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Abstract

A Doubly Fed Induction Generator (DFIG)-based wind power generation system in microgrid
significantly affects the power system operation. This paper describes the behavior of a
microgrid with DFIG’s by use of control strategies under voltage sag conditions.
Superconducting Magnetic Energy Storage (SMES) unit and a Static Var Compensator (SVC)
are employed to increase the operation of a wind power generation system based on DFIG during
a voltage sag. Comprehensive simulation with the relevant details is performed using
MatLab/Simulink software to define the effect of the SMES and SVC units by increasing the
efficiency and performance of the system during voltage sag condition in a microgrid and the
results are compared. For optimal use of the SMES and SVC units, economic considerations are
applied.
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equipment has caused reduction of
1. INTRODUCTION efficiency increase losses. Voltage sag is
very high-risk during the control of
equipment in the process industry and any
failure of control make a breakdown of the
process [1].

Currently, due to the increasing
application of power electronics devices,
microgrids are able to operate in both grid-
connected and island modes. As such,
energy management and the categorization

Inappropriate operation of the electrical of a system control strategy are required for

Voltage sag is one of the problems related to
power quality. This event occurs
continuously in transmission and
distribution systems. Voltage sag which
results due to a fault or a pulsed load can
cause an interruption on critical and urgent
load. Even relay and conductors in motor
starters can be sensitive to voltage sag
resulting in the shutdown of a process.

*Corresponding Author’s Email: _mlcrogrld operation. The microgrid system
s.soleymani@srbiau.ac.ir is assumed to be a part of a system and is


mailto:s.soleymani@srbiau.ac.ir

24 Fardad, Soleymani, Faghihi. Voltage Sag Investigation of Microgrid ...

supplied by six variable-speed wind turbine
with DFIG [2]-[5].

According to the power system

requirements, the real power can be
absorbed or released from the low loss
superconducting magnetic coil. The firing
angle of the converters of the SMES unit
controls the quantity of energy to be
supplied or received by the SMES unit.
With fuzzy logic, schemes can be
represented with degrees of truthfulness.
Fuzzy logic is an effective tool with a
several application in embedded control and
information processing. Fuzzy inference is
the process of formulating the mapping from
a given input to an output using fuzzy logic.
A control system for the SMES unit based
on hysteresis current control jointly with
fuzzy logic control is used [6].

Static VAR Compensator (SVC) can
control the required bus voltage by
improving the voltage profile of the system.
The primary function of an SVC is to keep
the voltage at a certain bus through reactive
power compensation. SVCs have been used
to enhance the performance of the system at
steady state and transient voltage control.
SVCs are also used to decrease power
fluctuations, improve transient stability and
reduce system losses by optimized reactive
power control. SVC is used for load
balancing and maintaining of power quality
in an island microgrid. SVC is set near the
load to reactive power compensation to
mitigate the voltage variation. During a
large amount of reactive injection into the
network, using SVC is desirable application
with efficient cost [7]-[10].

The main drawbacks of SMES units are
the high cost and environmental issues
associated with the strong magnetic field.
The capability of SMES for transient
stability enhancement has been
demonstrated for a balanced fault in power
systems [11]-[12].

In this paper, the response of DFIG-based
wind power generation systems during
voltage sag when applying SVC and SMES
iIs examined and the achieved results are
compared. A sudden drop in the point of
common coupling (PCC) voltage causes a
large current to flow in the rotor, so
comparing the reply of each device, in this
case, is reviewed. The affected system active
power and capacitor dc link voltage are also
studied. The system s simulated and
calculated with MatLab/Simulink software.
Based on the simulation results and
economic evaluation, the use of SMES and
SVC in a microgrid is analyzed.

2. MICROGRID
CONFIGURATION

SYSTEM

Fig.1 illustrates a microgrid that it has
isolated from the power grid. The network
has six 1.5-MW DFIGs. The DFIG contains
of an induction generator. The microgrid is
connected to the wind turbines via a 30-km
transmission line and A/Y  step-up
transformer. For the average wind speed of
15 m/s, which is used in this investigation,
the turbine output power is 1.0 p.u, and the
generator speed is 1.2 p.u. A SMES and an
SVC connected to the PCC in order to
improve the dynamic performance of DFIG
during voltage sag study. The capacity of
SMES and SVC units is strongly related to
the capacity of the wind power generation
system.

The SMES/SVC units are connected to
the 25 kV bus via T7 transformer. Two
loads are located in BUS2 and PCC. The
parameters for the wind turbine model are
given in Table 1.

3. MODELING OF DFIG SYSTEM
WITH SVC

SVC is a shunt-connected reactive power
compensation device that is capable of
generating or absorbing reactive power. The
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SVC using power electronics to control
power flow and increase transient stability
on power grids [13].

When system voltage is less than the
voltage at SVC terminals, the SVC
generates reactive power. When system
voltage is higher than the voltage at the SVC
terminals, it absorbs reactive power.

Under normal operating conditions, both
voltages are equal and there is no power
exchange between the SVC and the grids.

) gu— 1) [ W
“ !IBUS 1

Fig. 2 shows the SVC coupled with DFIG
generation system. The SVC is connected to
a coupling transformer that is connected
directly to the ac bus whose voltage is to be
regulated. Commonly, the two thyristor
valve controlled used with SVCs is the
thyristor - controlled reactor (TCR) and the
thyristor-switched capacitor (TSC). The
TSC provides a stepped response and the
TCR provides a smooth or continuously
variable susceptance.
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Fig. 1. Single Line Diagram of the System under Study.

Table 1. Design Parameters.

Item Parameters
Rating power (6x1.5 MW) 9 MW
Rating voltage 575V
DFIG Stator leakage reactance 4 mH
Rotor leakage 2mH
mutual inductance 69.31 mH
Rotor-side
itching f kH
converter switching frequency 5 kHz
rating power 120 kVA
Grid-side —
converter Filter inductor L 0.3p.u
switching frequency 5 kHz
rating power 80 kVA
switching frequenc 10 kHz
DC chopper grea y
DC Link capacitor 10000 pF
DC rating voltage 1150 V
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Fig. 2. SVC coupled with DFIG.

The SVC can be operated in two different
modes; voltage regulation mode and Var
control mode (the SVC susceptance is kept
constant.). If the SVC susceptance (B) stays
within  the maximum and minimum
susceptance values imposed by the total
reactive power of capacitor banks (Bcmax)
and reactor banks (BLmax), then the voltage is
regulated at the reference voltage Vi By
controlling the firing angle of thyristors
through a Pl (Proportional + Integral)
controller, the effective reactance of the
SVC is varied [14].

4. MODELING OF DFIG SYSTEM
WITH SMES

When energy is charged or discharged
during operation, the current and magnetic
field of the superconducting magnet change.
Then the eddy current and magnetization
loss occur in the SMES system.

The SMES unit in this study contains two
winding transformer with Dy vector group
and 25/6kv voltage level, a thyristor
controlled bridge ac to dc converter, and a
0.5 H superconducting coil. The converter
implies the supplied voltage across the
superconducting coil. The charge and
discharge controls can easily be acquired by
altering the delay angle (a) controlling the
thyristor’s sequent firing. As it is shown in

Fig. 3(a), in case of a below 90°, the
converter acts in the rectifier status
(charging) and according to Fig. 3(b) when
o is above 90°, the converter acts in the
inverter status (discharging). So, based on
the system prerequisites, the direction of
power injection to the power system can be
specified (absorption from or injection to the
system) [15].

Depending upon the values of chopper
duty cycle (D), three zones of operation can
be categorized for the chopper arrangement.
The timing diagrams belong to these areas
of operation are shown in Fig. 3(c), in which
for charge/discharge/standby operation, the
value of S=+1/-1/0. It is clearly shown in
Fig. 3(c) that average voltage appearing
across the SMES coil and chopper current at
any instant of time can be expressed by Egs.
(1) and (2),

VSM —av [1_ 2 D]Vdc—av (1)
Idc—av = [1_ 2 D] ISM —av (2)

where Vsm.av IS the average SMES coil
voltage, Ism-av IS the average current through
the SMES coil, Vgcav IS the average dc
source voltage, lqc-av IS the average dc source
current, and D is the duty cycle of the
chopper.

Based on the positive and negative values
of the average voltage across the SMES caoil,
it is charged or discharged. It could be done
with the dc-dc chopper duty cycle (D)
controlled by the fuzzy logic controller
(FLC). During the amount of duty cycle is
greater than 0.5, coil is in charging mode
and in the case of the duty cycle being less
than 0.5, the coil is in discharging mode
[16].

A dc link capacitor of 50 mF is placed
between VSC and the DC-DC chopper.

For a SMES system, the inductively stored
energy (E in Joule) and the rated power (P in
Watt) can be expressed as,
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where Lswm is the inductance of the coil, Ism
is the dc current flowing through the coil
and Vs is the voltage across the coil.

5. CONTROL STRATEGIES

The SMES configuration used in this

paper consists of a VSC and dc—dc chopper,
as shown in Fig. 4. The converter and the
chopper are controlled using a hysteresis
current controller (HCC) and a fuzzy logic
controller (FLC), respectively.

A. Hysteresis Current Controller

The current control of converter is a
hysteresis current controller. It is employed
due to simple, fast dynamic response and
unaffected to load parameters. In this
method, each phase consists of a comparator
and a hysteresis band. The switching signals
are produced due to the error in the current.
By comparing the reference current and
actual current, the error generates. The main
function of this approach of control is to
force the input current to follow the
reference current in each phase. In this
method of control, the deviation of the
current between the upper and lower in the
hysteresis band is limited [17].

To keep the advantages of the hysteresis
methods, this phase dependence can be
minimized by using the phase-locked loop
(PLL) method to keep the converter
switching at a fixed prearranged frequency
level. The SMES with an auxiliary PLL
controller is shown in Fig. 5. The HCC is
comparing the three-phase line currents (lanc)
with the reference currents (I*anc), which is
placed by the 1*4 and 1*4 references.

B. FLC

The fuzzy logic controller is one of the most
practically effective approaches to design a
controller for applying the qualitative
capability of a system and to solve a
problem with ambiguity or uncertainty. The
fuzzy logic controller involves with
fuzzification, rule base and defuzzification
[15].
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Fig. 5. Hysteresis current controller scheme.

To control power transfer between the
SMES coil and the ac system, a dc-dc
chopper is applied, and fuzzy logic is
selected to control its duty cycle (D). In
order to generate the gate signals for the
IGBT’s of the chopper, the reference signal
of PWM is compared with the sawtooth
carrier signal as shown in Fig. 6. The
frequency of the sawtooth carrier signal for
the chopper is chosen 100 Hz.

Input variables for the model are the real
power generated by the DFIG and the SMES
coil current. The duty cycle defines the
direction and the magnitude of the power
exchange between the SMES coil and the ac
system. If the duty cycle (D) is equal to 0.5,

FLC
OUTPUT

[N\

Sawtooth

r;l_—\ Duty Cycle(D)
==

Porer | SMES-ref

Fig. 6. FLC control structure.
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the coil does not take any action, and the
system is under normal operating status.
Under this condition, a bypass switch that is
placed across the SMES coil (shown in Fig.
4) will be closed to avoid the draining
process of SMES energy during normal
operating conditions.

The control strategy is simple, having a
single-input-single-output (SISO) variable
makes the fuzzy controller straightforward
[18]-[20]. The control rules of the controller
are determined from the view of practical
system operation and by trial and error.
Making a logical conclusion is the basic
operation of the inference engine. In fact,
the inference engine is a program which
employs the rule base and the input data to
the controller to reach the conclusion. The
outcome of the inference engine is the fuzzy
output of the controller, which finally
becomes the input to the defuzzification
interface. For the inference mechanism of
the FLC, Mamdani’s method has been
utilized [15].

6. COST MODELING

A large portion price of SMES systems is
related to superconducting materials. A
complete economic investigation involves
estimating the life cycle cost, which contains
capital cost, operating cost and maintenance
cost. Two crucial items for the capital cost,
need to be considered: the cost related to
energy capacity and the cost related to
power conversion. The first item consists of
capital and  construction costs  of
superconductors, magnet structure
components, cryogenic vessels, and cooling,
protection, and control circuits. The latter is
the cost of a required power electronics
circuit. For different practical condition,
different power electronics circuits are
required. As a result, the cost varies in
different cases [21].

For a transmission application, SMES
system costs are achieved by the operational
requirements. The cost of the SMES coil is
mainly determined by the amount of energy
that must be stored. The main reason for the
wide difference in the cost of the power
conversion system is its requirement on the
configuration of the system. Especially, if
the SMES is connected by a voltage source
or current source inverter, or if the SMES is
related to an existing system that it requires
only a DC-DC chopper [22].

The costs for SVCs vary based on
capacity and the assumptions made
regarding the simplicity of installation. The
investment cost in FACTS devices is cost-
effective and important. According to the
Siemens AG Database [23], the cost
function of the UPFC, TCSC and SVC
equipment are as follows:

Cuorc =0.0003Q —0.269Q+188.22  (5)
Coe =0.0015Q° —0.713Q +153.75  (6)
Cqc =0.0003Q° —0.305Q+127.38  (7)

where, Q is the reactive power capacity of
FACTS devices, in MVar. Cupec, Crcsc and
Csvc are in US$ / KVAR.

With careful consideration of these cost
functions, it can be seen that at low powers,
SVC has been lower costs (see Fig. 7).
Therefore, comparable with SMES and for
improving the system performance, SVC
analysis was studied. Based on the
examination and also evaluation of the costs
of SVC and SMES, it is deduced that the use
of SVC is more cost-effective.

7. SIMULATION RESULTS

The performance of the system, with SMES
or with SVC during voltage sag occurrence
from t=4 sec till t=4.1 sec are investigated
and the achieved results are compared.
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Fig. 7. Comparable cost of TCSC, UPFC and SVC.
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Fig. 9. PCC Voltage, (a) Using SMES (b) Using SVC.

These simulations are carried out in
MatLab/Simulink depends mainly on the
type and the resistance of the fault, the
distance to the fault and the system
configuration. In the studied system, SMES
and SVC need some time to reach the
steady-state value after the fault is cleared.
Therefore, for better clarification, the
simulation results are shown for 3.8 sec to 5
sec.

Fig. 8 shows the DFIG active power for
the system employing SMES or SVC.
SMES and SVC can adjust the active and
reactive power input to the system, restrain
the power oscillation of the system and the
system can be returned to the steady-state.
Practically, SMES and SVC have the
capability to suppress power oscillation and

to improve the system performance. Since
SMES and SVC are capable of controlling
both active and reactive  powers
simultaneously, they can act as proper
devices in order to stabilize the microgrid
with the high level of operation of
DFIG’s.The results indicate that the
improved performance with SMES slightly
in comparison with SVC.

Fig. 9 illustrates the PCC voltage for the
system using SMES and SVC at PCC. It can
be found that the voltage drops during
voltage sag. At that time, SVC and SMES
start to deliver the reactive power to
compensate for the voltage drop. The
voltage fluctuations are less significant and
stabilized to a steady state very fast.
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Fig. 10 illustrates DC-Link voltage. The
instantaneous oscillation of the active power
produces the oscillation in the DC-link
voltage. The voltage overshoot across the
dc-link capacitor during fault clearance is
slightly reduced with the SMES and SVC
unit connected to the system.

It is clearly observed from the
comparative simulation results that the
transient responses of the DFIG exhibit good
damping performance when the SVC and
SMES are included in the system.

8. CONCLUSION

It is observed that during islanding and due
to self-excitation phenomenon, the induction

generator may be subjected to high over-
voltages. A static Var compensator (SVC)
and also a SMES are introduced in the wind
turbine doubly fed induction generation to
mitigate the voltage sag. The respective
waveforms are verified without and with
SMES and SVC under voltage sag. The
results indicate that the effect of SVC and
SMES to compensate the voltage sag
approximately is equal, in this regard, the
required power is important in system
analysis and on this basis; it can be stated
about the application of the SVC and SMES
both technically and economically. Based on
a per unit active and reactive power, SMES
costs will be added to the SVC costs.
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