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a  b  s  t  r  a  c  t

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.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Among the different sources of power quality issues present in
istribution system, the behavior of large Induction Motors (IM)
epresents an important one [1–3]. Basically, these motors produce
r increase voltage sags during transitory operation conditions,
hich occurs during starting or voltage sags caused by faults in

he system. In fact, the starting of large IM at distribution level may
roduce severe transients and voltage disturbances in the network,
epending on their nominal power and operation cycle. The system
an be affected not only locally but also in buses electrically remote
rom the motor connection point [4].
Please cite this article in press as: M.A. Paez, et al., Voltage support in in
based wind turbines and large motors, Electr. Power Syst. Res. (2016)

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

Abbreviations: DFIG, Doubly Fed Induction Generator; LVRT, Low Voltage Ride-
hrough; IM,  Induction Motor; GSC, Grid Side Converter; RSC, Rotor Side Converter;
CIG, Squirrel Cage Induction Generator; WT,  Wind Turbine.
∗ Corresponding author.

E-mail address: ahda.pavani@ufabc.edu.br (A.P. Grilo).

ttp://dx.doi.org/10.1016/j.epsr.2016.05.001
378-7796/© 2016 Elsevier B.V. All rights reserved.
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 in industrial power distribution
system with large IMs. The current literature covers the analysis
of the operation of isolated systems equipped with WTs  and IMs
dustrial distribution systems in presence of induction generator-
, http://dx.doi.org/10.1016/j.epsr.2016.05.001

[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

dx.doi.org/10.1016/j.epsr.2016.05.001
dx.doi.org/10.1016/j.epsr.2016.05.001
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:ahda.pavani@ufabc.edu.br
dx.doi.org/10.1016/j.epsr.2016.05.001
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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
ARTICLEPSR-4684; No. of Pages 8
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eactive power to sustain operation [9–11] (the characteristic of
he rotor circuit become more inductive as the leakage reactance is
roportional to the slip). At the same time, IM will also require more
eactive power from the system due to the decrease in electromag-
etic torque and reduction of the operation speed (increasing slip).
onsidering the aforementioned situation, the distribution system
erformance should be evaluated considering critical events in the
ystem, such as motor starting and faults in the system.

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

The analyses are based on simulations considering a typical
istribution system with three large IM.  Firstly, the interaction
etween a motor in operation and the starting process of a second
nd a third motor is investigated. Then, two types of WT  genera-
ors are considered in the study: squirrel cage induction generator
SCIG) and doubly fed induction generator (DFIG). The DFIG-based

Ts  are the most installed worldwide, however, SCIG may  still
e found in some countries where wind power installations were
arried out during the early stage or beginning of this technology
evelopment. In addition, a few manufactures, like Suzlon, were
till commercializing the SCIG technology by 2012 [15].

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

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

. Dynamic behavior of induction machines

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

The dynamic behavior of the induction machine can be analyzed
y the equivalent circuit of squirrel-cage induction machine pre-
ented in Fig. 1a, where RS and RR are the stator resistance and rotor
esistance referred to the stator; XS is the stator leakage reactance;
R is the referred locked-rotor reactance; LR is the referred rotor
Please cite this article in press as: M.A. Paez, et al., Voltage support in in
based wind turbines and large motors, Electr. Power Syst. Res. (2016)

nductance; XM is the magnetizing reactance; VT is the terminal
oltage per phase; s is the slip.

In order to analyze the electromagnetic torque, the circuit of
ig. 1a can be represented by its Thévenin equivalent circuit in
 PRESS
s Research xxx (2016) xxx–xxx

Fig. 1b, where VTH, RTH and XTH are the stator Thévenin circuit
components, they are given by:

VTH = V�
XM√

R2
S + (XS + XM)2

(1)

ZTH = RTH + jXTH = jXM(RS + jXS)
RS + j(XS + XM)

(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].

Te =
3V2

TH

(
RR/S

)

ω
[(

RTH + RR/S
)2 + (XTH + XR)2

] (3)

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

For motor operation, the largest value of XR and Vab (induced
rotor voltage, see Fig. 1) occurs when the induction motor is at
rest (XR = 2.�.fS.LR) and the frequency of the induced voltage at
the rotor (fR) is equal to fS (60 Hz for this case). The rotor reac-
tance (XR) and the induced rotor voltage decreases until the rotor
achieves its nominal speed. At the nominal speed, the rotor fre-
quency (fR) 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
dustrial distribution systems in presence of induction generator-
, http://dx.doi.org/10.1016/j.epsr.2016.05.001

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.

dx.doi.org/10.1016/j.epsr.2016.05.001
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Fig. 1. Steady-state equivalent circuit of an induction machine. (a) Complete circuit. (b) Thévenin equivalent circuit.

3

l
a
t
w
t

3

c
a
t
l
t
(
a
t
I
M
s

3

m
T
t
r
o
d
i

3

t
r
e

g

Table 1
Squirrel-cage induction motors parameters.

Parameter Value Parameter Value

Nominal Power 1.8 MVA Rs 0.0092 p.u.
Line-To-Line Voltage 2300 V Lls 0.0717 p.u.
Frequency 60 Hz Rr 0.0070 p.u.
H  0.5 s Llr 0.0717 p.u.
Pair of pole 2 Lm 4.14 p.u.

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 575 V Lls 0.1248 p.u.
Frequency 60 Hz Rr 0.004377 p.u.
Inertia constant 5.04 s L 0.1791 p.u.
Fig. 2. Test power system configuration with swing bus only.

. Computational dynamic models

The software used in the phasor simulation mode is a Mat-
ab/Simulink toolbox called SymPowerSystem. This toolbox has
lready implemented many electrical components of power sys-
ems, however, adaptations of existing models and new models
ere built. More information, as and the sets and parameters of

he simulation electrical components, can be found below.

.1. The test system

The system used in the simulations is illustrated in Fig. 2. It
omprises an industrial power distribution system connected to

 transmission system by a double circuit line of 20 km length. The
ransmission system is represented by an infinite bus at a voltage
evel of 120 kV. Three identical industrial plants are connected to
he distribution system via three transformers, each one of 2.5 MVA
2.3 kV/25 kV). Each plant includes one 200 kW resistive load (such
s space heaters and a 5% parasite load required by SimPowerSys-
em to connect motors in series with transformers) and a large
M load (1,68 MW at 0,93 PF). The representation in Fig. 2 of each

otor load includes the IM itself and the parallel resistive load for
implicity.

.2. Squirrel-cage induction motors

The dynamic model available in SimPowerSystem is used with a
odification of the mechanical torque (Tm) applied to the motors.

he mechanical torque is implemented in per-unit and is propor-
ional to the square of rotor angular speed (0.9 ωm

2), as usual for
epresenting pump and fan loads. The electrical model is a fifth-
rder model in dq0 axis reference frame (three stator and two  rotor
ifferential voltage equations). The motor parameters can be found

n Table 1.

.3. Squirrel cage induction generator-based wind turbine model

In this configuration, the stator windings are connected directly
o the grid in 60 Hz (or 50 Hz), see Fig. 3. The speed operation of the
Please cite this article in press as: M.A. Paez, et al., Voltage support in in
based wind turbines and large motors, Electr. Power Syst. Res. (2016)

otor is very narrow slip variation [7,15,17]. The rotor blades are
quipped with variable−pitch angle mechanism.

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

Friction factor 0.01 p.u. Lm 6.77 p.u.
Pairs of poles 3

wind turbine can be considered the same, as suggested in García
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 60 Hz (or
dustrial distribution systems in presence of induction generator-
, http://dx.doi.org/10.1016/j.epsr.2016.05.001

50 Hz). 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

dx.doi.org/10.1016/j.epsr.2016.05.001
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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 575 V Lls 0.1710 p.u.
Frequency 60 Hz Rr 0.0050 p.u.
Inertia  constant 5.04 s Llr 0.1560 p.u.
Friction  factor 0.0100 p.u. Lm 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 1200 V
Grid-side coupling inductor 0.1500 p.u.

Fig. 4. Schematic configuration of a DFIG-based wind turbine.
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Fig. 6. GSC of a DFIG-based wind turbine controlling the DC-link voltage.
Fig. 5. RSC of a DFIG-based wind turbine.

resented in Section 3.2, including the pitch angle mechanism. The
lectrical machine model is very similar to the induction machine
resented in Section 3.2, however, it has an extra term for the exter-
al applied rotor voltage in dq axis reference frame, as presented

n Salles et al. [11]. The DFIG-based wind turbine parameters can
e found in Table 3.

.5. Controller models of DFIG

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

The rotor mechanical speed is decoupled from the grid fre-
uency and can enable variable speed operation. The typical range
or the rotor speed is ±30% of synchronous speed. The rotor side
Please cite this article in press as: M.A. Paez, et al., Voltage support in in
based wind turbines and large motors, Electr. Power Syst. Res. (2016)

onverter (RSC) controls the rotor speed to follow the Maximum
ower Point Tracking (MPPT), shown in Fig. 5 by the optimal power
P*

opt). The RSC is also responsible for the reactive power control
f the DFIG [11]. The reactive power can be controlled for unitary
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 VT

* and the measured signal Q
by VT.

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 Vdc

* to the
measured Vdc and send to a PI block. The reference current in the
direct axis (I*d) 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,
dustrial distribution systems in presence of induction generator-
, http://dx.doi.org/10.1016/j.epsr.2016.05.001

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.

dx.doi.org/10.1016/j.epsr.2016.05.001
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Fig. 8. Terminal voltage at motor 3 during sequential direct connection.
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Fig. 9. Motor speed during sequential direct connection.

. Simulation of large motor starting

As described in Section 3, there are a few methods to start
otors. When large motors start in sequence using the direct

onnection method, the grid voltage may  be affected. The worse
cenario may  happen when the grid is the only power source sup-
lying the motor reactive power needs. We  have performed the
nalysis on “motor 3” terminal voltage during the motor starting
equence (Fig. 8). The sequence of starting is: motor 1 at 40 s, then
otor 2 at 80 s and motor 3 at 120 s (from Fig. 2 test system). After
otor 1 and 2 reached the full speed, the terminal voltages did not

ecover the pre-starting value, however, the voltages are still inside
he limits.

Because of the lack of reactive power at the distribution system,
otor 3 did not have enough electromagnetic torque to achieve full

peed, as can be seen in Fig. 9. Motor 1 and 2 developed full speed
fter 17 and 27 s, respectively.

This sequence of IM starting is used as base case for analyzing
he system behavior with a small wind farm, employing either SCIG
r DFIG. These generators are provided with voltage support equip-
ent based on the existing technology and on possible advanced
Please cite this article in press as: M.A. Paez, et al., Voltage support in in
based wind turbines and large motors, Electr. Power Syst. Res. (2016)

onfigurations that may  need small changes in control algorithm
nly. The analyzed cases are summarized as follow: (A) SCIG-based
ind farm: 1) capacitor bank; 2) STATCOM; 3) soft starter and STAT-
OM. (B) DFIG-based wind farm: 1) unitary power factor control; 2)

Fig. 10. Schematic diagram of the test sys
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
dustrial distribution systems in presence of induction generator-
, http://dx.doi.org/10.1016/j.epsr.2016.05.001

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.

tem with SCIG and capacitor bank.

dx.doi.org/10.1016/j.epsr.2016.05.001


ARTICLE IN PRESSG Model
EPSR-4684; No. of Pages 8

6 M.A. Paez et al. / Electric Power Systems Research xxx (2016) xxx–xxx

30 40 50 60 70 80 90 100 110 120 130 140 150 160

0.4

0.6

0.8

1

Time(s)

  V
ol

ta
ge

 a
t t

he
 M

ot
or

 B
us

 3
 (p

.u
.)

1000(k VA)
3000(kVA)
9000(kVA)

Fig. 12. Terminal voltage during a sequential motor starting (STATCOM).
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In such condition, motor 3 does not have the necessary starting
Fig. 13. Terminal voltage at motor 3 with soft starter and STATCOM.

.1.3. Soft starter and STATCOM (A-3)
A basic soft starter model is connected at the terminal of motor

. The soft starter has two main components: pulse generator and
hree-phase two-winding transformer with on-load tap changer
OLTC). The pulse generator acts as a controller, which applies a sig-
al with 0 or 1 value to move the tap position upward or downward,
espectively. The soft starter parameters are shown in Table 4. The
elation between Tm and motor speed has been changed in motor

 (Tm = 0.9 ωm
2).

The terminal voltage is presented in Fig. 13 for the wind farm
ith STATCOM and the motor 3 with soft starter. It can be seen

hat the use of a soft starter decreases the voltage sags and reduces
he reactive power required from the system during the starting.
owever, the required time to achieve rated speed is extended.
he motor 3 operation still makes the terminal voltage below the
imits, for rated capacity equal to 1 MVA. This solution attenuates
he problem and could be an alternative for existing systems.

.2. DFIG-based wind farm (Case B)

Wind farms based on DFIG have the possibility to inject or
Please cite this article in press as: M.A. Paez, et al., Voltage support in in
based wind turbines and large motors, Electr. Power Syst. Res. (2016)

onsume reactive power controlling the back-to-back converters.
ig. 14 shows the test power system used to study the behavior of
FIG. We  have analyzed three control methods for the rotor side

Fig. 14. Test power system co
Time(s)

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.
dustrial distribution systems in presence of induction generator-
, http://dx.doi.org/10.1016/j.epsr.2016.05.001

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

nfiguration with DFIG.

dx.doi.org/10.1016/j.epsr.2016.05.001
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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 1.5 s 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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Time ( s))

Fig. 18. Voltage at the motor 3 bus (motor starting).

eactive power to a successful motor 3 starting, as can be seen in
ig. 17.

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

.4. Considerations about motor starting in systems with wind
arms

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

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

. Industrial plants and wind farms during grid faults
Please cite this article in press as: M.A. Paez, et al., Voltage support in in
based wind turbines and large motors, Electr. Power Syst. Res. (2016)

Low voltage ride through (LVRT) capability of wind farms
efines its ability to continue uninterrupted operation during
oltage sags [20,21]. When the surrounding network has large
nduction motors, the behavior during grid faults might be affected
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 (25 kV bus) during a three-phase fault at
the 120 kV 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).
dustrial distribution systems in presence of induction generator-
, http://dx.doi.org/10.1016/j.epsr.2016.05.001

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

dx.doi.org/10.1016/j.epsr.2016.05.001
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ystem. By consequence, the terminal voltage has a second sag
uring the motor reacceleration. This behavior differs from the
onventional rectangular phenomenon [4].

The characteristic of the voltage sag during the fault depends
n the required mechanical load of the motor. Motors with con-
tant mechanical load have higher speed variations during voltage
ag compared to motors coupled with speed-squared torque. Thus,
otors with constant mechanical load have greater recovery time

7].
One can conclude from the simulation results presented in

ig. 20 that the DFIG-based wind farm with a control strategy that
egulates the terminal voltage presents better performance during
he fault period recovering the steady-state values. The coordina-
ion with the industrial power plant equipped with large motors
ould be a better and cheaper solution, since there is no need of

xtra wind turbine hardware, the adaptations would be performed
nly inside the control algorithm.

. Conclusions

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

Is has been seen that even a critical wind farm technology, using
quirrel cage induction generator, with the appropriate reactive
ower resource can improve the voltage at the power system dur-

ng the starting of large motors. It has also been verified that DFIGs
ontrolling motor terminal voltage and injecting reactive power
hrough the grid side converter can improve system stability during
he connection of large induction motors.

During grid faults, the operation of large induction motors can
ffect the voltage sag shape differently from the conventional
ectangular sag phenomenon. In such events, the DFIGs terminal
oltage control can be used to provide the required reactive power
y the motors reacceleration period, helping the voltage recovery.
lthough this control mode is not yet available in modern wind

urbines, it could be easily set using the actual resources available
n a typical DFIG. Such control could be very useful for weak power
ystems.

As a result, it is possible to take advantage of the available volt-
ge support resources not only for improving voltage ride through
apability of DFIG-based wind farms, but also to improve the sys-
em power quality levels during voltage sags caused by starting

otors and faults in the system.
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