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Abstract- Conceptual design and performance evaluation of a voltage sag compensation scheme based on the
superconducting fault current limiter (SFCL) and a MW-class dynamic voltage restorer (DVR) system
integrated with superconducting magnetic energy storage (SMES) are presented and investigated. A pre-sag
compensation strategy is introduced to lock the instantaneous magnitudes and phase angles of real-time line
voltages for compensating the improper voltage components completely. A 0.3-H/1.76-kA SMES magnet is

structurally designed for MW-class power exchange operations ,

and the SFCL' s

in detail. Various simulation cases with regard to voltage sag are carried out. The simulations have
demonstrated that the proposed voltage sag compensation scheme is able to maintain the stabilizations of
root-mean-square voltages, and mitigate the adverse effects of voltage sag on sensitive load. Furthermore, the
compensated power injected to sensitive load by DVR is decreased owing to the additional voltage
improvement provided by SFCL, thereby reducing the total capital costs of DVR.

Index Terms: Dynamic Voltage Restorer (DVR); Power Quality; Superconducting Fault Current Limiter
(SFCL); Superconducting Magnetic Energy Storage (SMES); Voltage Sag Compensation;

I. INTRODUCTION

Nowadays power systems are experiencing drastic
changes and disturbances in electrical power
generation, Transmission, distribution, and end-user
facilities. Wide application of power electronic
devices in the power grid makes power quality a
cruci al i ssue iri. Ittisohe duty
of the utility to provide a pure sinusoidal voltage of
required magnitude and frequency in the least the
time and with no deviation to its consumers. Bult,
actually it's impossible to ascertain ideal waveforms.
The voltage waveforms are disturbed from ideal
waveforms thanks to occurrence of disturbances like
voltage sag, voltage swell, interruptions, flicker
fluctuations etc. and also thanks to the utilization of
non-linear loads. Such voltage distortion adversely
affects the performance of the kit connected within
the system. The industries like process industries,
petrochemical industries, semiconductor industries,
chemical industries, paper mills etc. use equipment
which are very sensitive to voltage distortion. Poor
voltage quality may end in termination of the method,
loss of knowledge.

Dynamic Voltage Restorer is also referred to as a
static voltage booster (SVB) or a static series
compensator (SSC). it's generally installed in
distribution systems. it's a series custom power
device intended to guard the sensitive loads at the
purpose of common coupling (PCC) from various
power quality problems.

DVR has the potential to affect line voltage
harmonics, reduction of transients in voltage, fault
current limitations, voltage sags, and voltage swells.
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Problems facing industries regarding the facility
quality are mainly voltage sags and swells. this might
occur in developing countries where the grid quality
is unsatisfactory. These problems can cause the
sensitive equipment to fail or shut down and also
create an outsized current imbalance that would
pragnifi the fugeg og iy the breakers. These effects
are often very expensive for the purchasers, starting
from minor quality variations to production
downtime and equipment damage. Use of DVR to
mitigate voltage sags voltage swells is taken into
account to be the foremost cost efficient method.

DVR works independently of the sort of fault or any
event. For practical cases, a more economical design
is often achieved by only compensating the positive
and negative sequence components of the voltage
disturbance seen at the input of the DVR. Step down
transformer offers infinite impedance for the zero
sequence as a part of the disturbance. The DVR
supplies the active power with help of DC energy
storage and required reactive power is generated
internally. The injected active power should be
minimized.
Il. SMES Based DVR and SFCL

It is also referred to as a static voltage booster (SVB)
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the purpose of common coupling (PCC) from various
power quality problems.
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Problems facing industries regarding the facility
quality are mainly voltage sags and swells. This
might occur in developing countries where the grid
quality is unsatisfactory. These problems can cause
the sensitive equipment to fail or shut down and also
create an outsized current imbalance that would
magnify the fuses or trip the breakers. These effects
are often very expensive for the purchasers, starting
from minor quality wvariations to production
downtime and equipment damage. Use of DVR to
mitigate voltage sags voltage swells is taken into
account to be the foremost cost efficient method.

DVR works independently of the sort of fault or any
event. For practical cases, a more economical design
is often achieved by only compensating the positive
and negative sequence components of the voltage
disturbance seen at the input of the DVR. Step down
transformer offers infinite impedance for the zero
sequence as a part of the disturbance. The DVR
supplies the active power with help of DC energy
storage and required reactive power is generated
internally. The injected active power should be
minimized.

Configuration of DVR:-

The configuration of a DVR consists of:
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I1l. MODELLING OF CASE STUDY
EXISTING SYSTEM:

Fig. 3.1(a) shows the overall circuit topology of the
SMES based DVR and SFCL. The SMES-based
DVR installed in sensitive load side mainly consists
of a bidirectional voltage source converter (VSC), a
LC filter, an in-grid transformer, a DC-link capacitor
and a SMES device formed by one SMES magnet
and its equipped chopper, as shown in Fig. 1(b). In
addition, a SFCL device is connected in series with
other feeders. The suppressions of voltage sag for
sensitive load come mainly from the cooperative
operation of the SFCL and the fast-response SMES
device. When a three-phase fault occurs in one feeder
by which the sensitive load is not supplied, the SFCL
will limit the fault current, and slightly increase the
common bus voltage. Subsequently, the SMES-based
DVR is activated to provide a compensated voltage
after the voltage sag is detected, thereby maintaining
the constant terminal voltage of sensitive load.

m Lincl% [
¥ Load

Sensitive

Bus

Transmission

Line
Source

1. Injection/Booster/Isolation transformer
2. Harmonic/Passive filter wis SUZL kbl
Magnet |
3. Storage devices/Energy storage systems @
D2
4, Voltage source converter/inverter -
5. Pl Controller with dq0-Based ~control Fig.3.1. (a) The system topology of the SMES-based
scheme DVR and SFCL. (b) The detailed topology of SMES-
6. Fuzzy controller based DVR
7. DC charging set 3.2 SYSTEM PRINCIPLE AND CONTROL
8 Control and Protection system STRATEGY:
' oy 3.2.1 Control Strategy of SMES-Based DVR:
Zs ﬂ. The control strategy of SMES-based DVR is shown
w in Fig. 3.2 including the control of both DC-DC
Vs ittt Vi converter and Voltage Source Converter (VSC). For
Supply YTV - the DC-DC converter, the dc voltage control strategy
2 is utilized to maintain the constant dc voltage. The
Filter error between the dc voltage reference and the actual
= value is transferred to a hysteresis buffer to generate
a PWM control signal to drive the two switches (S1,
S2). By controlling the on-off state of two switches to
Cantrol wvar | Dsfjlf‘ag? achieve repeat switch between charge-mode (S1 ON,
Systen - | device S2 ON) and discharge-mode (S1 OFF, S20FF) for
SMES, the dc voltage can be stabilized. It is
Fig 1. Schematic representation of a DVR important to emphasize t hat the excessi v
current i s not all owed t o g
normal operation. Thus, a comprehensive control
scheme integrated with the dc voltage control and
SMES magnetdéds current | imit i
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Fig. 3.2. (a) The dc voltage control strategy of DC-
DC converter. (b) The pre-sag compensation strategy
of VSC.
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In addition, a pre-sag compensation strategy with dq
transforms adopted for controlling the VSC , as
shown infix. 3.2(b). Both the real-time voltage
magnitude and phase angle of sensitive load voltage
are locked and stored independently, and
subsequently used to compensate for the voltage
quality disturbance accurately based on the
instantaneous reactive power theory and hysteretic
voltage control method. As compared to other
strategies like in-phase or optimized-energy
compensation, the pre-sag one results in lowest
transient voltage waveform distortion.

I11. SIMULATION RESULTS AND ANALYSES
EXISTING RESULTS:-
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Fig 4.1 MATLAB/SIMULINK circuit diagram of the
SMES-based DVR and Without SFCL

Fig 4.2 MATLAB/SIMULINK circuit diagram of the
SMES-based DVR and SFCL
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Fig 4.3 Detailed topology of SMES-based DVR

4.1.1 Voltage Compensation Performance with
DVR and With SFCL & DVR:

Fig. 43 and 4.4 shows the fault current on
distribution linel with two voltage compensation
schemes. With the proposed cooperative scheme
integrating SFCL and DVR (SFCL&DVR), the initial
peak value of fault current is decreased to 2.86 kA
that is less than that in the single DVR scheme (3.40
kA). Similarly, the steady fault current is also limited
from 3.09 kA (with single DVR) to 2.78 kA (with
SFCL&DVR).

Furthermore, the bus voltage will be increased from
1.0 kv (with single DVR) to 4.0 kV (with
SFCL&DVR), as shown in Fig. 6(b). Because the
voltage loss of the transmission line is reduced owing
to the suppression of fault current. Therefore, it is
concluded that the SFCL not only effectively
suppresses the fault current but also increases the
common bus voltage due to its high resistance during
distribution line fault.

(@)

(b)
Fig. 4.3 (a) The fault current on distribution linel
with single DVR and (b) Fault current on distribution
linel with SFCL&DVR
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(a)

(b)
Fig 4.4 (a) The common bus RMS voltage with
single DVR and (b) Common bus RMS voltage with
SFCL&DVR

The terminal voltage of sensitive load and DVR
output voltage with different voltage compensation
schemes are shown in Fig. 4.6 Compared Fig. 4.6(a)
with Fig. 4.6(d), it is obviously seen that both of
single DVR SFCL&DVR scheme can completely
increase the sensitive load voltage to pre-fault value
within about 8 ms, thereby effectively eliminating the
adverse effect of voltage sag on sensitive load.
Furthermore, owing to the additional voltage-
enhancement of common bus by SFCL, the DVR
output voltage is only about to 3.14 kV in the
proposed SFCL&DVR scheme, while it will be
increased to 7.3 kV in the single DVR scheme. Thus,
the proposed SFCL&DVR scheme can also reduce
the compensated voltage requirement for DVR and
further reducethe DVR&é6s capacity,
compensating the sensitive load voltage to pre-fault
value.

(@)

,(b)
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(©)

(d)

Fig.4.6 (a) The sensitive load voltage without
compensation. (b) The DVR output voltage with
single DVR. (¢) The DVR output voltage with
SFCL&DVR. (d) The sensitive load voltage with
compensation

4.1.2 Performance Evaluation and Comparison of
DVR:

Fig. 4.7 shows the output compensated power of
DVR with two compensation schemes. The output
compensated power of DVR with the proposed
SFCL&DVR scheme is decreased to 0.43MWthat is
1.63 times less than that in single DVR scheme (0.88
MW). This is because the additional SFCL can
reduce the voltage sag depth of common bus owing
to its voltage enhancement effect for common bus,
thereby effectively reducing the compensated power
requirement for DVR, which will lead to lower

w h icapital cogso mp | et el y
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(a)
Fig. 4.7 (a) Output compensated power of DVR with
single DVR and (b) Output compensated power of
SFCL&DVR

V. CONCLUSION

A voltage sag compensation scheme based on the
SMES based DVR system integrated with SFCL is
proposed and demonstrated. The conceptual design,
compensation principle, control strategy, parameters
evaluation, simulation results and performance
evaluation are presented and discussed in detail. The
proposed SFCL&DVR system with pre-sag
compensation strategy is able to accurately maintain
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common bus voltage sag. In addition, the additional superconducting magnetsas a function of
SFCL not only effectively suppresses the fault stored energy and design magnetic induction
current but increases the common bus voltage due to times thefield vApplume, o |
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scheme, the capacity requirement for SFCL&DVR
with the scheme can be obviously decreased due to
t he
bus, which can further reduce the total capital costs
of SFCL&DVR. Therefore, the SMES based DVR
and SFCL can be expected to enhance the transient
voltage quality in modern distribution power systems.
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