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Industrial loads are usually composed of large induction motors (IM). These motors present a critical
behavior under some circumstances, e.g. during starting and faults in the system. Currently, induction
generator-based wind turbines are also connected to distribution systems. Essentially, these generators
present the same behavior of large IM and, when directly connected to the system, their interaction can
increase voltage sag levels or even lead the system to a voltage collapse. These generators, however, are
usually provided with specific controls or power electronic-based equipment to comply with the voltage
ride-through capability required by the grid codes. These resources, however, can be used to minimize
the impact of large motors in the grid or even minimize their impact on voltage sags caused by faults in
the system. In this context, this paper has the objective of analyzing the impact of different technologies
used in induction generator-based wind turbines during disturbances in distribution systems in the
presence of large IM. The analysis aims to clarify the potential benefit of wind turbine allocation at the
demand side of an industrial power distribution system. Based on the results, an adapted control scheme,
considering the control strategies currently available, is proposed for the grid side converter of the doubly
fed induction generators to improve power quality.
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1. Introduction

Among the different sources of power quality issues present in
distribution system, the behavior of large Induction Motors (IM)
represents an important one [ 1-3]. Basically, these motors produce
or increase voltage sags during transitory operation conditions,
which occurs during starting or voltage sags caused by faults in
the system. In fact, the starting of large IM at distribution level may
produce severe transients and voltage disturbances in the network,
depending on their nominal power and operation cycle. The system
can be affected not only locally but also in buses electrically remote
from the motor connection point [4].

Currently, there are practical recommendations for industry and
utilities [5,6] recommending the best practices for minimizing the
problems caused by IM. However, these recommendations do not

Abbreviations: DFIG, Doubly Fed Induction Generator; LVRT, Low Voltage Ride-
Through; IM, Induction Motor; GSC, Grid Side Converter; RSC, Rotor Side Converter;
SCIG, Squirrel Cage Induction Generator; WT, Wind Turbine.
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take into consideration that modern distribution networks have
distributed generation, specially, wind turbines. Wind power has
developed very fast and has achieved considerable penetration
level compared to other kind of energy resources.

One of the most employed technologies for wind energy con-
version is based on induction machines. Although these generators
present the same behavior of large IM, the majority of them is
provided with power electronic-based equipment, allowing some
specific controls. Fundamentally, these controls have the objective
of providing voltage support during disturbances in the grid, given
the sensitive behavior of these machines.

The performance of power system considering either IM behav-
ior [1-3,7] or operation control of wind turbines (WT)s [8-12] at
distribution or subtransmission level has already been analyzed in
several works. However, there are no studies about the dynamic
interaction between WTs operation inindustrial power distribution
system with large IMs. The current literature covers the analysis
of the operation of isolated systems equipped with WTs and IMs
[2,13,14]. The operation of a distribution system with WTs and large
IMs can be challenging during disturbances. During a voltage sag,
the rotor speed of WTs based on induction generators will increase
considerably, and the generator will need an additional amount of
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reactive power to sustain operation [9-11] (the characteristic of
the rotor circuit become more inductive as the leakage reactance is
proportional to the slip). At the same time, IM will also require more
reactive power from the system due to the decrease in electromag-
netic torque and reduction of the operation speed (increasing slip).
Considering the aforementioned situation, the distribution system
performance should be evaluated considering critical events in the
system, such as motor starting and faults in the system.

This paper analyzes the use of voltage support capabilities avail-
able in induction generator-based wind turbines to minimize the
impacts of large IM in distribution systems during the motor start-
ing and system faults. As a consequence, the paper aims to clarify
the potential benefit of wind turbine allocation at the demand side
of an industrial power distribution system.

The analyses are based on simulations considering a typical
distribution system with three large IM. Firstly, the interaction
between a motor in operation and the starting process of a second
and a third motor is investigated. Then, two types of WT genera-
tors are considered in the study: squirrel cage induction generator
(SCIG) and doubly fed induction generator (DFIG). The DFIG-based
WTs are the most installed worldwide, however, SCIG may still
be found in some countries where wind power installations were
carried out during the early stage or beginning of this technology
development. In addition, a few manufactures, like Suzlon, were
still commercializing the SCIG technology by 2012 [15].

As a result of these studies, it can be noticed, if the voltage sup-
port capability of wind turbines can reduce the impact of large IM
on voltage sags. So, the different voltage support devices and con-
trol strategies are considered in the simulations. The selected cases
are based on the existing technology and on possible advanced con-
figurations that may need small changes in control algorithm only.
For the SCIG, the options considered are: capacitor bank, Static Syn-
chronous Compensator (STATCOM), and soft starter and STATCOM.
For the DFIG, power factor control (or VAR control) and terminal
voltage control will be carried out, considering different buses as
reference during the investigation.

This paper is organized as follows. Section 2 provides an
overview of the behavior of induction machines during transi-
tory operation conditions. The applied dynamic models and their
components are explained in Section 3. Section 4 presents the per-
formed analysis of motor starting. In Section 5, the dynamic analysis
during grid fault is discussed. Section 6 presents the main conclu-
sions.

2. Dynamic behavior of induction machines

Voltage sags and interruptions produce each year in the United
States a major economic damage estimated to be between U.S. $104
billion and U.S. $164 billion [16]. The voltage sags can be caused
by short circuits at transmission and distribution levels, large load
variations and IMs starting [1]. Voltage sags last from a few cycles
to 1 min [4]. The shape of the voltage depends on network topology,
line and cable impedances, load dynamic and the type of disturb-
ance [4]. The induction motor is a source of disturbance (when
is starting) and also an affected equipment (while in steady-state
operation or also in starting process).

The dynamic behavior of the induction machine can be analyzed
by the equivalent circuit of squirrel-cage induction machine pre-
sented in Fig. 1a, where Rs and Ry are the stator resistance and rotor
resistance referred to the stator; Xs is the stator leakage reactance;
XR is the referred locked-rotor reactance; Ly is the referred rotor
inductance; Xy is the magnetizing reactance; Vr is the terminal
voltage per phase; s is the slip.

In order to analyze the electromagnetic torque, the circuit of
Fig. 1a can be represented by its Thévenin equivalent circuit in

Fig. 1b, where Viy, Rty and Xty are the stator Thévenin circuit
components, they are given by:

Xm

\/RE + (Xs + Xm)*

JXm(Rs +jXs)
Rs +j(Xs + Xm)

Vi =V (1)

ZtH = Rty +jXtH = (2)

The influence of voltages sags on the induction machine elec-
tromagnetic torque can be seen by analyzing its steady-state
equations, see Eq. (3). Such equation shows the relation between
the produced electromechanical torque and machine terminal volt-
age (in this case, the Thévenin voltage), adapted from the generator
equations presented in Grilo et al. [17].

- 3VZ, (RR/S) 3)

) |:(RTH + RR/S)Z + (XtH +XR)Z}

where Te is the electromagnetic torque; wsync is the synchronous
angular velocity;

For motor operation, the largest value of Xg and V,;, (induced
rotor voltage, see Fig. 1) occurs when the induction motor is at
rest (Xg=2.m.fs.Lg) and the frequency of the induced voltage at
the rotor (fg) is equal to fs (60Hz for this case). The rotor reac-
tance (Xg) and the induced rotor voltage decreases until the rotor
achieves its nominal speed. At the nominal speed, the rotor fre-
quency (fg) depends on the rotor slip (s) and is equal to “s.fs”. The
nominal slip (around 0.04) is very small compared to the slip at
rest (equal to 1). This fact can explain the large amount of reactive
power consumption during motor starting.

The quadratic relationship between electromagnetic torque and
terminal voltage, shown in Eq. (3), indicates the negative impact
of voltage sags. During a voltage sag, the electromagnetic torque
will decrease, resulting in decrease (for motors) or increase (for
generators) of the rotor speed. As a result, the machine will require
more reactive power from the grid. To sum up, the consumption of
reactive power by the motor increases when starting or recovering
its nominal speed and, by consequence, the depth of the voltage
sag and its duration [1].

There are several methods to avoid high voltage sags during
IM starting. The most adequate starting method depends on the
power system constraints and characteristics, the load to be accel-
erated and the overall costs of the additional equipment [7]. The
main methods are: (a) The full voltage method (or direct connec-
tion): It is the cheapest and most commonly employed method.
The implementation produces high starting torque, the highest
required reactive current and the shortest acceleration time [7]. (b)
Reduced Voltage Starting Methods: A reduced voltage is applied
and it returns to the nominal value when a predefined speed (or
current) set-point is reached [7]. The control of the voltage can
be performed by solid-state starters, adjustable frequency drives,
autotransformers, soft starter, external rotor resistances, wye-delta
connection changes and changes in windings connection types.

Since the voltage sag can be reflected at buses in the vicinity,
not only the voltage behavior at the local buses should be veri-
fied. The choice of the starting method should also consider other
components of the system, for instance, distributed generators
connected to the same system. As already pointed out, induction
generator-based wind turbines are usually provided with power
electronic-based equipment that can be employed for voltage sup-
port during disturbances in the grid. These resources can be used
to minimize the impact of starting a large motor in the grid or even
minimize the duration of voltage sags after faults in the system.
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Fig. 1. Steady-state equivalent circuit of an induction machine. (a) Complete circuit. (b) Thévenin equivalent circuit.
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Fig. 2. Test power system configuration with swing bus only.
3. Computational dynamic models

The software used in the phasor simulation mode is a Mat-
lab/Simulink toolbox called SymPowerSystem. This toolbox has
already implemented many electrical components of power sys-
tems, however, adaptations of existing models and new models
were built. More information, as and the sets and parameters of
the simulation electrical components, can be found below.

3.1. The test system

The system used in the simulations is illustrated in Fig. 2. It
comprises an industrial power distribution system connected to
a transmission system by a double circuit line of 20 km length. The
transmission system is represented by an infinite bus at a voltage
level of 120KkV. Three identical industrial plants are connected to
the distribution system via three transformers, each one of 2.5 MVA
(2.3kV/25kV). Each plant includes one 200 kW resistive load (such
as space heaters and a 5% parasite load required by SimPowerSys-
tem to connect motors in series with transformers) and a large
IM load (1,68 MW at 0,93 PF). The representation in Fig. 2 of each
Motor load includes the IM itself and the parallel resistive load for
simplicity.

3.2. Squirrel-cage induction motors

The dynamic model available in SimPowerSystem is used with a
modification of the mechanical torque (Tm) applied to the motors.
The mechanical torque is implemented in per-unit and is propor-
tional to the square of rotor angular speed (0.9 wm?), as usual for
representing pump and fan loads. The electrical model is a fifth-
order model in dqO0 axis reference frame (three stator and two rotor
differential voltage equations). The motor parameters can be found
in Table 1.

3.3. Squirrel cage induction generator-based wind turbine model

In this configuration, the stator windings are connected directly
to the grid in 60 Hz (or 50 Hz), see Fig. 3. The speed operation of the
rotor is very narrow slip variation [7,15,17]. The rotor blades are
equipped with variable—pitch angle mechanism.

Small wind farms can be represented with accuracy by an aggre-
gated model because the speed of the wind that arrives in each

Table 1
Squirrel-cage induction motors parameters.
Parameter Value Parameter Value
Nominal Power 1.8MVA Rs 0.0092 p.u.
Line-To-Line Voltage 2300V Lis 0.0717 p.u.
Frequency 60 Hz Ry 0.0070 p.u.
H 0.5s Ly 0.0717 p.u.
Pair of pole 2 Ln 4.14p.u.
SQUIRREL-CAGE
INDUCTION
GENERATOR
ae)
TURBINE
TRANSFORME
\ {
[ l \
CAPACITOR BANK
Fig. 3. Configuration of a SCIG-based wind turbine.
Table 2
Squirrel-cage induction generators.
Parameter Value Parameter Value
Nominal Power 1.66 MVA Rs 0.004843 p.u.
Line-To-Line Voltage 575V Lis 0.1248 p.u.
Frequency 60 Hz R: 0.004377 p.u.
Inertia constant 5.04s Ly 0.1791 p.u.
Friction factor 0.01p.u. Ln 6.77 p.u.
Pairs of poles 3

wind turbine can be considered the same, as suggested in Garcia
et al. [18]. The aggregated wind turbine has 9 MW of rated power,
representing six wind turbines of 1.5 MW each. The implemented
model already exists in SimPowerSystems without the capacitor
bank. The phasor model of the generator is based on the induction
motor model, presented in Section 3.2. The mechanical model is
based on the well-known equation for extraction of power from
the wind [11] and includes a pitch angle control (limits the electri-
cal power to the rated value). The SCIG parameters can be found in
Table 2.

3.4. Doubly-fed induction generator model

The doubly-fed induction generator (DFIG) has the rotor wind-
ings connected to the grid through a back-to-back converter. The
stator windings are connected directly to the grid in 60Hz (or
50Hz). A typical configuration of a DFIG wind turbine is shown
in Fig. 4, more details can be found in [8,11,15].

The aggregation model can also be used for the DFIG-based wind
turbine. The mechanical model of the turbine is equal to the one
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Table 3
Doubly-fed induction generators.
Parameter Value Parameter Value
Nominal Power 1.66 MVA Rs 0.0071 p.u.
Line-To-Line Voltage 575V Lis 0.1710p.u.
Frequency 60Hz R; 0.0050 p.u.
Inertia constant 5.04s Ly 0.1560 p.u.
Friction factor 0.0100 p.u. L 2.9000 p.u.
Pairs of poles 3 Grid-side coupling resistance 0.0015 p.u.
Converter maximum power 0.5 Nominal DC bus voltage 1200V
Grid-side coupling inductor 0.1500 p.u.
Ve (pu) _ F d
INDUCTION
GENERATOR
GEARBOX (DFIG) Viae (ou)
bc
\ 7 — 7
{% | \ Tabe_grid (pu) ago V'abe_grid (pw)
N r
N~ daqo
abc
| e et e e 1 o
: DCLINK :
_L Vabe_grid (pu) @
CROWBAR ' ]
, T . — P
1

Fig. 4. Schematic configuration of a DFIG-based wind turbine.
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Taber (pu)

abc
dgo

Fig. 5. RSC of a DFIG-based wind turbine.

presented in Section 3.2, including the pitch angle mechanism. The
electrical machine model is very similar to the induction machine
presented in Section 3.2, however, it has an extra term for the exter-
nal applied rotor voltage in dq axis reference frame, as presented
in Salles et al. [11]. The DFIG-based wind turbine parameters can
be found in Table 3.

3.5. Controller models of DFIG

The implemented models already exist within SimPowerSys-
tems, however an adaption has been made for the case in which
the reactive power control is performed in addition by the grid side
converter (GSC). The original controller enables only the reactive
power injection by the rotor side converter (RSC).

The rotor mechanical speed is decoupled from the grid fre-
quency and can enable variable speed operation. The typical range
for the rotor speed is +30% of synchronous speed. The rotor side
converter (RSC) controls the rotor speed to follow the Maximum
Power Point Tracking (MPPT), shown in Fig. 5 by the optimal power
(P opt). The RSC is also responsible for the reactive power control
of the DFIG [11]. The reactive power can be controlled for unitary

Fig. 6. GSC of a DFIG-based wind turbine controlling the DC-link voltage.

¢ Vltcontrol

Veu) -

Ve (ow)

Fig. 7. GSC control modification to enable reactive power injection.

power factor using zero reactive power injection reference Q" =0
(Fig. 5). Different reference values, such as the terminal voltage,
can be implemented replacing Q" by V¢~ and the measured signal Q
by Vr.

The conventional operation of the grid side converter (GSC) is to
maintain the voltage at the DC-link in a reference value [8,11,15].In
Fig. 6, the schematic GSC control is presented. The DC-link voltage
can be controlled by comparing its reference voltage V4. to the
measured Vg and send to a PI block. The reference current in the
direct axis (I'4) will be compared to the measured related current
and will be sent to the second level of PI controller. The direct and
the quadrature axis reference voltages will be converted to the abc
model and will be applied to the grid.

The modification included in the model is presented in Fig. 7.
This additional block replaces the current reference signal I*q in
Fig. 6, comparing the terminal voltage as reference signal and
enabling the injection of reactive power by the GSC. The use of a
droop sets an action delay to the control, no swinging interaction
with the RSC control was observed in the simulations. For high val-
ues of Kp (the proportional gain parameter of the PI controller), the
reference current I'q works as an on-off system, applying the rated
reactive current value to the grid side converter.

Many control strategies have been proposed in the literature,
mainly against short-circuits and voltage sags in transmission sys-
tems [8,19]. The performed analysis in this paper for GSC control
strategy presented in Fig. 7 has not yet been proposed for industrial
power distribution systems.
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Fig. 9. Motor speed during sequential direct connection.

4. Simulation of large motor starting

As described in Section 3, there are a few methods to start
motors. When large motors start in sequence using the direct
connection method, the grid voltage may be affected. The worse
scenario may happen when the grid is the only power source sup-
plying the motor reactive power needs. We have performed the
analysis on “motor 3” terminal voltage during the motor starting
sequence (Fig. 8). The sequence of starting is: motor 1 at 40s, then
motor 2 at 80's and motor 3 at 1205 (from Fig. 2 test system). After
motor 1 and 2 reached the full speed, the terminal voltages did not
recover the pre-starting value, however, the voltages are still inside
the limits.

Because of the lack of reactive power at the distribution system,
motor 3 did not have enough electromagnetic torque to achieve full
speed, as can be seen in Fig. 9. Motor 1 and 2 developed full speed
after 17 and 27 s, respectively.

This sequence of IM starting is used as base case for analyzing
the system behavior with a small wind farm, employing either SCIG
or DFIG. These generators are provided with voltage support equip-
ment based on the existing technology and on possible advanced
configurations that may need small changes in control algorithm
only. The analyzed cases are summarized as follow: (A) SCIG-based
wind farm: 1) capacitor bank; 2) STATCOM,; 3) soft starter and STAT-
COM. (B) DFIG-based wind farm: 1) unitary power factor control; 2)

1.2 T T T T T T T T T T T T

1=

0.8

0.

D

- 1000(kVAR)
—3000(kVAR)
9000(kVAR)

0.41

o

40 50 60 70 80 90 100 110 120 130 140 150 160
Time (s)

Fig. 11. Terminal voltage at motor 3 during sequential motor starting (Capacitor
Bank).

terminal voltage control; 3) terminal voltage at motor 3; 4) terminal
voltage control (GSC and RSC).

4.1. SCIG-based wind farm (Case A)

4.1.1. SCIG with capacitor bank (A-1)

The use of capacitor banks provides reactive power to the SCIG’s
and improves its power factor [7,11]. The rated power of the capac-
itor banks is usually around 30% of the wind farm installed capacity,
different capacitor banks rated power are analyzed. The test system
is presented in Fig. 10.

The terminal voltage at motor 3 for different rated power of
the capacitors bank is shown in Fig. 11. One can see that with high
reactive power compensation (9 MVAr in this case), the grid voltage
achieves higher level and the motor 3 is able to reach full speed.
The capacitor banks reduce the required reactive power from the
system (which is not only required by the motors but by the SCIG-
based wind farm).

The capacitor banks should be used carefully to avoid overvolt-
age during normal operation and also to avoid the operation of the
large motors as generators due its inertial energy in acceleration.
The capacitor bank of the wind farm may be limited to 1/3 of its
rated power.

4.1.2. Static synchronous compensator-STATCOM (A-2)

The use of STATCOM-based on power electronic (such as IGBTs,
IGCTs, or GTOs) enables the wind farm to supply or absorb reactive
power with fast response at reduced voltage levels [8]. From per-
sonal communication with a member of the S&C Electric Company,
one of the greatest markets for STATCOMs is the wind farms in dis-
tributed systems of the United Kingdom, in order to accomplish
with the grid codes. The test system used is the same presented in
Fig. 10, replacing the capacitor bank by the STATCOM. The voltage
profiles for the motor starting sequence are presented in Fig. 12 for
three different STATCOM power. As one can see, the results are very
similar to those obtained when considering a capacitor bank, it is
seen that the voltage doesn’t exceed the reference value of 1 p.u.

GRID 120kV  25kV 25KV 25KV 575V
SSC=500MVA 20km e :
X/R=3 Two lines Tvo fines l 9MWS€’\}Sd Farm
T

Motor 1 Motor 2 Mlotor 3

40s

20s

Fig. 10. Schematic diagram of the test system with SCIG and capacitor bank.
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4.1.3. Soft starter and STATCOM (A-3)

A basic soft starter model is connected at the terminal of motor
3. The soft starter has two main components: pulse generator and
three-phase two-winding transformer with on-load tap changer
(OLTC). The pulse generator acts as a controller, which applies a sig-
nal with 0 or 1 value to move the tap position upward or downward,
respectively. The soft starter parameters are shown in Table 4. The
relation between Tm and motor speed has been changed in motor
3(Tm=0.9 wn?2).

The terminal voltage is presented in Fig. 13 for the wind farm
with STATCOM and the motor 3 with soft starter. It can be seen
that the use of a soft starter decreases the voltage sags and reduces
the reactive power required from the system during the starting.
However, the required time to achieve rated speed is extended.
The motor 3 operation still makes the terminal voltage below the
limits, for rated capacity equal to 1 MVA. This solution attenuates
the problem and could be an alternative for existing systems.

4.2. DFIG-based wind farm (Case B)

Wind farms based on DFIG have the possibility to inject or
consume reactive power controlling the back-to-back converters.
Fig. 14 shows the test power system used to study the behavior of
DFIG. We have analyzed three control methods for the rotor side

O L 1 1 1 1 1 1 1 1 1 1 1 1 J
'%0 40 50 60 70 8 90 100 110 120 130 140 150 160
Time (s)

Fig. 15. Terminal voltage at the motor 3 with DFIG.
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Fig. 16. Voltage at motor 3 terminals (DFIG - Terminals Var. Regulation).

converter (RSC) and one with additional reactive power support
from the grid side converter (GSC).

One can see from Fig. 15 that the system has the lowest recovery
time when the control strategy “Motor Voltage regulation & GSC”
is chosen. The control strategy “Terminals Var. Regulation” (uni-
tary power factor control) represents the worst case. The system
has the highest recovery time and reaches the lowest voltage. The
voltage at the motor terminals is closer to 1 p.u. in steady-state for
“Motor Voltage regulation”. This result is better than the cases with
the control strategies “Terminals Var. Regulation” and “Terminals
Voltage Regulation”.

4.3. DFIG-based wind farm and wind speeds

The control strategies of the DFIG-based wind farm for “Ter-
minals Voltage Regulation” and “Terminals Var. Regulation” are
analyzed during different incoming wind speeds. For low wind
speed values, the “Terminals Var. Regulation” control mode behav-
iors like the motor starting with direct connection. The RSC is
controlled to make the machine operate at unitary power factor.
In such condition, motor 3 does not have the necessary starting
torque to run to its nominal speed (Fig. 16).

The wind farm based on DFIG in “Terminal Voltage Regulation”
mode keeps the voltage in tolerable levels providing the necessary

GRID 120kV 25|kV 25|kV 25Ikv 57|5V
@ ! I 20km Tkm | ap | ‘
SS§7§22MVA Two lines Two lines DFIG

9IMW Wind Farm

Motor 1 Motor 2 Motor 3

40s 80s

120 s

Fig. 14. Test power system configuration with DFIG.
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Table 4
Soft starter parameters.

Parameter Description Parameter Description
Voltage ratio 2300/2300V OLTC minimum tap positions -100
OLTC on Winding 2 OLTC maximum tap positions 0
Time per tap 1.5s Initial tap position -70
Voltage step delta Per tap (p.u.) 0.01 Final tap position 0
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Fig. 17. Voltage at the motor 3 terminals (DFIG - Terminals Voltage Regulation).
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Fig. 18. Voltage at the motor 3 bus (motor starting).

reactive power to a successful motor 3 starting, as can be seen in
Fig. 17.

The above simulations show that wind farm based on DFIG with
Terminal Voltage regulation control increases the stability mar-
gin of the system providing more reactive power compared to Var
Regulation control for different wind speeds.

4.4. Considerations about motor starting in systems with wind
farms

The voltage at the connection point of motor 3 is summarized
in Fig. 18. The DFIG converters provide an advantage compared
to conventional SCIG regarding to the generation or absorption of
reactive power. The DFIG-based wind farm in “Terminals Voltage
Regulation” and in “Terminals Var. Regulation” modes have better
performance during the motor starting (Fig. 18).

The lowest recovery time is observed when the “Terminals Volt-
age Regulation” is in use, the voltage profile doesn’t exceed the up
reference value of 1 p.u. In this control mode, the DFIG absorbs reac-
tive power before the motor starting at t =40 s (Fig. 19), maintaining
the grid voltage at 1 p.u. The scenario based on SCIG only consumes
reactive power from the grid and cannot recover the voltage, it
could lead the system to an unstable operation region.

5. Industrial plants and wind farms during grid faults

Low voltage ride through (LVRT) capability of wind farms
defines its ability to continue uninterrupted operation during
voltage sags [20,21]. When the surrounding network has large
induction motors, the behavior during grid faults might be affected

Time(s)

Fig. 19. Reactive power exchanged at the wind farm bus.
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Fig. 20. Voltage at the 25 kV bus during grid fault.

negatively. When steady-state operation of the system is achieved
(for any succeeding process described above), all the three indus-
trial plants will be operating at full load and motors will be running
at the nominal speed. The test system showed in Fig. 14 is used to
analyze the behavior of the DFIG during grid fault in the presence
of large motors.

The model of DFIG-based wind turbine during grid faults may be
different from the model considering voltage sags only, a protective
converter scheme [22] and uninterrupted power control [23] might
be added. The crowbar system is an essential hardware to protect
the RSC from overcurrents induced in the rotor windings, different
topologies are proposed in the literature [24]. The DC-chopper is
also an important protective hardware to guarantee the voltage
limits of the DC-link [25]. The reactive power injection can also be
achieved using special control techniques during and after the fault
[26]. The adopted model for the simulation presented in this paper
does not consider this two protective scheme (crowbar and DC-
chopper) and the control mode of the DFIG does not change during
the simulation. However, these simplifications do not compromise
the comparative results.

The voltage at the Point of Common Coupling (PCC) of the
DFIG-based wind farm (25kV bus) during a three-phase fault at
the 120kV bus is shown in Fig. 20. The voltage sags analyzed for
two DFIG control scheme (“Terminals Voltage Regulation” and
“Terminals Var. Regulation”). Fig. 20 shows that the voltage mag-
nitude drops in all cases at the beginning of the fault (time =200s).
For the case that the three motors are in operation, there is a deeper
decay in the voltage. When the fault is cleared, all motors attempt
to re-establish their internal voltage and reaccelerate. This process
makes them absorbs a large amount of reactive power from the
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system. By consequence, the terminal voltage has a second sag
during the motor reacceleration. This behavior differs from the
conventional rectangular phenomenon [4].

The characteristic of the voltage sag during the fault depends
on the required mechanical load of the motor. Motors with con-
stant mechanical load have higher speed variations during voltage
sag compared to motors coupled with speed-squared torque. Thus,
motors with constant mechanical load have greater recovery time
[7].

One can conclude from the simulation results presented in
Fig. 20 that the DFIG-based wind farm with a control strategy that
regulates the terminal voltage presents better performance during
the fault period recovering the steady-state values. The coordina-
tion with the industrial power plant equipped with large motors
would be a better and cheaper solution, since there is no need of
extra wind turbine hardware, the adaptations would be performed
only inside the control algorithm.

6. Conclusions

This paper has analyzed the impact of large induction motors
on the dynamic performance of distribution networks in the pres-
ence of a wind farm. The study is restricted to wind farms with
small installed capacity compared to the local industrial plants.
The results show that the technology of the wind generators and
the applied control scheme have a significant influence on system
stability and on the voltage recovery time.

Is has been seen that even a critical wind farm technology, using
squirrel cage induction generator, with the appropriate reactive
power resource can improve the voltage at the power system dur-
ing the starting of large motors. It has also been verified that DFIGs
controlling motor terminal voltage and injecting reactive power
through the grid side converter can improve system stability during
the connection of large induction motors.

During grid faults, the operation of large induction motors can
affect the voltage sag shape differently from the conventional
rectangular sag phenomenon. In such events, the DFIGs terminal
voltage control can be used to provide the required reactive power
by the motors reacceleration period, helping the voltage recovery.
Although this control mode is not yet available in modern wind
turbines, it could be easily set using the actual resources available
in a typical DFIG. Such control could be very useful for weak power
systems.

As aresult, it is possible to take advantage of the available volt-
age support resources not only for improving voltage ride through
capability of DFIG-based wind farms, but also to improve the sys-
tem power quality levels during voltage sags caused by starting
motors and faults in the system.
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