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Preface

The Electric Power and Renewable Energy Conference (EPREC-2020), organized
by the Department of Electrical Engineering, National Institute of Technology
Jamshedpur, India, during May 29 to 30, 2020, has been a unique conference
during the difficult times of a global pandemic necessitating the usage of online
presentations. We thank all the contributors for maintaining the high standard and
making EPREC-2020 a huge success. Out of total 351 valid submissions, only 142
were selected for publication in three different volumes, i.e., an acceptance rate of
nearly 40%. The conference attracted an international audience from the following
countries: Bangladesh, Brazil, Canada, China, India, Norway, Qatar, Slovakia,
Thailand, Ukraine, and USA. This volume, i.e., Recent Advances in Power System,
is one of three volumes published by Springer in the book series “Lecture Notes in
Electrical Engineering (LNEE).” It contains 49 high-quality papers which provide
an overview of recent developments in modern power systems.

We thank all the organizing committee members, technical program committee
members, reviewers, and student volunteers for their valuable support and volunteer
work. We also appreciate the role of session chairs/co-chairs. We also thank the
series editors of LNEE and Ms. Priya Vyas and Dr. Akash Chakraborty, Associate
Editors—Applied Sciences and Engineering, Springer, for their help and quick
responses during the preparation of the volume.

The editors hope that this volume will provide the readers relevant information
on the latest trends in renewable energy, microgrid/smart grid operation, control,
protection, HVDC systems, power system protection, etc.

Jamshedpur, India Om Hari Gupta
Oshawa, Canada Vijay Kumar Sood
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Ground Fault Detection Using Pole )
Differential Current Measurement L
for 2-Terminal Bipolar HVDC Lines

Ravi Shankar Tiwari, Om Hari Gupta, and Vijay K. Sood

1 Introduction

Long-distance bulk power transmission is one of the essentials in today’s electricity
grids. Extra high-voltage alternating current (HVAC) transmission lines are tradi-
tionally being used for long-distance and bulk power transmission. However, high-
voltage direct current (HVDC) transmission system is also gaining in popularity over
existing HVAC transmission system. Some typical recent examples are the 2375 km,
Rio Madeira link in Brazil, 1750 km, =800 kV, Bishwanath—Agra corridor, in India
and many more. The reasons for HVDC transmission popularity are its ability for bulk
power transmission over long distances, fast and precise control of power due to asyn-
chronous interconnection, increased line-loading (close to the thermal limit), nearly
zero reactive power loss, high efficiency, cost-effectiveness, etc [1]. To ensure the
smooth and reliable power flow, fast and effective transmission protection schemes
are required.

Protecting HVDC lines needs a different approach as compared to HVAC lines.
The HVDC line protection requires detection and interruption of DC short-circuit
currents. Interrupting a DC short-circuit current is much more complex in HVDC
lines as compared to HVAC lines because of the absence of natural current zero cross-
ings and quick increase of short-circuit current to an unacceptable value. However, the
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HVDC converter control technologies provide options for clearing the fault beyond
the notable approach of employing circuit breakers in the AC system [2].

Therefore, the function of HVDC line protection is to detect the DC line faults
and force DC line current to zero by means of rapid control actions so as to clear
the fault and restore the normal system operation as quickly as possible. Most of the
faults in DC lines are temporary in nature [3] and get cleared within a short time
duration. If the DC fault is permanent in nature, then converter controls are unable
to extinguish the fault arc and AC breakers are used to interrupt the DC system.

Some characteristics of DC line faults are noteworthy. The magnitudes of DC fault
current in HVDC systems are much lower (typically, 2-3 P.U.) when compared to
AC systems. Also, a sharp voltage dip during DC line faults results in a sudden drop
in DC power transmission causing huge disturbances in the attached AC systems [4,
5]. This speaks to the need and significance of rapid fault detection, clearing and
system recovery.

The major challenges are to achieve the desired speed, sensitivity and reliability
to clear the fault within few AC cycles. This depends on accurate real-time voltage
and current measurements and high-speed communication to transfer the crucial
decision-making information from one station to other. Giant magneto resistance
(GMR) and Hall effect sensors based on magnetic field can be used for accurate
current measurements. The GMR and Hall current sensors have a high sensitivity
and dynamic range of the value of 10 mT (10 mA-35 kA) and 0.001 mT (1 mA—
10 kA), respectively [6]. The principle used to implement the protection algorithm
can be based on local measurement or measurement via communication at distinct
locations on the DC lines [7].

In the literature, the commonly available algorithms utilize traveling wave [8],
current derivative [3], differential [3] and voltage level and voltage derivative
protections [9]. These protection algorithms are discussed next.

1.1 Voltage Derivative Protection [8]

The decrease in voltage and increase in current of DC line use the concept of trav-
eling waves and calculate the derivates of measured voltage % and current % waves
to construct the criteria for detecting faults. The polarity of the current derivative
indicated whether the fault is internal or external. The weighted sum of these deriva-
tives (k = k; ‘;—f + ko %—‘;) is compared with a set threshold, and if found to be greater
than the said threshold, a DC line fault is detected. Both the poles are required to
be equipped with this function and can detect the fault within 2-3 ms. However, the
technique is unable to detect remote-end faults as well as faults with high resistance
because of its impedance dependency [8].
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1.2 Traveling Wave (TW) Protection [8]

Traveling waves are the high-frequency transient current/voltage waves generated
in the event of DC line faults and tend to move from fault point to the ends of line
[8]. The protection algorithm detects the wave front of generated traveling wave
from instantaneous current and voltage samples. A number of consecutive sample
differences are measured and compared with a threshold value to check whether the
wave has enough magnitude for a certain time period. If all the measured difference
crosses the threshold, it indicates the presence of a line fault. However, the detection
of wave front gets affected in long lines and large impedance faults and it is difficult
to detect double-pole faults [10].

1.3 Current Differential Protection [3, 11]

In this algorithm, differential current calculated by measurement at the two ends of the
DC line is compared with a threshold. If the differential current exceeds the threshold,
this information is relayed to converter stations and protection is initiated. The sensi-
tivity of this gets affected by charging and discharging currents produced due to
voltage variations, especially in cables. Moreover, line current information needs to
be transferred to other stations, which adds a delay, and may affect the response of
the scheme. The reliability indirectly depends on reliability of telecommunication
method used [3, 11].

1.4 Distance Protection [10, 12]

The distance protection scheme is widely used for AC lines. The authors of [12]
suggested time-domain distance protection scheme based on distributed line model.
In [10], a distance protection criterion is proposed which is based on linear distribu-
tion of low-frequency voltage signal along the line. If the polarity of low-frequency
filtered voltage is opposite to the compensating voltage, it indicates the presence of
an internal fault.

1.5 DC Voltage-Level Protection [3]

This method detects high impedance faults near the inverter end by measuring a dip
in voltage over a large time. The time and level delays are kept so as not to cause
mal-operation during normal switching or voltage transients. This method is also
used as backup for traveling wave and voltage derivative schemes [3].
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1.6 Protection Based on Signal Processing Techniques
[13-15]

The use of signal processing techniques such as wavelets, artificial neural networks
(ANNs) and support vector machines (SVMs) has also increased as a powerful tool
for AC as well as DC line protection. The authors of [13] propose a complete fault
detection, localization and classification algorithm based on SVM for HVDC lines. In
[14], ANN architecture is used to accurately locate the fault using AC rms voltage, DC
voltage and line currents at rectifier end. A wavelet multi-resolution signal decom-
position algorithm [15] is used to calculate traveling wave transient voltage energy
distribution to identify the short circuit and lightning fault in HVDC line [15].

Now, to address the aforementioned issues—mainly the problem of delay in
protection due to involvement of data exchange and communication—this paper
proposes a local fault detection criteria (independent of information from remote
station) to reduce the fault detection time and improve the converter controls.

The rest of the manuscript is organized as follows. Section 2 deals with the
control strategy for steady-state and dynamic operation of HVDC system. Section 3
explains proposed pole differential current algorithm for pole-to-ground fault detec-
tion, threshold criteria and its coordination with VDCO control. Section 4 presents
the PSCAD/EMTDC simulation of the test system. Finally, Sect. 5 concluded the
work performed.

2 HVDC Line Control Strategies

The line-commutated 6-pulse converter bridges are the basic components of the
bipolar HVDC transmission system, as shown in Fig. 1. The objectives of HVDC
control [1] are (a) to limit the maximum DC line current, (b) to maintain the maximum

+ve Pole measurement
at rectifier

+ve Pole measurement
at inverter

Positive Pole, 900 km
r@@ 9
Smoothing Smoothing Reactor
Reactor =0.5 H — = =0.5H
Fi - —— to ———»F4
—{ if—

AC AC
Grid 1 Z& {? Grid 2
! Smoothing Smoothing
Com‘erler Reactor = 0.5 H Reactor =0.5 H Converter
Station 1 D Station 2

Negative Pole, 900 km
-ve Pole measurement -ve Pole measurement
at rectifier at inverter

Fig. 1 2-terminal bipolar HVDC test system
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T Umyp; -
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a R, | R R,
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Fig. 2 a Steady-state equivalent circuit. b Controller characteristics

DC voltage for transmission and (c) to minimize reactive power consumption for
steady-state and dynamic conditions of the HVDC system. The steady-state require-
ments are to limit the non-characteristic harmonic generation, maintaining control
variable DC line current (/4) and firing angle « to accommodate any AC network
topology variations. The dynamic requirements are to minimize sudden changes in
the power, current, power reversal and associated AC system frequency variations.

The control strategies implemented to fulfill the steady-state and dynamic require-
ments are constant current (CC), minimum firing angle at rectifier end and constant
voltage control, minimum extinction angle at the inverter end. The controller func-
tions are illustrated via DC system equivalent and controller characteristics, as shown
in Fig. 2(a) and 2(b), respectively.

The converter valve voltages and line current for steady-state equivalent circuit
of a 2-terminal HVDC (Fig. 2(a)) are defined as

At rectifier end

Var = Vaor cosa — Recly (D

Vaor = %\/EVLLH R = %chr»

Vior cosa — Vgoi cos y

= R ¥R — Ry @
At inverter end
—Vii = Vaoi cos B + Reily (3)
Or
— Vi = Vaoi cos ¥ — Reilg 4)

3
Vioi = ;ﬁVLLi 4)
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where Vi1, VL1; are the AC-side line-to-line voltages at rectifier and inverter stations.
Ry is the DC line resistance, and R.;, R are the equivalent commutation resistances
of rectifier and inverter bridges. Figure 2(b) shows the modified control characteristics
ABCDE and FGHIJ of rectifier and inverter stations, respectively. The details for both
are described in Tables 1 and 2 to fulfill the steady-state and dynamic requirements.

Table 1 Rectifier station requirements and control implementation

Line section | Control Features obtained Reason
implemented
AB a-minimum Higher loading and To enhance power flow,
minimized reactive power | power factor
consumption
BC Constant current Limit maximum DC line | For valve protection
(CO) current Iy (during
Tariminy = 1 P.U. inverter-side voltage dip
rectifier operates in CC)
CD Voltage-dependent | Operates the HVDC link | To maintain lower current
current order limit | with reduced power margin for reduced power
(vDCOL) flowing under sudden huge | flow
voltage dip
DE Minimum current To avoid zero current Valve protection
Inin = 0.2 P.U. through converter valves
due to harmonics
generates HV stresses

Table 2 Inverter station requirements and control implementation

Point on Control implemented Features obtained Reason
curve
1) y-minimum Provide voltage controller | Improved power factor
(CEA) at inverter, and maintain during operation
constant voltage for
steady-state operation
HI Constant § Stable operation during Avoided multiple
heavy voltage dip at operation of controller
rectifier during week AC
system interconnection
GH Constant To get an intersection point | Maintain power flow in
current (CC) between rectifier and HVDC link
inverter characteristics, CC
must be provided at
inverter
FG a-minimum Operates the HVDC link | To avoid commutation
with reduced power failure during AC
flowing under sudden large | faults
voltage dip
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The intersection point of the two characteristics shows the operating point of HVDC
link.

3 Proposed Pole Differential Current Algorithm

3.1 Protection Principle

The probability of faults in the DC line is higher as compared to any other part of the
HVDC system. Most of the faults in DC lines are temporary which are initiated due
to pollution or lightning strikes. Pole-to-ground fault is one of the most frequently
caused faults due to insulation failure between line conductor and ground [16].

The traditional current differential protection algorithm has good reliability but
depends on the communication channel. To minimize the dependency on the commu-
nication channel and enhance the reliability and sensitivity, single-end measurement-
based protection scheme is introduced. The proposed scheme uses a measurement
at rectifier side using high-sensitivity GMR or Hall sensors. The measurement
performed on both poles is shown in Fig. 1. The measured samples of instanta-
neous currents are used to obtain the pole differential current (PDC) as shown in (6)
which is compared with the threshold, and if found greater than the said threshold,
an internal fault is declared.

For normal load and external fault conditions, the PDC will be negligible. The
sudden rise in differential current guaranties the presence of an internal fault, but
to enhance the security; it should be compared with a set threshold. The amplitude
of differential current gets affected by fault resistance and fault location. Still the
scheme is sensitive enough for fault resistances up to 500 €.

The current measurements are performed at each station, i.e., Ipr (¢), INr (?), Ip1(¢)
and Iy (¢). The PDC calculated at inverter and rectifier stations is given by

Pole differential current (PDC) at rectifier end A Ipye; (¢) is given below in (6):

Alpgie1 (1) = (Ipr (1) — INr(2)) (6)

Pole differential current (PDC) at inverter end A Ipyex(¢) is given below in (7):
Alpoiea (1) = (Ipr(#) — Ini(?)) (7N
where A lpge1 (t) and Alpyer(t) are PDC obtained by subtracting positive and nega-

tive instantaneous current samples at both stations. The pole-to-ground fault is
detected when it satisfies the criteria of (8):

Alpoie(t) > I (8
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where I, is the threshold for PDC. Whenever this criterion is satisfied—giving
an indication of fault—the local or master controller was instructed for necessary
actions.

3.2 Selection of Threshold

Since the bipolar HVDC transmission system, under normal or external fault opera-
tion, gives negligible PDC, so the selection of minimum threshold current increases
the sensitivity with low fault detection time. Based on the rigorous simulation study
presented in the next section, the threshold used for identifying the fault detection
time is set at 0.25 P.U.

3.3 Coordination of PDC and VDCOL Control
Characteristics

The normal control-based protection against DC line faults is the use of the static
VDCOL characteristic. This is effective to reduce the DC fault current to a level of
0.2 P.U. as indicated in Fig. 2 and works well in most cases of a temporary DC line
fault. However, in the case of a permanent DC line fault, the VDCOL characteristic
is unable to extinguish the DC fault arc and reduce the DC fault current to zero. In
such a case, the PDC will activate the opening of the AC-side breaker at the rectifier
end to extinguish the DC fault arc after a preselected period of time.

4 Simulation Results and Discussion

A 2-terminal bipolar HVDC transmission system (Fig. 1) is simulated in
PSCAD/EMTDC, and pole-to-ground faults are created at various locations, i.e.,
at Fy, Fp, F3 and F4. System data and controller details are provided in the
Appendix. The measured and sampled data is exported to MATLAB software for the
implementation of the protection algorithm.

For a pole-to-ground fault at location F; (0 km from the rectifier end) and fault
resistance R, the DC pole currents and PDC are plotted in Fig. 3. Similarly, Fig. 4
presents the DC pole currents and PDCs for fault at F4 (900 km) with fault resistance
R4. In both the cases, the current of the faulty pole varies largely and the current of
healthy pole hardly changes. The PDCs at the rectifier and inverter ends also detect
and cross the thresholds—indicating the internal pole-to-ground fault. A few cases
for various fault locations F; to F4 where F'{ = 0 km, F> = 300 km, F'3 = 600 km
and F4 = 900 km are considered with the variations in fault resistance and fault
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detection time is recorded (Table 3). From the obtained results, it is found that the
highest fault detection time is at 500 €2 fault resistance at location F'4 which is 5.1ms.
Similar measurement and calculation are performed at inverter station also to obtain
various fault detection times based on different fault locations and resistances. The
results show smaller fault detection time as compared to other schemes, and thus the
scheme can be preferred for primary protection against ground faults in DC lines.

Here, t4: and t4; are the fault detection times at rectifier and inverter stations,
respectively, as listed in Table 3.

The proposed PDC algorithm gives stable response during any variations in refer-
ence power through the HVDC link. Figure 5 presents the reference current, positive
and negative pole currents, and PDC in response to changes in the reference loading
condition from 1 to 0.5 P.U. for time duration of 1 s. Since the master control is
same for both the poles, any variation in reference power is simultaneously applied
to both positive and negative poles. Thus, similar variation in each DC line current to
accommodate the command from master controller leads to nearly zero PDC which
is desired for stable operation.

Similarly, the PDC algorithm gives stable response at inverter end also for any
step variation in reference power in the HVDC link. Thus, the scheme is accurate
for protection against ground fault having least detection time, good sensitivity and
high reliability due to elimination of data transfer and communication delay.



—_
(=)

R. S. Tiwari et al.

15 : : 1.5
=) Rectifier station =] Inverter station
~ ﬂ"‘—"\ o
£ 1 ; 1z 1 —
§ IPR I '_;:
— 05 Faulty +ve pole 2 05
E th Ik ) S Tpr Int
) Healthy (-ve) pole =
% o y (-ve) p ] 8 o [ Faulty +ve pole Healthy (-ve) pole |
%) 2L
° S
S ool . -]
0.7 0.702 0.704 0.706 0.708 0.71 0.7 0.702 0.704 0.706 0.708 0.71
(a) Time (s) (b) Time (s)
1 - - 1 .
Rectifier station| l Inverter station
0.5 ta=2.9

05 tg=5.1 ms In= OfS
‘k‘\.
O_h/ 4

Fault instant

12—
=

T I, =0.25
Fault instant

o

0.7 0.702 0.704 0.706 0.708 0.71
(d) Time (s)

0.7 0.702 0.704 0.706 0.708 0.71
(c) Time (s)

Pole differential current (Ipp-Iyg) P.U.
Pole differential current (I,-Iy) P.U.

Fig. 4 DC line currents, PDCs and fault detection time (#q) for F4, R4

Table 3 Fault detection time with fault location and transition resistance

Fault Fault detection times #q;/tg; (ms) for threshold Fault detection status
location | [y, = 0.25 P.U.
R =10 £ Ry = Ry = Ry = R Ry R3 Ry
100 2 300 2 500 £2

F 0.7/3.4 0.9/3.6 1.6/4.0 3.1/4.8 v v v v
F; 1.4/2.4 1.712.7 2.5/3.5 4.7/4.3 v v v v
F3 2.4/1.3 2.7/1.7 3.6/2.5 4.4/4.0 v v v v
Fy 3.5/0.7 3.6/1.0 4.1/1.8 5.12.9 v v v v

5 Conclusion

The paper presents a thorough analysis of a 2-terminal bipolar HVDC system control
and the protection algorithm against DC line faults. Importance of fast fault detection
and response from these faults by control strategies are explained. Most of the avail-
able detection algorithms have delay in protection due to communication between
inverter and rectifier ends for measured data transmission. The proposed algorithm is
based on the calculation of pole differential currents at both ends to avoid the delay
due to information exchange and therefore speeds up the protection. The HVDC



Ground Fault Detection Using Pole Differential ... 11

2

N

t=0.7 s

.

Reference Change (Line
loading) 1 to 0.5 P.U.

-
(¢
-
o

-

-

Reference current I . P.U.
o
[6)]

Positive Pole current I, P.U.

0.5
0 t=0.7s =0.8s 0 pole current 1 to
0.5P.U.
-0.5 . : 0.5 . .
0.4 0.6 0.8 1 0.4 0.6 0.8 1
Time (s) Time (s)
=
D: 2 ;.1 2
A t=0.7 s =
Z 15 - 15 1
= i =2 Threshold Iy, = Pole differential
% 1 § 1 0.25 pu current Alpele=0 |
< 8
< 05 Change in -ve = 05
ﬁ;) pole current 1 to g
Z 0 0.5P.U. ) '
Z 05 ‘ ‘ o 05 ‘ ‘
0.4 0.6 0.8 1 2 0.4 0.6 0.8 1
Time (s) Time (s)

Fig. 5 PDC algorithm response during change in reference power loading at rectifier end

line faults, i.e., pole-to-ground faults, were implemented with the combination of
various fault resistances and fault locations to observe the effect on fault detection.
The simulated results show that the proposed PDC algorithms have the advantage
of improved fault detection time and protection reliability and are useful as primary
protection schemes for HVDC lines against line-to-ground short-circuit faults.

Appendix 1

Bipolar HVDC Test System

The data for the system configuration (Fig. 1) is obtained from the MATLAB model
(based on a Hydro-Quebec-)mono-polar HVDC model which is modified into a
bipolar HVDC system. The Hydro-Quebec system was developed for steady-state
and transient analysis of a 12-pulse, 1000 MW (500 kV-2kA) 50/60 Hz HVDC trans-
mission system. The system consists of two overhead transmission line conductors
acting as forward paths for positive and negative poles and solidly grounding acting
as return path. The HVDC link interconnects the two asynchronous AC grids. The
sending end of the HVDC link is connected with 500 kV, 60 Hz, and receiving end
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Table 4 Various parameters
of converters and HVDC
bipolar system
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Components of HVDC system

Rating and specifications

Type of HVDC link Bipolar solid grounded

Power rating 2000 MW (1000 MW each
pole)

DC voltage level +500 kV each pole

Current rating 2 kA of each pole

Converter 1200 MVA of each pole

AC grid 1 voltage

500 kV, 60 Hz, 500 MVA

AC grid 2 voltage

345 kV, 50 Hz, 10,000 MVA

Smoothing reactor

0.5 H at both ends

AC filter 1

1200 Mvar at 60 Hz

AC filter 2

1200 Mvar at 50 Hz

AC grid is of 345 kV, 50 Hz system. The line-commutated converter bipolar HVDC
test system consists of two 6-pulse series-connected converters forming 12-pulse
converter configuration which is connected to a 900 km distributed parameter line
and smoothing reactors of 0.5 H at both ends. The various parameters of converter
and HVDC bipolar system are shown in Table 4. The two 600 MVAr AC filters are
connected in the system.

Appendix 2

Current Controller and Constant Extinction Angle Control
(CEA)/y-Control

The prime objective of HVDC system control is to obtain fast and flexible power
control between rectifier and inverter stations under steady-state and transient opera-
tion. Usually, this system operates in constant power control mode where power
order is decided by user. Power controller derives the current order supplied to
VDCOL and current controller amplifier (CCA). The a-order generated from CCA
is communicated to converter firing angle control to determine valve firing instants.
The converter controls at rectifier and inverter stations are set to operate in constant
current and constant voltage control modes, respectively; during any DC line faults,
the controllers of both ends shift their operational modes from steady state so as to
minimize the effect of fault on both AC-DC sides. The various converter control
modes are current control (CC), voltage control, VDCOL, minimum alpha (CIA),
gamma control (CEA), B-control modes. Figures 6, 7 and 8 present the pole control,
current control and overview of control blocks of HVDC system.



Ground Fault Detection Using Pole Differential ...

y-
measuring
circuit

+

o

fe_

Yrect

Iq

v Controller

Disturbing
magnitude
Viﬂk
—\‘ )
Yref

> » [, Controller
Larer W

S
r Switch S closed for inverter

Imargin

Fig. 6 Pole and converter control

Fig. 7 Current controller

AN\ 7o nverter

Y

Tora

Tordertim

> VDCOL

Porger
Power
control
—
APmog
A

Y

Selector

I—V switch

Imargin
Current Converter
control —] firing
amplifier control
Liesponse
Uldresponse

Fig. 8 HVDC control overview




14

R. S. Tiwari et al.

References

10.

13.

14.

15.

16.

. Sood, V.K.: HVDC transmission. In: Power Electronics Handbook, pp. 823-849. Elsevier,

Amsterdam (2011)

. Leterme, W., Jahn, L., Ruffing, P., Sharifabadi, K., Van Hertem, D.: Designing for high-voltage

dc grid protection: fault clearing strategies and protection algorithms. IEEE Power Energy
Mag. 17(3), 73-81 (2019). https://doi.org/10.1109/MPE.2019.2897188

. Naidoo, D., [jumba, N.M.: HVDC line protection for the proposed future HVDC systems. In:

2004 International Conference on Power System Technology, POWERCON 2004, 2004, vol.
2, pp. 1327-1332. https://doi.org/10.1109/icpst.2004.1460207

. Ademi, S., Tzelepis, D., Dysko, A., Subramanian, S., Ha, H.: Fault current characterisation

in VSC-based HVDC systems. In: IET Conference Publications, 2016, vol. 2016, no. CP671.
https://doi.org/10.1049/cp.2016.0043

. Kontos, E., Pinto, R.T., Rodrigues, S., Bauer, P.: Impact of HVDC transmission system topology

on multiterminal DC network faults. IEEE Trans. Power Deliv. 30(2), 844-852 (2015). https://
doi.org/10.1109/TPWRD.2014.2357056

. Ouyang, Y., He, J., Hu, J., Wang, S.X.: A current sensor based on the giant magnetoresistance

effect: design and potential smart grid applications. Sensors (Switzerland) 12(11), 15520-
15541 (2012). https://doi.org/10.3390/s121115520

. Leterme, W., Pirooz Azad, S., Van Hertem, D.: A local backup protection algorithm for HVDC

grids. IEEE Trans. Power Deliv. 31(4), 1767-1775 (2016). https://doi.org/10.1109/tpwrd.2016.
2543306

. (PDF) Traveling wave fault location in power transmission systems: an overview. https://www.

researchgate.net/publication/249313007_Traveling_wave_fault_location_in_power_transmi
ssion_systems_An_overview. Accessed 21 May 2020

. Gao, B., Zhang, R., Zhang, X.: A novel procedure for protection setting in an HVDC system

based on fault quantities. J. Electr. Eng. Technol. 12(2), 513-521 (2017). https://doi.org/10.
5370/JEET.2017.12.2.513

Qin, Y., Wen, M., Zheng, J., Bai, Y.: A novel distance protection scheme for HVDC lines based
on R-L model. Int. J. Electr. Power Energy Syst. 100, 167-177 (2018). https://doi.org/10.1016/
j-ijepes.2018.02.037

. Abu-Elanien, A.E.B., Elserougi, A.A., Abdel-Khalik, A.S., Massoud, A.M., Ahmed, S.: A

differential protection technique for multi-terminal HVDC. Electr. Power Syst. Res. 130, 78-88
(2016). https://doi.org/10.1016/j.epsr.2015.08.021

. Suonan, J., Zhang, J., Jiao, Z., Yang, L., Song, G.: Distance protection for HVDC transmission

lines considering frequency-dependent parameters. IEEE Trans. Power Deliv. 28(2), 723-732
(2013). https://doi.org/10.1109/TPWRD.2012.2232312

Johnson, J.M., Yadav, A.: Complete protection scheme for fault detection, classification and
location estimation in HVDC transmission lines using support vector machines. IET Sci. Meas.
Technol. 11(3), 279-287 (2017). https://doi.org/10.1049/iet-smt.2016.0244

Johnson, J.M., Yadav, A.: Fault location estimation in HVDC transmission line using ANN.
Smart Innov. Syst. Technol. 50, 205-211 (2016). https://doi.org/10.1007/978-3-319-30933-
022

Li,Z.Q.,Lv, Y.P.: A novel scheme of HVDC transmission line voltage traveling wave protection
based on wavelet transform. In: 2008 International Conference on High Voltage Engineering
and Application, ICHVE 2008, Nov. 2008, pp. 163-167. https://doi.org/10.1109/ichve.2008.
4773899

Khaimar, A.K., Shah, P.J.: Study of various types of faults in HVDC transmission system. In:
Proceedings of the International Conference on Global Trends in Signal Processing, Informa-
tion Computing and Communication ICGTSPICC 2016, no. Lcc, pp. 480-484, 2017. https://
doi.org/10.1109/icgtspicc.2016.7955349


https://doi.org/10.1109/MPE.2019.2897188
https://doi.org/10.1109/icpst.2004.1460207
https://doi.org/10.1049/cp.2016.0043
https://doi.org/10.1109/TPWRD.2014.2357056
https://doi.org/10.3390/s121115520
https://doi.org/10.1109/tpwrd.2016.2543306
https://www.researchgate.net/publication/249313007_Traveling_wave_fault_location_in_power_transmission_systems_An_overview
https://doi.org/10.5370/JEET.2017.12.2.513
https://doi.org/10.1016/j.ijepes.2018.02.037
https://doi.org/10.1016/j.epsr.2015.08.021
https://doi.org/10.1109/TPWRD.2012.2232312
https://doi.org/10.1049/iet-smt.2016.0244
https://doi.org/10.1007/978-3-319-30933-0_22
https://doi.org/10.1109/ichve.2008.4773899
https://doi.org/10.1109/icgtspicc.2016.7955349

A Review on Islanding Detection m
Schemes for DC Microgrids ek

Bhabani Kumari Choudhury and Premalata Jena

1 Introduction

Recently, renewable energy sources (RESs)-based power plants have attained sig-
nificant attention because of the fast depletion of fossil fuels and global warming
[1]. Distributed generations (DGs), loads, and a bidirectional converter is interfaced
with the utility grid in order to exchange powers [2]. DGs enhance the profit of
power generation, reduce the effect of global warming, and improve power quality.
Therefore, the application of DGs provides the reliability and security to the system
[3, 4]. MGs are of two types, namely AC MGs and DC MGs. Operation modes of
MGs can be either isolated or grid-connected modes [5]. AC MGs research is well
developed because of its mature technologies, protection, and standards. Most of the
DGs generate power in the form of DC, and it is converted into AC power through
DC-to-AC converter (inverter) in order to connect them with the AC MGs [6]. It is
important to note that DC loads need DC power supply, and hence, AC power is
converted back to DC power. Here, the number of conversions, number of required
converters, and losses are more, so it reduces the efficiency of the system [7]. Apart
from these, stability, synchronization, and reactive power requirement are the built-in
disadvantages of AC MGs. Therefore, DC MGs are a better alternative and solution
to the above problems [8, 9]. Moreover, DC MGs are easily scalable because of the
absence of limiting equipment, such as transformers and relays.

During islanding, utility grid connection is absent. So, DGs are the main sources
at this time. But, the power can reach to the consumers without any interruption
during islanding due to DGs [10]. Here, employees can be affected by islanding as
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they may not notice that some part of the circuit is working, which may stop re-
connection of devices automatically [11]. In order to maintain stability, it is essential
to maintain a balance between load and generation in the islanded circuit. The above-
stated reasons can be avoided by rapidly detecting the islanding, so that it can be
disconnected from the primary circuit as quickly as possible. This process is known
as anti-islanding [12]. The requirements for IDSs in DGs are outlined in [13], which
clearly indicates that DGs should disconnect from the grid within 2 s. Otherwise,
it will draw a significantly high amount of current to keep the balance. Due to this,
DGs are damaged.

In [14-17], some AC MGs islanding is reported. However, DC MG IDSs are in
the initial stage and not rigorously studied in the literature. This paper presents an
overview of islanding detection schemes, which is used for DC MGs. The require-
ments of DC MGs IDSs along with their advantages over the AC MGs IDSs are
reported. Recent research and developments in this field are presented with possible
challenges, and classification of the same is highlighted.

The rest of the paper is organized as follows. DC MGs IDSs and their advantages
and disadvantages are presented in Sect. 2. Different types of passive IDSs for DC
MGs are explained in Sect. 3, and active IDSs concepts and its types are reported in
Sect. 4. At last, final conclusions are drawn in Sect. 5 with some future insights.

2 DC MGs Islanding Detection Schemes

Islanding detection methods which detect the islanding situation with fewer false
positives is the leading research area. When the electrical system parameters crosses a
certain threshold value, a trip signal is generated. Here, tripping time is the time which
is required to successfully separate the two systems during islanding as reported in
[18]. No fuse circuit breakers and solid-state circuit breakers are commonly used
circuit breakers in DC MGs [19]. The author in [20] mentioned that in DC MGs,
the detection time is with in 0.2 s. The advantages and disadvantages of DC and AC
MGs IDSs are given in Table 1.

2.1 Intentional/Planned IDSs

Intentional/Planned IDSs are a detection method where generation and loads are
scheduled prior to islanding. It means that which parts of the load to be isolated is
decided before islanding [21, 22]. This type of detection technique is applicable to
AC MGs as well as DC MGs. The leading cause of this type of islanding detection
is a preplanned switching event. During such cases, the number of transients is less
in MGs.
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Table 1 Comparison between AC MG and DC MG IDSs
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Parameters AC MGs IDSs DC MGs IDSs
Standards Available (IEEE 1547) Not available (Required
Reconsideration)

System Parameters

Voltage, current, impedance,
Active power, reactive power,
frequency, harmonics, and
phase

Voltage, current, active
power, and impedance

IDSs available

Passive, active, and hybrid

Passive and active

Complexity

Easier than DC MG IDSs

Complex

Accuracy

Less accurate

Accurate

Tripping time

Less than 0.5 s

Less than 0.2 s

2.2 Unintentional/Unplanned IDSs

Unintentional/Unplanned IDSs are a detection method that is uncertain in nature.
The leading cause of these type of IDSs is unplanned switching events [23, 24].
Islanding detection should be quick in order to maintain the reliability and stability
of MGs, with a proper control strategy. In this case, the severity of the transients
is more. During islanding conditions, electrical characteristics like current, voltage,
impedance, frequency, active, reactive power output, etc., of DGs are changed signif-
icantly. In order to detect islanding, it is essential to observe the electrical parameters
of the system continuously. IDSs are of two types, namely remote IDSs and local
IDSs. The detailed classification is shown in Fig. 1.

Remote IDSs The communication medium between the grids and the DGs of MGs is
required in this type of IDSs. Due to this, the cost of the islanding circuit increases,
which is the major challenge of this type of IDSs. The examples of these IDSs,
which are applicable for DC MGs are transfer trip, impedance insertion, and power
line carrier communication (PLCC) IDSs. In transfer trip IDSs, supervisory control
and data acquisition (SCADA) are used to monitor the status of circuit breakers and
reclosures, which are present near to the point of common coupling (PCC) [25]. In
the impedance insertion method, a low-value impedance is inserted nearer to the
PCC in order to obtain proper power balance between generations and load [26]. In
the PLCC method, a low energy signal transmits from the transmitter (utility side)
to the receiver (DGs side). The disappearance of the signal represents the islanding
condition [17]. Remote IDSs are more accurate and reliable than local detection
schemes, but these are uneconomical because of their communication equipment.

Local IDSs Local IDSs utilize measurement and monitoring of electrical parameters
like impedance, voltage, active power, etc., on the DGs side. The detailed classifica-
tion of local IDSs is represented in Fig. 1.
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Fig. 1 Classification of DC MGs IDSs

3 Passive IDSs for DC MGs

Passive IDSs monitor the electrical system parameters like voltage, impedance, active
and reactive power, frequency of DGs, etc., to identify the islanding. In DC MGs,
the system parameters are voltage, impedance, and active power output of DGs.
The islanding situation can be identified when the system parameters deviate from a
predefined threshold value. In [27], passive IDSs for DC MGs have been explained.
Note that, the implementation of passive detection schemes is simple and easy. Non-
detection zone (NDZ) is the major challenge of this IDSs [28]. However, suitable
threshold selection is also a complicated and challenging task.

3.1 Under/Over-Voltage-Based IDSs

In this type of IDS, it is required to sample the voltage v periodically and monitor
to detect sudden changes in voltage in order to detect a fault condition. UOV IDS is
important for grid-interfaced converters as the primary function of this type of con-
verters is to maintain proper balance. A sudden change in voltage occurs commonly
in the grid due to frequent removal and attachment of loads, so a threshold needs to be
set to avoid faults [29]. The IDSs calculate the change in terminal voltage of DC/DC
converter with ¢ window length. Then, the obtained signal is compared continuously.



