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Abstract: This study investigates three different techniques to mitigate the switching overvoltages (SOVs) in the microgrids. At
first, the effectiveness of reactive power compensation devices, such as static var compensator (SVC), is evaluated. After that,
the performance of the supercapacitor (SC), as an energy storage device, is studied. Finally, with the addition of the SVC to the
SC, the possibility to mitigate SOV by compensating both active and reactive power simultaneously is investigated. SOVs result
due to unsymmetrical switching operation during de-energisation (disconnection) procedures. The uyG two operational modes;
grid connected mode and isolated mode, are considered. A small hydro generation unit and three variable speed, double-fed
induction generator-based wind turbines are the main renewable power generation units in the tested microgrid system.
Alternative Transient Program is used in this study for simulating the compensation device, the energy storage device and the
investigated microgrid. The study shows that through the uG two operational modes, the SC has priority over the other two
investigated mitigation methods. Furthermore, using the SC or SC with SVC, the results have more regular voltage waveforms.

1 Introduction During the last decade, there have been many attempts to

Switching overvoltages (SOVs) are considered the most severe
type of overvoltage originated on the power systems [1-2]. SOVs
are known to have low front transient, which are highly damped,
and last for a short duration (few milliseconds or less) [3-5].
Switching events and system disturbances lead to the energy
exchanges subject the circuit components to higher stresses,
resulting from excessive currents or voltage variations. The
switching procedures can cause high overvoltage stresses mainly
along the transmission line but also in the supply network [6]. A
stuck pole on a circuit breaker (open or closed) can result in SOVs
that produce a voltage several times normal magnitude on the open
phases [7]. A traditional method of limiting SOVs to acceptable
levels is to use circuit breakers equipped with pre-insertion
resistors, circuit breakers controlled switching, shunt reactors, and
surge arresters [4].

Var compensation is defined as the management of reactive
power to improve the performance of ac power systems [8, 9].
Switching and temporary overvoltage limitation, optimisation of
reactive power flow, voltage control, reduction of system losses,
and power factor adjustment are some of Var compensation
benefits [10, 11].

Static Var Compensators (SVCs) are the most popular first
generation shunt device belongs to flexible AC transmission
systems. Mainly, SVC consists of a fast thyristor switch controlling
a shunt capacitor or inductor which improves voltage and stability.
The variation of reactive power is performed by switching three-
phase capacitor banks and/or inductor banks connected on the
secondary side of a coupling transformer. Reactors are either
switched on-off as thyristor switched reactor or phase-controlled as
thyristor controlled reactor (TCR) [9, 12-17].

Supercapacitors (SCs), also known as ultracapacitors or electric
double-layer capacitors, are finding use in a variety of power
management applications [18-22]. SCs are usually low voltage,
high capacity devices with milliohm order equivalent series
resistances. They usually have time constants from fractional
seconds to seconds. Due to these long time constants, compared to
the time durations of power line transients in the range of few
microseconds to several hundred microseconds, these devices may
be able to withstand short duration surges [23].
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measure the commonly used technical parameters to characterise
the SC behaviour. These literature introduce the installation of SC
in the transmission power system as for a new method to reduce
transient overvoltages [22, 24]. However, a few of this literature
has attempted to characterise SCs effect on SOVs that last
milliseconds [19-23].

The American department of energy (DOE) defines the
microgrid (nG) as ‘a group of interconnected loads and distributed
energy resources within clearly defined electrical boundaries that
act as a single controllable entity with respect to the grid.” pGs
have been identified as a key component of the Smart Grid for
improving power reliability and quality, increasing system energy
efficiency, and providing the possibility of grid-independence to
individual end-user sites [25, 26]. A pG can operate in parallel to
the grid (grid-connected mode) or islanded mode and hence
increases the reliability of energy supplies by disconnecting from
the grid in the case of network faults or reduced power quality [27].

In this paper, the effectiveness of reactive power compensation
devices, such as SVC, is evaluated in Section 2. Also, the
performance of a proposed SC, as energy storage device and a
SOV mitigation method, is studied. Then in Section 3, the tested
microgrid system is described and Alternative Transient Program
(ATP) is used for simulating the SVC model, the proposed SC-
based mitigation method model, and the investigated pG system.
Finally, in Section 4, mitigation of SOV in puG based on SVC
and/or SC are investigated. SOVs result due to unsymmetrical
switching operation during the de-energisation procedures.
Separately, the uG two operational modes, grid connected mode
and isolated mode, are considered.

2 Description and modelling of the SOV
mitigation methods

2.1 SVC-based SOV mitigation method

The SVC-based SOV mitigation method considered, in this paper,
will deal with SVC that consists of a TCR in parallel with a fixed
capacitor (FC). TCR is one of the most important building blocks
of thyristor-based SVCs [28, 29].
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Fig. 1 Studied SOV mitigation methods, SC and SVC

(a) SVC single-line diagram () SVC model in ATP (¢) Equivalent circuit of SC (i) classical, (ii) proposed

In the SVC model, the switching elements are two oppositely
poled thyristors which conducted on alternate half cycles of the uG
generation units’ frequency [29, 30].

The inductor (L,) which is connected in series with the

thyristors, in the TCR, is given by

1 _oP (ﬁ " 2)
L -v,\o"P M
where w is the angular frequency, P is the rated TCR active power,
Vins is the RMS voltage of the TCR, and Q is the rated TCR
reactive power.

For the continuity of the TCR, as the reactor current is not
continuous, thyristors controlled inductors are installed between
phases in delta connection [29].

The capacitive reactance (X¢) of the FC (Cy) connected in
parallel with the TCR is given by

Xc = 2

A damping resistor (Rq) is introduced, in this study, across the
inductor (L;) to stop the problem of numerical oscillation. This
reactor is represented as

L
Ry= BAL 3)
where £ is a damping factor of the reactor, 0 <f <1, and At is the
time step of the simulation.

The control system of the TCR model consists of three parts;
the gate pulse generator (GPG), the regulator, and the RMS voltage
detector. GPG provides the firing pulses to the thyristors. The
regulator calculates the conduction angle, which is passed to the
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GPG as a control signal. Finally, the RMS voltage detector
interfaces the TCR with the uG system. In this case, TCR measures
the RMS voltage [29]. Fig. 1a shows the simulation of the SVC
model in ATP.

2.2 Proposed SC-based SOV mitigation method

There are many models and equivalent circuits introduced in the
literature for SC [31, 32]. The electrical equivalent circuit of the
proposed SC-based mitigation method is illustrated in Fig. 15. The
parameters of the proposed SC-based mitigation method include
equivalent series resistance (Rg), small reactor (L), equivalent
parallel resistance (Rp), and capacitance (C).

Rg is usually put forward to describe internal resistance when
the SC is estimated. The voltage during discharge is determined by
Rg [33, 34]. Rg wastes power for internal heating when charging or
discharging in the SCs. Rg is almost in the range of 100 mQ-10 Q
but influences the energy efficiency and power density [22, 33].
The equivalent series resistance (Rg) for the proposed SC-based
mitigation method is given by

Ve
Rs = TXPos €]
where Rg is the equivalent series resistance of the SC bank in ohm,
Ve is a maximum voltage of the SC bank in volts, and P,y i
maximum dischargeable power in VA [34].

As shown in Fig. 2, a small reactor (L) is added is in series with
the series resistances Rg. The reactor with the help of Rg will
perform a useful high-pass filter function to reduce the harmonics
in the waveform and make it smoother.

Rp is an inner equivalent parallel resistance usually in the order
of several kilo-ohms and decides the leakage current when the
proposed SC is in a standby mode [33, 35].
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Fig. 2 Microgrid test system model in ATP

Table 1 Parameters of the DFIG-based WT
stator resistance 0.0025 Q
stator leakage inductance 0.097 mH

magnetisation inductance 3 mH
rotor resistance 0.0383 Q
rotor leakage inductance 0.115 mH
electrical turn ratio 4
moment of inertia (inertia constant =2 s) 2.400 kg m?2

rated apparent power 6.500 kVA

R is an equivalent resistance result from adding a resistance Rg
in parallel with Rp. The equivalent resistance R is defined by

Rg = +— (5)

The capacitance C of the proposed SC-based mitigation method in
uF can be expressed on the assumption that, if a single step voltage
of Vinax in volts and time duration of 7 in seconds is applied to the
SC, the approximate final voltage developed at the capacitor is
given by

T
Ve = W Vinax (6)

Equation (6) provides that the surge duration 7 is very much
shorter than the time constant of the circuit T = RgC [22].

The proposed SC design is simple and there is no need for non-
linear devices. The proposed SC-based mitigation method is
designed to absorb SOVs superimposed on the mains utility AC

supply.

3 Description and modelling of the tested
microgrid system

3.1 Description of the tested microgrid system

Fig. 2 shows the investigated uG test system model in ATP. The pG
system consists of two DG systems, the first DG system consists of
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a single hydro generation unit (HGU) which is connected to bus 1
using a 6.9/66 kV, 8 MVA power transformer. The second DG
system is a wind power generation system (WPGS) which consists
of three wind turbines (WTs). Each turbine is connected to a
0.69/12.5 kV, 5 MVA power transformer. The three turbines are
separated from each other by a 30 m transmission line TLy. The
second DG system is connected to bus 7 through an 800 m
transmission line TL, and a 12.5/66kV, 45MVA power
transformer. The utility grid is represented by a 66 kV, 1000 MVA
grid connected to bus 3. There are two load areas represented as
Load-I and Load-1I. Load-I is connected to bus 4 and the power is
delivered to the load using a 66/12.5kV, 5MVA power
transformer. Load-II is connected to bus 6 and the power is
delivered to the load using a 66/12.5kV, 4 MVA power
transformer. The two load areas are connected to the two
generating systems by a 20.12 km transmission line TL; [36, 37].

3.2 Modelling of wind power generation unit

The WPGS model consists of three variable speed doubly-fed
induction generators (DFIGs)-based WTs. DFIG is one of the most
commonly used technologies for wind generation purposes
nowadays [38, 39]. A complete WT model includes the wind speed
model, the aerodynamic model of the WT, and models of the
electrical components, is used in this study [38]. Table 1
summarises the data used to parameterise the DFIG-based WT
model used in ATP.

3.3 Modelling of hydro power generation unit

A conventional synchronous generator is used for the HGU. The
synchronous generator is modelled in a d—¢ rotor reference frame
with the dynamics of stator, rotor and damper windings [37].
Synchronous generator parameters are obtained from [40]. The
synchronous generator model data in ATP are listed in Table 2.

3.4 Modelling of transformers

The transformers of the puG are modelled using three phases, two
windings model. Table 3 gives the simulation data of the
transformers. All the transformers at pG system are modelled using
the hybrid transformer model XFMR. The XFMR model is suitable
for low and medium frequency transient studies [41, 42].
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3.5 Modelling of overhead lines

Three-phase 12.5 kV overhead lines, that connect between the two
load areas and the generation units, are modelled using the
frequency dependent (line/cable constant) model. This model
represents the frequency dependence of overhead lines parameters;
so this model is much recommended for the electromagnetic
transient studies [43].

The overhead lines have two conductors in a bundle: cross-
sectional area of 2x 670 mm? three-phase, with skin effect,
segmented grounding and transposition are considered in the
modelling, the ground resistivity is 120 Qm. The parameters and
location of the conductors on the tower are given in Table 4 [44].

Table 2 Parameters of the synchronous generator-based
HGU

Sp=5MVA X0 =0.046 pu
Up=6.6 kV T'yo=1.754s
Ra=0.004 pu q0=0s
x.=0.1pu T'90=0.019s
Xqg=1.8 pu 'q0=0.164 s
Xg=1.793 pu H=74.8 kg m?2
X'q=0.166 pu P=4 poles
x'3=0.98 pu f=60 Hz
X'q=0.119 pu wg = 188.5 rad/s
x'g=0.17 pu —

Table 3 Microgrid's transformers data
Data T1 T2 T3 T4 Twt
connection method  Ynd4q Yndq1  YNd1q YNd4q YNd11

voltage, kV 6.9/66 66/12.5 66/12.5 66/12.5 0.69/12.5
rated power, MVA 10 5 4 30 5
S.C Imp*, % 9 8 8 9 5.7

copper losses, kW 2475 324 28.8 126.9 1.58
no-load losses, kW 1.2 7.2 6.08 31.8 0.97
no-load current, % 0.9 1 1.1 06 0.9

S.C Imp*: short-circuit impedance.

Table 4 Parameters of the 12.5 kV transmission lines

phase no 1 2 3 0
Rin, cm 0.63 0.63 0.63 0
Rout, €M 1.81 1.81 1.81 0.5
Resis, Q/km 0.042 0.042 0.042 0.2
Horiz, m -2 0 2 0
Viower M 14 14 14 18
Vimid» m 11 11 11 15
Separ, cm 40 40 40 0
Alpha, deg. 0 0 0 0
NB 0 2 2 1

Table 5 SVC-based mitigation method model data
Parameters L, Cs Ry

values 34 mH 10 uF 100 Q

Table 6 Proposed SC-based mitigation method model data

Parameters C Rs Re L
Values 6.9 uF 144 Q 280Q 1.74 mH
358

3.6 Modelling of SOVs mitigation methods

SVC model is given in Fig. 1 is connected nearby the switching
point. The parameters of SVC model, for each phase, are calculated
by (1)—(3). These parameters are given in Table 5.

The proposed SC-based mitigation method is connected nearby
the switching point. The parameters of the proposed SC-based
mitigation method model are calculated by (4)—(6). These
parameters are given in Table 6.

4 Mitigation of SOV in microgrid based on SVC
and/or SC

The mitigation of SOV is proposed, in this paper, using reactive
power compensation devices, such as SVC, and an energy storage
device, such as SC. The effectiveness of SVC and/or the SC,
separately and simultaneously, as SOV mitigation methods are
studied. The SOVs due to unsymmetrical switching operation
during a faulty WT generation units (WTGUs) de-energisation
(disconnection) operation on a uG system is studied. Two different
scenarios are taken into consideration in this investigation. The pG
two operational modes, grid connected mode and isolated mode,
are taken into consideration in this study. In the uG two operational
modes, the unsymmetrical switching is carried out by the de-
energisation of both phases B and C of the switching circuit
breaker. Fig. 2 illustrates the switching point in the system, where
it is located nearby WTGUs.
The unsymmetrical switching operations are applied at t=0.03

s. This time is chosen because at this moment the voltages at
phases B and C reach 85% of their maximum values together, and
thus the worst expected case of the de-energisation. The timeline of
the switching operation on the uG two operational modes is listed
below:

A.Grid connected mode

i. Atr=0.03 s, switching operations are applied.

ii. At t=0.03 s, disconnected phases B and C but phase A4 still
connected.

iii. Overvoltage occurs.

B. Isolation mode

i.  Att=0.015 s, the uG is isolated from the grid.

ii. At¢=0.03 s, switching operations are applied.

iii. At t=0.03 s, disconnected phases B and C but phase A4 still
connected.

iv. Overvoltage occurs.

4.1 Grid connected mode

The nuG is connected to the grid when the SVC and/or the SC are
installed. Fig. 3 shows the effect of using the mitigation methods
on maximum SOVs at the first WT output, and the active and
reactive power injected by the same WT into the microgrid,
respectively.

Due to using the SVC, the maximum SOV at the first WT is
reduced from 4.28 (2.954) to 1.162 pu (0.802 kV). However, due to
using the SC, the maximum SOV at the first WT is reduced from
4.28 (2.954) to 1.041 pu (0.718 kV). While, due to using both the
SVC with the SC, the maximum SOV at the first WT is reduced
from 4.28 (2.954) to 1.138 pu (0.785 kV).

It can be noticed that, as a SOV mitigation method, the SC has
priority over the other two investigated mitigation methods. Using
the SC or the SC with the SVC results in more regular voltage
waveform comparing with using only the SVC.

It can be seen that all the investigated mitigation methods
increase the active power injected by the first WT into the grid.
However, using the SC or the SC with the SVC enhances the
performance of the WT by increasing its injected active power into
the grid to values close to WT steady-state value.

The reactive power injected by the first WT increases to a
higher value than its steady-state value using the SVC or the SC

IET Gener. Transm. Distrib., 2018, Vol. 12 Iss. 2, pp. 355-362
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Fig. 4 Maximum SOV at
(a) Bus 1 and (b) Bus 7 output voltage with and without mitigation methods

separately. While, by adding the SC to the SVC, the reactive power
reaches value more stable and closes to WT steady-state value.

Fig. 4 shows the maximum SOVs at Buses 1 and 7 respectively,
with and without using the investigated mitigation methods.

Bus 1 is connected to HGU directly, so Bus 1 output voltage
also represents HGU output voltage. Bus 1, the furthest busbar to
the switching point, is not affected by adding any of the
investigated mitigation methods to the pG system.
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By using the SVC, the maximum SOV at Bus 7 is reduced from
3.8 (27.353) to 2.163 pu (15.57 kV). However, due to using the SC,
the maximum SOV at Bus 7, the nearest busbar to the switching
point, is reduced from 3.8 (27.353) to 1.93 pu (13.87 kV). While
due to using the SVC with the SC, the maximum SOV at the first
WT is reduced from 3.8 (27.353) to 1.6 pu (11.478 kV).

It can be noticed that the SC with the SVC, as a SOV mitigation
method, has priority over the other two investigated mitigation
methods. Bus 7 voltage waveforms become more regular due to
using the SC or SC with SVC comparing with using the SVC only.

Fig. 5 illustrates the harmonic analysis of the maximum SOVs
generated at Bus 7 without mitigation and with the SVC and/or the
SC, separately and simultaneously, respectively.

It can be seen that with the SVC the voltage waveform is
smoother which means fewer harmonics in the waveform
comparing with the SC or SC with SVC.

The output voltage of Load-I and Load-II appears to be not
affected by using the SVC or the SC-based mitigation methods.

4.2 |solated mode

The pG in isolated mode is investigated when the SVC and/or the
SC is installed. The pG is isolated from the grid at r=0.015 s.

Fig. 6 shows the maximum SOVs at the first WT, and the active
and reactive power injected by the same WT, respectively, with and
without using the investigated mitigation methods.

Due to using the SVC, the maximum SOV at the first WT is
reduced from 4.94 (3.41) to 1.38 pu (0.952 kV). However, due to
using the SC, the maximum SOV at the first WT is reduced from
4.94 (3.41) to 1.021 pu (0.704 kV). While, due to using the SVC
with the SC, the maximum SOV at the first WT is reduced from
4.94 (3.41) to 1.35 pu (0.93 kV).

It can be noticed that, as a SOV mitigation method, the SC has
priority over the other two investigated mitigation methods. Using
the SC or SC with SVC results in more regular voltage waveform
comparing with using the SVC only.

It can be seen that using the SC or the SC with the SVC,
enhances the performance of the WT by increasing its injected
active power into the grid.

Using SVC separately or by adding the SC with the SVC,
increase the reactive power injected by the first WT to a higher
value than its steady-state value. While due to using the SC
separately the reactive power injected by the first WT decrease to
values below its steady-state value.

Fig. 7 shows the effect of using the investigated mitigation
methods on the maximum SOVs at Buses 1 and 7, and the
maximum SOVs at Load-I and Load-II, respectively.

It appears that by using the mitigation methods, there is a slight
increase in Bus 1 voltage after its decrease as a result of the
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switching operation. However, SVC separately seems to be more
effective in overcoming SOV due to the isolation process
comparing with the other two investigated mitigation methods.

By using the SVC, the maximum SOV at Bus 7 is reduced from
2.316 (16.674) to 1.14 pu (8.208 kV). However, due to using the
SC, the maximum SOV at Bus 7, the nearest busbar to the
switching point, is reduced from 2.316 (16.674) to 1.023 pu (7.366
kV). Due to using the SVC with the SC, the maximum SOV at the
first WT is reduced from 2.316 (16.674) to 0.96 pu (6.902 kV).

Bus 7 voltage waveforms become more regular due to using the
SC or the SC with the SVC comparing with using the SVC only. It
can be noticed that adding the SC with the SVC, has priority over
the other two investigated SOV mitigation methods.

The reduction by using the investigated mitigation methods, at
Load-I and Load-I1, is not considered effective. However, the SVC
separately seems to be more effective in overcoming SOV due to
the isolation process comparing with the other two investigated
mitigation methods. The investigated mitigation methods are not
succeeding to increase the voltage to its steady-state values, after
its decrease as a result of the switching operation. Table 7
summarises the investigated mitigation methods effect on the pG
during the two operational modes.

4.3 Other switching scenarios

Other switching scenarios such as disconnecting one of the WT
generation units, as there is insufficient wind resource to produce
electricity are also modelled. Table 8 summarises the tested
mitigation methods effect on the pG during the two operational
modes in the two investigated switching scenarios.

It can be seen that using the SC or the SC with the SVC has
priority over the other two investigated SOV mitigation methods at
the first WT output voltage and the nearest busbar to the switching
point.

5 Conclusion

In this paper, the effectiveness of the SVC and/or the SC as SOV
mitigation method is evaluated. To do so the effect of SOVs results
for a de-energisation operation on a uG system consisting of
renewable power sources is investigated. The nG two operational
modes, grid connected mode and isolated mode, are considered.
The investigated pG system consists of small HGU and three
variables — speed, DFIG-based WTs, and two load areas.

At the first WT output voltage and the nearest busbar to the
switching point, the results show that in the uG two operational
modes, as a SOV mitigation method, the SC has priority over the
other two investigated mitigation methods. However, using the SC
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Fig. 6 Effect of SOV at the first WT with and without mitigation methods (isolated mode)
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Fig. 7 Maximum SOV at
(a) Bus 1, (b) Bus 7, (¢) Load-I and (d) Load-1I with and without mitigation methods
Table 7 Investigated mitigation methods effect on the uG two operational modes
Without mitigation methods SVvC SC SVC+SC
grid connected mode WT output voltage, kV 2.954 0.802 0.718 0.785
Bus 7, kV 27.353 15.57 13.87 11.478
isolated mode WT output voltage, kV 3.41 0.952 0.704 0.93
Bus 7, kV 16.674 8.208 7.366 6.902
Table 8 Investigated mitigation methods effect on the yG when WT no. 3 is disconnected
Disconnecting one of the WT generation units (WT3) Without mitigation methods SVC SC SVC+SC
grid connected mode WT output voltage, kV 2.305 0.786 0.483 0.487
Bus 7, kV 23.712 19.307 12.991 12.78
isolated mode WT output voltage, kV 2.512 0.601 0.48 0.388
Bus 7, kV 22.22 7.47 6.5 6.204

or the SC with the SVC results in more regular voltage waveform
comparing with using the SVC separately.

It can be seen that, in the uG two operational modes, using all
the investigated mitigation methods increase the active power
injected by the first WT into the grid. However, using the SC or the
SC with the SVC enhances the performance of the WT by
increasing its injected active power into the grid to values close to
WT steady-state value. While, in the pG two operational modes,
due to adding the SC with the SVC, reactive power reaches value
more stable and closes to WT steady-state value.

However, at the loads, the mitigation methods are not
succeeding to raise the voltage to its steady-state values, after its
decrease as a result of the switching operation, during the uG two
operational modes.
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