator currents as shown in Fig. 6(c) and Fig. 7(a). Thus, the
implementation of a well-developed control system with some kind of protective equipment,
such as a crowbar becomes compulsory. The rotor speed has also an influence on the current
as the induced emf is proportional to it. In this case, the machine is running at a constant

super-synchronous speed (1800 rpm).

7.2.2. With Crowbar Activation
The increased rotor current can be reduced by the implementation and activation of a
crowbar circuit for a voltage dip with progress recovery as shown in Fig. 8(a) and its rotor

current response as shown in Fig. 8(b).
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Fig. 8. Simulation results for rotor current and stator flux responses with crowbar activation: a) voltage dip and its
recovery; b) rotor current response to a crowbar activation during a 90 % dip; c) stator flux evolution for a 90 %
voltage dip with crowbar activation.
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In the simulation results, the crowbar is activated at t = 4s immediately after the
occurrence of a voltage dip by letting all currents flow through it as shown in Fig. 9(a), and
disappears at 4.5 s. At times between t = 4.5 s - 5 s, the voltage recovery starts, and the
machine returns to its normal operation (Fig. 8(a)) following the same pattern of the grid
code requirements of the German power system operator [30].
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Fig. 9. Simulation results for voltage dip of 90 % with crowbar activation: a) current through a crowbar during a
voltage dip of 90%; b) stator active and reactive power tracking with rotor quadrature axis reference (iqr*) and
rotor direct axis reference (idr*) during a voltage dip of 90%; c) electromagnetic torque response.
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During these periods (4 - 4.5 s), the rotor current tends to zero (Fig. 8(b)).
Consequently, the q (igr) and d-axis (idr) rotor currents which are used to control the active
and reactive power respectively respond accordingly. Initially, in this simulation, the active
power is controlled to produce the rated power (5 kW) and the reactive power to zero for
unity power factor operation.

As a result, the reference currents are tracking their respective currents during normal
operation periods (Fig. 9(b)) as fulfilling the objective of the task. As of a closed loop nature,
the change in the actual rotor current during a voltage dip is reflected in its reference one.
Accordingly, the PI controller is tuning to adjust the change to a new set value, and hence the
rotor current decreases to zero for the whole period of fault as shown in Figs. 8(b) and 9(b).

It can be seen from the above simulation results that the control of active and reactive
power is lost during a crowbar activation for a given voltage dip. In addition, the
electromagnetic torque control (shown in Fig. 9(c)) is also lost, which is a risky condition in a
real grid-tied wind power system. Therefore, it is the main concern to support the grid with
reactive power demand with no/minimum active power generation using the control
techniques during a voltage dip and crowbar activation period as seen by simulation results.

8. GRID CODE REQUIREMENT AND ITS FULFILLMENT

As per the latest grid codes of various countries, wind turbines (WTs) are required
to inject some amount of reactive and active current into the faulty grid during voltage dips
[21, 31].

Over the past years, the grid codes have toughened their requirements, demanding
each year a quicker injection of reactive current that is why this paper is focused on the
control of the reactive power injection to the grid during voltage dip by limiting the active
power generation through the stator.

As explained earlier, the DFIG is not supposed to disconnect from the power grid
during voltage dip conditions, rather they are expected to support the grid via reactive
power as per the recent grid code requirements. This can be achieved through well-
controlled mechanisms by changing the rotor reference current controllers. Thus, in this case,
a control strategy is implemented in such a way that the rotor d-axis current has to track the
peak currents of the stator of the machine to support the grid with the reactive power, and a
g-axis component of the rotor is made to zero for no active power production during a dip
period as the results show in Fig. 10.

In Fig. 10 simulation results, the periods between 0-4 s and 5-6 s are normal or steady
state operations whereas times between t = 4 - 4.5 s are voltage dips. The crowbar is activated
ata time t =4 s and deactivated at 4.1 s operating for 100 ms.

At times between 4.15 - 4.50 s, the d-axis controller (ia*) is adjusted equivalent to the
peak value of the stator peak current (ips) to fulfill grid code requirements by supporting the
grid with reactive power and no active power production during that period. As a result, the
control activity can make the DFIG supply reactive power to the weak grid, which will
increase and help its voltage recovery and ensure stability.
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The basic vector control scheme is introduced into the rotor current of the given DFIG
to generate the desired stator powers on the equations obtained [5]:

- 2 L 1 .« 2L 1 V,
= -___5 P. -_-_"s + fault
M 3 Lm Vfault o 3 Lm Vfault QS a)sLm (22)

where Ls and Lm are the self-inductance of the stator and mutual inductance (H),
respectively.

Based on Eq. (22), for instance, to produce -1 kVAR reactive power for a voltage dip of
90% on a given DFIG, iar* = 21.9 A [zoomed] as shown in Fig. 8 is required and 43 A to
produce -2 kVAR where Veauie = 0.1*Vir, RMS = 0.1*326.6 V = 32.66 V.

This implies that a given DFIG under study cannot support the grid with more than 1
kVAR without surpassing the RMS limit of the rotor current at 90 % voltage dips. However,
the amount varies for varying voltage dips. The maximum rotor current of the machine
under study is 21 A [28]. By setting the reference of the rotor current to this value (21.9 A) at
a time t = 4.15 s after a crowbar is deactivated at 4.1 s, the rotor voltage is decreased
simultaneously and we can obtain the desired powers as per the grid codes. Even though
these extra powers are oscillating, the peak value reaches the desired powers. In periods
between t = 4.1 - 4.15 s, the controller is tuned to track for Ps = 5 kW and Qs = 0 which is the
same as during the steady-state operation.

On the other hand, for a shallower dip, for instance, a 10 % dip, iar* = 19.2 A can
generate near -5 kVAR reactive power to the grid without exceeding the rated rotor current.

From the above analysis, it is possible to control the active and reactive power to any
value as per any of the grid code requirements. Moreover, the simulation results can confirm
that the LVRT operation of the DFIG with the proposed protection strategy for a voltage dip
of 90 % works well.

Therefore, it can be summarized in such a way that, a symmetrical voltage dip for
longer periods is very challenging to control the desired parameters without disconnecting
WT from the grid and without surpassing the reference points. For shorter periods, the
control system developed for the given machine performs very fine for RSC and GSCs. In
addition, the authors recommend the use of a crowbar with a well-developed control
strategy for stable operation and better protection of the converter unless and otherwise the
oversized converter is used in its design.

9. CONCLUSIONS

In this paper, a voltage dip analysis of a 5 kW DFIG supported by laboratory test
results is carried out. The voltage dip which happens suddenly in a certain power network
results in quite different nature as of gradual voltage decreases and hence needs strong
attention.

In this paper, a laboratory test was carried out with the lack of a programmable power
supply, and hence its use can be recommended for further research works to validate the
results. In addition, asymmetrical voltage dips are not in-depth dealt with in this paper and
also be another area of recommendation.

Finally, the paper determined the amount of reactive power to support the grid under
a severe 90 % voltage dip and shallower 10 % dips. The results show that the given DFIG
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cannot support the grid with more than 1 kVAR without violating the RMS limit of the rotor
current at 90 % voltage dips. The work can be extended for various kinds of voltage dips
happening at the grid side of the wind energy conversion system.
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