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Abstract: Microgrids active characteristics such as grid-connected or islanded operation mode, the
distributed generators with an intermittent nature, and bidirectional power flow in active distri-
bution lines lead to malfunction of traditional protection schemes. In this article, an imped-
ance-based fault detection scheme is proposed as the main protection of microgrids by applying
the proposed equivalent circuits for doubly-fed lines. In this scheme, relay location data and posi-
tive sequence voltage absolute value of the other end of the line are used. It can detect even high
impedance faults in grid-connected and islanded modes. It is robust against load and generation
uncertainties and network reconfigurations. Low sampling rate and minimum data exchange are
among the advantages of the proposed scheme. Moreover, a backup protection scheme based on
the conductance variations is suggested. No requirement for the communication link is a distin-
guished advantage of the proposed backup protection scheme. The proposed schemes have been
simulated using PSCAD and MATLAB software and the results confirmed their validity.

Keywords: backup protection; distributed generation; distribution network; fault detection; im-
pedance-based protection; main protection; microgrid

1. Introduction

Distributed generators (DGs) interconnected to distribution networks form a type of
power system called microgrid. Generally, microgrid(s) are composed of medium & low
voltage distribution system(s) equipped with DGs and loads, which can operate in
grid-connected and islanded modes in a controlled coordinated way. Increasing reliabil-
ity and resilience of power systems mainly is followed by this feature [1,2].

Despite the advantages of microgrids, large-scale implementation of microgrids
results in challenges in their control, conservation, and harmony with the main grid. The
traditional protection strategies cannot be applied for microgrids because of bidirectional
power flow in feeders, the existence of looped feeder(s), and significantly decreasing
magnitude of the fault current in the islanded mode especially for the power invert-
er-interfaced DGs [3].

Also, the operation of reclosers in active distribution networks is challenging. For a
temporary fault in distribution networks, reclosers operate in a fast mode, and isolate
faulty section, for fault self-clearing. However, in the active distribution networks, in
order to ensure the correct operation of automatic reclosing, DGs have to be disconnected
entirely before reconnecting. When a DG remains to operate after a fault, there may be
two problems if the utility was reconnected after a short interruption. Firstly, the fault
may not have been cleared because of arc feeding by DG. So, the instantaneous reclosing
may not be succeeded. Second, the frequency may change in the islanded part of the
distribution grid because of active power imbalance. In this case, coupling two asyn-
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chronously operating systems with active sources on both sides of one recloser by re-
closing switch results in the failure of the attempt [4,5].

Thus, new intelligent industrial electronic devices composed with communica-
tion-based protection schemes and synchro-phasor measurement technology present
more active and adaptive practical methods to solve the above-mentioned matters [6].
However, fault detection using the communication link especially in the backup protec-
tion needs to communicate data with the adjacent lines which increases the volume of
required data exchanges and costs. Moreover, it does not operate in the link disconnec-
tion. Therefore, backup fault detection methods based on one line-end data shall be more
valuable.

Generally, there are two classes for microgrids protection schemes. First, schemes
that change the network behavior during the fault in order to correct the operation of
conventional protection ones, are called network modifying-based schemes. Second,
modified protection schemes according to microgrids behaviors are named protective
strategy-based schemes.

1.1. Network Modifying-Based Schemes

By altering grid-connected to islanded mode and vice versa in microgrids, signifi-
cant fault current level changes are observed. In [2] modification of grounding strategy
was proposed to prevent mal-operation of conventional protection systems, and correct
operation conditions of relays were met by low investment.

External devices such as fault current limiters, flywheels, batteries, ultra-capacitors,
and devices installed between the main grid and microgrid, are used by some protection
strategies for modifying fault level in order to decrease the contribution of fault current
from the main grid. Generally, these schemes are expensive [7-9].

A protection scheme was proposed in [10] for the looped microgrids with conven-
tional protection. By measuring indirectly microgrid impedance, faults were detected.
Then, DGs modified their control for injecting a current proportional to measured mi-
crogrid impedance, based on a droop curve. So, DGs nearer to fault injected a relatively
bigger current, and paved the way to elective coordination of relays.

1.2. Protective Strategy-Based Schemes

Protective strategy-based schemes consist of several microgrid protection ones.
Adaptive schemes, as a group in this class, include automatic readjustment of relays set-
tings when microgrid alters from grid-connected mode to islanded mode and vice versa
[11,12]. In [1], a protection scheme for radial and looped microgrids in both
grid-connected and islanded modes based on positive sequence impedance using Phasor
Measurement Units (PMUs) with a digital communication system was presented. Yet,
updating pickup relays values based on upstream and downstream tantamount posi-
tive-sequence impedances of any line after a change of microgrid configuration was
necessary. Reference [13] describes an adaptive protection system monitoring, in which
operating modes of microgrid, was the basis of relays settings online updating. Com-
munication links were applied for collecting data from smart electronic devices, and
sending data to a central controller for real-time analysis.

Replacing all existing relays with adaptive ones is expensive. Moreover, communi-
cation systems are necessary. Additionally, upgrading the present protection schemes of
distribution systems is required.

In differential-based schemes (as another group) currents arriving and departing
protected zone are compared. If the differential between these currents becomes more
than a preset threshold, these schemes operate. Two main subjects including voltage and
frequency control, also protection were investigated in [14]. In this scheme, differential
relays at two ends of every line were employed. Microgrid in both grid-connected and
islanded operation modes was protected by these relays. Sortomme and et al. in [15]
suggested a differential protection scheme on the basis of principles of synchronized
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phasor measurements and microprocessor relays. Here, primary protection for one
feeder was depended on the instantaneous differential protection. If two samples abso-
lute values were higher than the trip preset threshold, a tripping signal is produced. In
[16], on the basis of a variable tripping time differential protection, a multi-agent mi-
crogrid protection scheme was proposed. It operated in grid-connected and islanded
modes. Furthermore, in [17], applying discrete Fourier transform, the differential char-
acteristics were extracted from fault current and voltage and for deciding finally, a deci-
sion-tree data mining model was proposed.

Usually, in the differential schemes synchronized measurements and communica-
tion infrastructures are required, and imbalanced loads and transients may affect protec-
tion.

Some voltage-based protection schemes are based on positive sequence component
detection of fundamental voltage. In some others, the waveforms of three-phase voltages
are transformed into (d-q) reference frame. A protection technique was proposed in [18]
based on the effect of different fault types on Park components of voltage to protect mi-
crogrids. Variation of the differential angles of bus voltages with the point of common
coupling voltage was applied for protection schemes in [19]. Here, measuring synchro-
nously voltages angles of several buses was needed. This scheme detected faults in the
microgrid but did not the faulty line.

In these schemes, the fault type and the magnitude of voltage droop during fault
affected response time. Therefore, these are mostly dependent on microgrids operation
modes. Voltage fluctuations due to non-fault events in islanded operation mode may
lead to incorrect protection of these schemes.

There are other protection schemes based on overcurrent and symmetrical compo-
nents. In [20] a three-stage communication assisted selectivity scheme was suggested.
Moreover, an overcurrent relay characteristic for reducing the operating time of the
overcurrent relay was proposed in [21]. Zamani and et al. in [22] used zero (0) and nega-
tive (-) sequence components of currents in the proposed protection scheme. Besides, in
[23], the voltage unbalances were applied for the overcurrent function enhancement.
Generally, these protection schemes greatly require wide-area communication systems.

Distance protection schemes use impedance or admittance measurements for de-
tecting faults efficiently. Here, if a fault occurred downstream of the bus where DGs were
connected to the grid, the impedance seen by an upstream relay is higher than real fault
impedance. This leads to increase fault distance apparently, because of the increased
voltage owing to an added infeed at the common bus. This may cause incorrect distance
relays performance [24]. The effects of intermediate infeed and fault resistance on the
operation of distance relays in radial distribution feeders were examined in [25]. More-
over, their combined effect on distance protection was evaluated, and results concerning
the appropriate operation of the relay were described. Reference [26] detected faults us-
ing the inverse-time tripping admittance. Moreover, an impedance differential scheme as
the main protection and an inverse-time low-impedance scheme as backup protection
was suggested in [27]. Moreover, reference [28] proposed a compensation scheme to
eliminate errors caused by faults impedances and infeed currents. In [29], a voltage-free
distance protection scheme compatible with closed-loop structures and inter infeed was
suggested. It was based on measuring negative-sequence currents at relay location and
unaffected by negative-sequence current suppressing converter-connected DGs and fault
resistances. Reference [30] proposed an enhanced scheme based on time delay and ze-
ro-sequence impedance, too.

Independence of fault level change in the grid-connected and islanded modes is the
most significant advantage of these schemes, however, the fault resistance and the infeed
caused by DGs may affect the measured impedance. Moreover, transient currents may
lead to inaccurate measurements.

So, there is a serious requirement for an impedance-based protection scheme with
the minimum effects of infeed, fault impedance, and transient situations on its perfor-
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mance. In this article, novel main and backup impedance-based protection schemes in
microgrids are proposed. Advantages of the suggested main scheme are:

e  Proper operation in both grid-connected and islanded modes
e Independence of network reconfigurations

e  High impedance faults detection

e  Short response time

e  Low sampling rate

e  Minimum data exchange

Also, the features of the backup protection scheme are similar to the main one, ex-
cept in the capability of high impedance fault detection. Moreover, the backup protection
scheme does not require data exchange and communication links, which is a great merit.

This article contains the following sections. Section 2 introduces sequence equivalent
circuits for fault types, applied in the proposed protection scheme. In Section 3, main and
backup impedance-based schemes for faults detection in the microgrid are suggested.
The case study for the implementation of the proposed schemes is in Section 4. Moreover,
in Section 5, the proposed strategies are evaluated by simulation in PSCAD and
MATLAB software. Finally, Section 6 includes the conclusion.

2. Modified Equivalent Circuits for Doubly-Fed Lines During Faults

In this section, an equivalent sequence circuit for doubly-fed distribution lines,
shown in Figure 1, during short circuit faults has been discussed by using conventional
equivalent sequence circuits.

‘i‘ I, line I; ]I3

Figure 1. Doubly-fed line.

In the following, simplified positive sequence (SPS), simplified negative sequence
(SNS) and simplified zero sequence (SZS) equivalent circuits used in the proposed pro-
tection strategy are introduced. As shown in Figure 2, K represents fault location (0 < K <
1) and “i” is replaced by 3P (three-phase), LL (line-to-line), DLG (double-line-to-ground)
and SLG (single line-to-ground) based on the fault type. Positive sequence by “1”, nega-
tive sequence by “2”, and zero sequence by “0” subscript will be indexed. Z1 and Zio are
positive and zero sequence line impedance respectively. Zti, Zwi, Vun,Vei and Vu,i are
sequence equivalent impedances and voltages that will be explained for fault types dis-
tinctively.

KZ, 1-K)Z, 1 I KZ 1-K)Z, 1
A | 1% 1 A ( )Z, B1 : . A2 1 A ( )Z, B2‘
¥ + ¥ +
Var-Vu,i Zy; Vei-Vai  Var-Va; 7 Ve2-Va,i
- @) - - (b) "
1 KZ (1-K)Z,, 1
- A0 10 R 1 Bl]‘
¥ +
Vao-Vui Zy; Vio-Vio,i

—_~
o

)

Figure 2. (a) SPS circuit; (b) SNS circuit; (c) SZS circuit.

2.1. Three-Phase Faults
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In this fault, three phases are connected to ground through resistance Rt. The equiv-
alent circuit as shown in Figure 3 includes only the positive sequence.

N v (G LU
r :
VA] Rf VBI

Figure 3. SPS equivalent circuit for 3P fault.

Comparing Figure 3 and Figure 2, the SPS equivalent circuit for this type of fault is
obtained:

Z =R )

\/tl/SP = 0 (2)
Due to the absence of the negative and zero sequence components in this fault type,

there are no SNS and SZS circuits.

2.2. Line-to-Line Faults

In the line-to-line (LL) fault, two lines are connected through resistance R:. The
equivalent circuit contains positive and negative sequences as shown in Figure 4.

. IA1| KZ, o (1-K)zZ, Ilm R
+ +
VAl Rf VBl
- IAZI KZ, (1-K)z, ¢ Ig, R

+
+

VAZ VBZ

Figure 4. Sequence equivalent circuits for LL fault.

By maintaining the positive sequence circuit and converting the voltage Va2 series
with KZi and the voltage Vs2 series with (1-K)Zi to their corresponding dependent current
sources parallel with the impedance, and then simplifying, the SPS equivalent circuit is
obtained where Z:iL and Vu L are defined as follows:

z ., =R +K(1-K)Z 3)

vV, ., =(1-K)V_ +KV, 4)

t1,LL

Similarly, by maintaining the negative sequence circuit and simplifying, SNS circuit
is obtained, in which:

Vior, = (1 = K)Va; + K. Vg4 ®)
It should be mentioned that the SZS circuit does not exist in this fault type.
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2.3. Single-Line-to-Ground Faults

Single-line-to-ground (SLG) fault occurs when one line is connected to the ground
through resistance Rt. Figure 5 depicts the sequence equivalent circuits for this fault.

X Ly KZ, 1-K)7Z, o A
+ +
VAI VB]
IAz, KZ, 1-K)Z, IIBz A
+ >
" 3R,
Vaz Ve
R Lro KZ, (1-K)Z, Igo ~
+ +
Vao Vo
[ ? °

Figure 5. Sequence equivalent circuits for SLG fault.

By maintaining the positive sequence circuit and simplifying two other sequence
circuits, SPS is obtained and by the same way SNS and SZS are attained:

Z .. =3R +K(1-K)(Z +Z,) ©)
Vi ==(1=K)(V,, +V,, ) -K(V,, +V,,) )
e = (1K) (V,, +V,,)-K(V, +V,,) ®)
Z,..=3R +2K(1-K)Z )

Vise ==(1=K)(V,, +V,,)-K(V, +V,,) (10)

2.4. Double-Line-to-Ground Faults
Double-line-to-ground (DLG) fault takes place when two lines are connected
through resistance Rt and every line is connected through this resistance to the ground.

Figure 6 shows sequence equivalent circuits for this fault.
ZipiG, Vupr and Vepic will be determined based on the SNS and SPS equivalent

circuits as follows:

R, (3K(1-K)Z, +4R )(3K(1-K)Z +R,)
Zt DLG =T, (11)
' 3 3(3K(1-K)(Z, +2,)+5R,)
\/tI,DLG :M((l_K)VAZ +KVBZ)+N((1_K)VA0 +KVB0) (12)
\]tZ,DLG :M((l_K)VAl +KvBl)+N((1_K)VAO +KVB0) (13)

where M and N are defined as follows:
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3K(1-K)Z, +4R,

= (14)
3K(1-K)(Z,+Z,)+5R,
3K(1-K)Z +R,
= (15)
3K(1-K)(Z,+2,)+5R,
Similarly SZS circuit is achieved in which:
K(1-K)Z +3R
t0,DLG = ( ) : f (16)
’ 2
(1-K) K
t0,DLG = (VAI +VA2) +_(VB1 +VBZ) (17)
2 2
AA—
Ly, xz, (K7 Ju R
+ +
VAI VBI
. * !
. Iz KZ, (I-K)Z] ‘ I, . R1/3
+ +
VAZ VBZ
° ®
. IA[)I KZ,, (1-K)Z, ¢ I . 4R;/3
;
Vao Vi

Figure 6. Sequence equivalent circuits for DLG fault.

3. Proposed Protection Scheme for Distribution Lines
3.1. Main Protection Scheme

In the previous section, SPS, SNS and SZS equivalent circuits were obtained for the
fault types. UsingY-A transform, SPS and SNS circuits can be redesigned as Figure 7, as

followed:
Z
Z =KZ +—=— (18)
i 1-K
K(1-K)Zz!
ZIIi = Zl + (19)
' Zt,i
z.
Zm i :(1_K)'Zl +_/1 (20)
B K

Figures 8 and 9 show Re+ZiiL and Re-Zuie curves for LL fault in several fault loca-
tions. According to Figure 8, the magnitude of ZiL. increases by increasing R¢, therefore in
normal conditions where Rt is infinite, Ziit is infinite and its angle is zero, But when a
fault occurs, its magnitude decreases drastically and its angle increases up to positive
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sequence line impedance angle for R=0. Moreover, Figure 9 shows the magnitude and
angle of ZuiL will be equal to the positive sequence line impedance, in normal conditions.
However during faults, its angle variations are low. Moreover, its magnitude variation is
low, except in small Re.

Ia1 Zy; Ip; IAZI Zy; Ip,
* " . :
Vai-Vu,i Zy; Ly, Vei-Vu,i Var-Va; Zy; Zyn; Vea-Vai
- - @) - - - - (b) - -

Figure 7. Transformed (a) SPS and (b) SNS circuit to equivalent delta.

60 T T T T T

=—10% of the line
———45% of the line
80% of the line |

40

2. l/12]

iZl.l,L /‘Czl

(=}
0o
BN

6 8§ 10 12
R, /|Z)|

Figure 8. Ri-Zi1L curve for several fault location.

2 T T T
= 10% of the line
— ===45% of the line
N 80% of the line
= -
N
O 1 L 1 1 1
0 2 6 10 12
R,/|Z|
N 1 L
<
=
G 05
d
0 1 L L 1 1
0 2 4 6 8 10 12
R,/|Z]

Figure 9. R-Zu.L curve for several fault location.

These facts are true for other fault types. The proposed fault detection scheme is
based on high reduction in Zii during the fault, compared to normal conditions.

By applying KCL and KVL in SZS and Figure 7 circuits, (21)—(23) are obtained. In
these equations Vu,, Veiand Vw,i are functions of K, Rg, the sequence voltages in the line
ends and the sequence line impedances. Moreover, K and Rr are substituted by Zii and
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Zuaccording to (18) and (19). Obviously, some of these equations will not be used due to
the absence of zero or negative sequences for some fault types.

vV, -V V-V
— Al B1 +

t1,n
- 21
mT T 7 (1)
I,n In
V.-V VvV, -V
= A2 B2 A2 2, (22)
Z Z
I,n In
Vo ooy kz a1 -z |1 eVt K2, )
A0 Vion T F0ta0 T Front A0+ (1—K).Zm - (23)

As stated earlier, in normal conditions, Zii tends to be a real large number. If the
absolute value of Vs is extracted from (21)—(23) and equals with its value sent from end
B, and Zu, is replaced by its normal condition value (Zi), an equation will be obtained in
terms of Zii. By assuming Zii as a real number (as in normal conditions), two values can
be obtained for Zii. one is negative that is ineligible and the other is infinite in normal
conditions, and limited and positive during the fault. It is clear that during the fault, Zu;
is not exactly equal to Zi, So calculated Ziiwill include some errors. These can be ignored
because, in normal conditions, Ziiis infinite and it is greatly reduced when a fault with
limited resistance occurs. So, some errors for this value during the fault, it is acceptable.

The Fault Detection Index (FDI) is defined as follows:

C.
FDI =log| — (24)
‘ z

where Ci is a constant coefficient and considered a little greater than Zii in high imped-
ance fault near the end B.

In normal conditions FDIi is negative. It may become positive transiently for external
faults. Hence, positive FDI for consecutive M samples shall indicate fault occurrence.

Therefore, in order to command the switches of terminal A, data including sequence
voltages and currents of terminal A and the absolute value of the positive sequence
voltage of terminal B are required. Sending minimum data from the other side of the line
(only one parameter) reduces the amount of transmitted data. However, in the protection
schemes so far, such as [27] it is usually necessary to send at least two parameters (mag-
nitude and angle). So, data exchange reduces by 50% in the proposed scheme. Each line
has two relays, one at the beginning and one at the end of the line. Therefore, in networks
with a large number of lines, the data exchange volume will increase and this reduction is
valuable. Moreover, the communication system may is used to exchange data in addition
to the protection system data. Therefore, reducing the data exchange volume in the
proposed protection system can make it possible to use the communication system in
other applications.

The nonlinearity of the line parameters often affects transient state studies. In dis-
tribution lines, due to the resistance is large compared to the reactance, the transient state
is damped quickly. Therefore, the non-linearity of the line parameters does not affect the
proposed scheme, which uses phasor quantities. Moreover, leakage current due to insu-
lators is very low and it does not affect the correct performance of the proposed scheme.
However, because the proposed main protection scheme is capable to detect high re-
sistance faults, if the leakage current increases due to pollution of insulators or their in-
sulation problems, the scheme may detect it as a fault and command trip. The flowchart
in Figure 10 explains this scheme.

The proposed main protection scheme can detect all types of faults, but the scheme
presented in [27] only could detect single-phase to the ground and two-phase ones.
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Moreover, the scheme presented in [27] included 3 plans to detect low, medium, and high
resistance fault, but the proposed scheme detects all fault by one plan.

—)lMeasurment of V, ’IA"VBI‘l

Calculate FDI

yes

Figure 10. Flowchart of the proposed main protection scheme.

3.2. Backup Protection Scheme

In [27], the reactance seen from the beginning of the line was applied for fault de-
tection. Under normal conditions, the positive sequence impedance seen from the be-
ginning of the line may be different depending on operation modes of the microgrid
(grid-connected or islanded) and, transition direction of the active and reactive power in
the line. These different pre-fault conditions affect the during the fault impedance seen
from the beginning of the line, when the fault is not solid. Therefore, the scheme pro-
posed in [27] performed well for very low fault resistance, but it seriously is challenged
for fault resistance partial increasing.

In the distribution line in Figure 11, “DG” and “load” represent DGs total power and
total load, in downstream of bus B, respectively. DG positive sequence admittance is Ya
and load positive sequence admittance is Ypi. So, the equivalent positive sequence ad-
mittance Yeq is:

qul =Yy, + Y, = Geql + ]Beql (25)
where, the real and imaginary parts of Yeq are named Geqi and Beqi. Moreover, positive
sequence admittance seen from bus A, represented by Yt is considered:

Y G

totl

totl + jBtotl (26)

Gtot1 and Brot1 are real and imaginary part of Yion.

line B

Load

Figure 11. Network with lumped downstream.
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In normal conditions, ignoring line impedance, Yt is equal to Yeq:, and according to
Geqt and Beqi values, it may be at any point of the complex coordinate system.

If a fault with resistance Rt occurred at line AB, regardless of the line impedance and
Yeqi changes during the fault, Rf becomes parallel to Yeqi, 50 Yttt moves to the right at
complex coordinate plane. By a lower Ry, admittance Ytwu will move further to the right at
complex coordinate plane. This conductance variation is defined as Conductance Varia-
tion Index (CVI) which is a basis for proposed fault detection scheme. CVI is shown in
Figure 12 and obtained as follows:

CVI = Gtotl - Geql (27)
ImA
Geql Gtotl .
i i Re
' Ytotlg
qu] p 1
CVIl

Figure 12. Definition of CVI.

In normal conditions, CVI is zero, and it increases during faults. By setting an ap-
propriate threshold for CVI, the fault will be detected. Threshold value should be set in
order not to recognize connecting a large load as a fault by protection system. Therefore,
considering Sioadmax as maximum sudden load increase, the threshold value CVlIu: is ob-
tained as follows:

Sload,max
CVI,,, =5t (28)
LL,rated
where ViLrated is rated line to line voltage of the network.

In grid-connected mode, DGs inject constant powers and their output powers do not
change as the load increases, so Yeq: remains constant. However in islanded mode, as the
network load increases, the power outputs of the DGs increase for supplying the added
load. So, if Yeq1 is at the left half of the complex coordinate plane, the absolute value of Yeqi
increases, and it moves to the left at the complex plane, so there is not possible to detect
load adding as a fault. Moreover, if Yeq: is at the right half of the complex plane, the ab-
solute value of Yeq decreases, and it moves to the left at the complex plane, accordingly,
mal-operation of backup protection system shall be impossible, too

So, by changing the load downstream of the relay, CVI varies but it does not exceed
its threshold. In this situation, Geq: should be updated to G for the next calculations.
Moreover, if the fault is tripped by main protection, before backup protection operation,
then Geqi should be updated. The flowchart of this scheme is described in Figure 13. In
this flowchart, ¢ represents the measurement error, and AGwu is the difference between
the value of Guwu and its value in the previous sample. N is the number of samples during
which the backup protection is waiting for the main protection operation.

It is notable that in high resistance faults, CVI may don'’t reach its threshold or DGs
controllers may be able to compensate for the impedance changes due to the fault, so,
CVI will not be able to detect high resistance faults, but, compared to the scheme pro-
posed in [27], it performs better in presence fault resistance. Moreover, the elimination of
the communication link is a great advantage of this scheme and makes it appropriate for
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backup protection. Moreover, because of Gequupdating, this scheme is robust against
network reconfigurations.

A

»
no Measurment of V5, Iy

v

| Calculate Gy

S

|CVI|<eg 0 yes

L]

yes

Fault is detected

Figure 13. Flowchart of backup protection scheme.

4. Case Study

To evaluate the proposed scheme, an active distribution network 50 Hz in Figure 14
was simulated in PSCAD and calculated in MATLAB [27]. The network consists of two
0.4 kV and 10 kV subnets connected to the 35 kV main network through a transformer.
The fault level in the coupling point with the utility is 500 MVA and R/X ratio is 0.1. DG1
is a battery-energy-storage system (BESS) with a nominal power of 200 kVA, DG2 is a 100
kVA combined cool, heat, and power (CCHP) and

DG3 is a photovoltaic cell with a nominal power of 50 kVA. Positive and negative
sequence resistance and inductance of 0.4 kV lines are 0.32 Q/km and 0.261 mH/km, and
zero sequence ones are 1.1 Q/km and 0.955 mH/km. The loads 1 to 6 powers are 40 kVA,
20 kVA, 40 kVA, 40 kVA, 5 kVA and 25 kVA with power factor 0.9 lag, respectively. The
shunt capacitor is 20 kVAr.
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The positive sequence resistance and inductance of the 10 kV feeder are0.38 QO/km
and 1.432 mH/km, respectively and zero sequence ones are0.76 Q/km and 4.2 mH/km.
There is a 600 kVA diesel generator (DG4) at the end of this feeder. The loads 7 to 9
powers are 100 kVA, 500 kVA and 500 kVA with power factor 0.85 lag, respectively.

The low-voltage subsystem can form a microgrid, continuing to energize 0.4 kV
feeders during islanded mode operation. The control of BESS or CCHP switches from
P-Q to v-f for supporting voltage and frequency but because of PV system nature, it
maintains P-Q control regardless of grid-connected or islanded mode operation. Moreo-
ver, the output current of DG during fault conditions is limited to 1.5(1 and half) times of
rated current.

DGI1
| Il Qa
Brk13 ) O
Brk14
|) Relay locations-, kl
G A A
Brk9 I);; Brk/;t)\\ Brk3 I) 2 Brkl I) b
@
%‘Sham Capacitor: \N g 8 2
B e Line3| & 8
Line? Lined 100 Linel
3km < 100m 200m|
D
Brkl10 I) Brks |)
" 1 : | Load3 B
J7Bfk“ ) J7 -y Brks ) J7 Brk2 )
AL
Loads Load7 A ) Load4 ) Loadl
Line8 Line2|
3km | 100m
Brkl2 ) F I c
! Brks ) J7
STy
o Loads Load2

Load9 100m

Load6

Figure 14. Case study system.

5. Evaluation of the Proposed Protection Schemes

In this case study, protection of line 4 is more difficult compared to others, because it
is connected to the main grid and DG1 in upstream, and DG2 and DG3 downstream. In
the islanded mode, DG2 operates in v-f control and DG3 in P-Q control. So, if the pro-
posed schemes protect line 4 accurately, it will protect other lines properly.

5.1. Main Protection Scheme Evaluation

To evaluate the proposed protection scheme, different faults with different fault re-
sistances at line 4 were studied. Moreover, faults at lines 3 and 5 are investigated for its
performance in external faults. The fault occurs at t = 10 s and the sampling frequency is
200 Hz.

Ci should be set in order to be positive for the highest intended fault resistance at the
end of the line. Therefore considering faults at 90% of line 4 and fault resistance 50 ohm,
Csp, Coig, Ci, and Cstc were obtained 550, 330, 550, and 1640 respectively.

Figure 15 shows FDIsr curve for a three-phase fault with a fault resistance 0.01 ohm
at 50% of line 4 and 10% of line 5 in the grid-connected mode. When a fault happens at
line 4, FDIsr raises quickly and remains positive. However, when a fault occurs at 10% of
line 5, FDIsr increases transiently and droops rapidly. Considering all fault types with
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different resistances at different locations, M (number of samples in which FDIi should
remain positive) was equal to 6.

4
3 o----—--—-=---fF-=-=-"=-"=-"=-"=-=-=-=---
a 2 a -1
_v") ._"’)
=] 1 =
= =
P [ S|
-3
-1
4 | | | J
9.95 10 10.05 10.1 10.15 9.95 10 10.05 10.1 10.15
time(sec) time(sec)
(a) (b)

Figure 15. FDIsr for three-phase fault with resistance 0.01 ohm in grid-connected mode at (a) 50% of line 4 (permanently
positive) (b) 10% of line 5 (transiently positive).

Tables1-4 show FDIi values of the relay at beginning of line 4 after 6 consecutive
positive samples, and response time of the proposed scheme for fault resistance 0.01 to 50
ohm. For the faults at line 4, FDIi was positive constantly, and trip command was gener-
ated after 6 consecutive positive samples for Brk4 to disconnect the faulty line. Moreover,
for external faults (in adjacent lines), FDIi remains negative or becomes transiently posi-
tive, and then the trip command is not generated. Similarly, this scheme can be imple-
mented for the relay at the end of line 4 to command Brk5. Therefore, Brk4 and Brk5
disconnect the faulty line.

Unlike the transmission lines, because of a short distance between data sending and
receiving points, in distribution lines noise presence in transmitted data is rare, and usu-
ally, it is not investigated. Moreover, due to short lines in distribution networks, fault
location determination is not applicable.

Table 1. Performance of the proposed main scheme in 3P faults

. 7]
2]
< = o g
o = S) N «
= 2 = 5 s
c =1 8 E 3 =]
S A 3 © =) 3
s & = | = £
5 2 = - o
o = = e o
o E "
= =]
10% of Line 4 Yes 3.94 v 30
50% of Line 4 Yes 4.06 v 30
3P-0.01Q2 90% of Line 4 Yes 3.21 v 35
10% of Line 3 No TP v -
- 10% of Line 5 No TP v -
§ 10% of Line 4 Yes 2.69 v 30
g 3P-1Q 50% of Line 4 Yes 243 v 30
3 90% of Line 4 Yes 1.72 v 30
E 10% of Line 4 Yes 1.7 v 30
© 3P-10Q 50% of Line 4 Yes 1.44 v 30
90% of Line 4 Yes 0.74 v 35
10% of Line 4 Yes 1 v 30
3P-50Q2 50% of Line 4 Yes 0.75 v 35
90% of Line 4 Yes 0.05 v 50
9 i . 4 30
5 88~ 3p0010 10% of Line 4 Yes 4.63
== ' 50% of Line 4 Yes 421 v 30
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90% of Line 4 Yes 3.46 v 30

10% of Line 3 No TP v -

10% of Line 5 No TP v -
10% of Line 4 Yes 2.69 v 30
3P-1Q 50% of Line 4 Yes 2.44 4 30
90% of Line 4 Yes 1.73 v 30
10% of Line 4 Yes 1.69 4 30
3P-10Q 50% of Line 4 Yes 1.44 v 30
90% of Line 4 Yes 0.74 4 30
10% of Line 4 Yes 1 4 30
3P-50Q2 50% of Line 4 Yes 0.74 4 35
90% of Line 4 Yes 0.04 v 45

TP: Transiently positive.
Table 2. Performance of proposed main scheme in DLG faults.

2 = g N o g
- 5 2 3 s 2
= 5 g = ~ p

o 5 S ~ ) - g
2 v = ] Q o i:
= L~ = < = = .
g = g 3 S g
8 v—=1 [~ = é

s =

10% of Line 4 Yes 3.75 v 30
50% of Line 4 Yes 3.7 v 30
DLG-0.01Q 90% of Line 4 Yes 2.79 v 40

10% of Line 3 No TP v -

- 10% of Line 5 No Negative v -
~§ 10% of Line 4 Yes 2.69 v 30
é DLG-1Q 50% of Line 4 Yes 242 v 30
g 90% of Line 4 Yes 1.7 v 30
E 10% of Line 4 Yes 1.69 v 30
o DLG-10Q 50% of Line 4 Yes 1.44 v 30
90% of Line 4 Yes 0.74 v 40
10% of Line 4 Yes 1 v 30
DLG-50Q 50% of Line 4 Yes 0.74 4 35
90% of Line 4 Yes 0.05 v 50
10% of Line 4 Yes 4.48 4 30
50% of Line 4 Yes 3.85 v 30
DLG-0.01Q 90% of Line 4 Yes 2.96 4 30

10% of Line 3 No TP 4 -

10% of Line 5 No TP v -
- 10% of Line 4 Yes 2.69 v 30
—§ DLG-1Q 50% of Line 4 Yes 2.43 v 30
= 90% of Line 4 Yes 1.72 4 30
- 10% of Line 4 Yes 1.69 4 30
DLG-10Q 50% of Line 4 Yes 1.44 4 30
90% of Line 4 Yes 0.73 4 30
10% of Line 4 Yes 1 v 30
DLG-50Q 50% of Line 4 Yes 0.74 4 30
90% of Line 4 Yes 0.04 v 40

TP: Transiently positive.
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Normally, in the short circuit faults investigations, the pre-fault line currents are
ignored because the fault current is high. However, for high impedance faults, it is not
high compared to the loads currents, and may affect the performance of the protection
system. So, In order to investigate the effect of loads and DGs currents on the perfor-
mance of the proposed high impedance faults detection scheme, another pre-fault condi-
tion was considered. In this case, loads in the microgrid, i.e., loads 1 to 6, were considered
doubled and DG 3 was off. Moreover, to investigate the fault inception angle effect, the
initiation time of fault was considered 10.005 s (fault inception angle was g rad).

The results in Table 5 show the correct performance of the proposed scheme in the
new pre-fault conditions. So, this scheme is robust against loads and generation uncer-
tainties, and fault inception angle variations.

In order to evaluate the performance of the proposed scheme in transient situations
due to load changes, a 30 kVA load was added to the bus E att = 10 s. According to cor-
responding FDIsr curves in Figure 16, connecting this load did not make a permanent
positive FDIsp, and the performance of the protection system was not challenged.

Therefore, the proposed scheme can detect all fault types correctly in grid-connected
and islanded modes. Moreover, the results show its response time is 30 to 50 ms, which
its average is 32.8 ms. This indicates the operation of the proposed main scheme is almost
34% faster than other ones such as [27]. Moreover, the low sampling rate (200 Hz) is one
advantage of this scheme.

Table 3. Performance of the proposed main scheme in LL faults.

% 2 : 3
g c § p £ &
i E g 5 2 Y
§ ) 2 ® a g g
=} [ = <= = = -
g > E p & &
o - = =] O 7]
o 8 2 =
=5 =
10% of Line 4 Yes 4.47 v 30
50% of Line 4 Yes 3.82 v 30
LL-0.01Q 90% of Line 4 Yes 2.92 v 40
10% of Line 3 No TP 4 -
- 10% of Line 5 No Negative v -
g 10% of Line 4 Yes 2.69 v 30
E LL-1Q 50% of Line 4 Yes 2.43 v 30
g 90% of Line 4 Yes 1.72 v 40
B 10% of Line 4 Yes 1.69 v 30
© LL-10Q 50% of Line 4 Yes 144 v 30
90% of Line 4 Yes 0.74 4 40
10% of Line 4 Yes 1 v 30
LL-50Q 50% of Line 4 Yes 0.74 4 35
90% of Line 4 Yes 0.05 v 50
10% of Line 4 Yes 4.54 v 30
50% of Line 4 Yes 3.93 v 30
LL-0.01Q 90% of Line 4 Yes 2.99 v 30
- 10% of Line 3 No TP 4 -
§ 10% of Line 5 No TP v -
= 10% of Line 4 Yes 2.69 4 30
- LL-1Q 50% of Line 4 Yes 2.43 v 30
90% of Line 4 Yes 1.72 v 30
10% of Line 4 Yes 1.69 v 30
LL-100 50% of Line 4 Yes 1.44 v 30
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90% of Line 4 Yes 0.74 4 30
10% of Line 4 Yes 1 v 30
LL-50Q 50% of Line 4 Yes 0.74 4 30
90% of Line 4 Yes 0.04 v 40
TP: Transiently positive.
Table 4. Performance of the proposed main scheme in SLG faults.
g
) - =
3 E § N « £
p= = £ k] © o o
§ g8 § % K - g
7 " : : = F G
R
10% of Line 4 Yes 4.5 v 30
50% of Line 4 Yes 391 v 30
SLG-0.01Q 90% of Line 4 Yes 3.08 v 35
10% of Line 3 No TP 4 -
- 10% of Line 5 No TP v -
g 10% of Line 4 Yes 2.69 v 30
é SLG-1Q 50% of Line 4 Yes 2.43 v 30
1 90% of Line 4 Yes 1.73 v 35
E 10% of Line 4 Yes 1.69 v 30
O sLG100 50% of Line 4 Yes 1.44 v 30
90% of Line 4 Yes 0.74 4 45
10% of Line 4 Yes 1 v 30
SLG-50Q 50% of Line 4 Yes 0.75 4 35
90% of Line 4 Yes 0.07 4 45
10% of Line 4 Yes 453 4 30
50% of Line 4 Yes 3.97 v 30
SLG-0.01Q 90% of Line 4 Yes 3.02 v 35
10% of Line 3 No TP v -
10% of Line 5 No TP 4 -
- 10% of Line 4 Yes 2.69 v 30
§ SLG-1Q 50% of Line 4 Yes 2.43 v 30
= 90% of Line 4 Yes 1.73 4 35
- 10% of Line 4 Yes 1.69 v 30
SLG-10Q 50% of Line 4 Yes 1.44 v 35
90% of Line 4 Yes 0.74 v 35
10% of Line 4 Yes 0.99 v 35
SLG-50Q 50% of Line 4 Yes 0.74 v 35
90% of Line 4 Yes 0.05 v 50

TP: Transiently positive.
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Table 5. Performance of the proposed main scheme in new pre-fault conditions.

g g
v =] —_
E] = s o} -
£ = g & = 5 g
] o p— V a o -
‘a o - = ] - =
5 2 = ot 5 8.
) bt = v O iy
& E = g &
& £
o 3P-50Q 90% of Line 4 Yes 0.029 v 50
S DLG-50Q 90% of Line 4 Yes 0.029 v 50
T2 LL-500 90% of Line 4 Yes 0.027 v 50
© SLG-50Q 90% of Line 4 Yes 0.014 v 45
< 3P-50Q 90% of Line 4 Yes 0.035 v 50
%é DLG-50Q 90% of Line 4 Yes 0.038 v 40
k| LL-50Q 90% of Line 4 Yes 0.037 v 40
- SLG-50Q) 90% of Line 4 Yes 0.027 v 50

. 10 10.1 10.2 10.3
time(sec) time(sec)

() (b)

Figure 16. FDIsr for load change at bus E in (a) grid-connected mode (negative) (b) islanded mode (transiently positive).

5.2. Backup Protection Scheme Evaluation

Since, for the faults with resistance, the pre-fault conditions affect during the fault
impedance, fault types at lines 4 and 5 with fault resistance 2 ohm have been studied in
several pre-fault conditions in order to evaluate the backup protection scheme. The
conductance seen from bus A has been measured. The pre-fault conditions were consid-
ered as follows:

The maximum sudden load change in the low voltage distributed network was as-
sumed 30 KVA with power factor 0.9 lag. Considering this load change, CVIur was ob-
tained 0.1875.

If a fault occurs at lines 4 or 5 and their relays fail to recognize fault within 50 ms in
their main zones, the relay at the beginning of line 4 will detect the fault in the backup
zone and will command a trip. However, if relays detect the fault in the main zones and
command a trip, the relay at the beginning of line 4 will see another change after the first
one in a time shorter than 50 ms and will be reset. So, N must be greater than M, there-
fore, it was considered 40 equivalent to 200 ms, which is the normal response time for
backup schemes. The performance of the proposed backup protection scheme and the
reactance-based one explained in [27], have been compared in Tables 6-9. Results
showed that different pre-fault conditions did not affect the accurate performance of the
proposed backup scheme. This scheme could detect fault types downstream of the relay
in both grid-connected and islanded modes and did not command trip for the fault at
upstream of the relay (at line 3) and adding load 30 kVA at the end of line 5. According to
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these results, the reactance-based scheme in [27] performed correctly for 60% and, the
proposed scheme detected faults for 100% of cases.

“on

Table 6. Backup protection performance in pre-fault conditions “a”.

o o : £ v =1 .
2 g g 25 ©§ )
A = . a8 33 3%
:E B R 5 83 $3z T
S~ E sf iE ff
& i g g 9 99

10% of Line 3 0.01 No v v

3P 90% of Line 4 0.49 Yes v x

90% of Line 5 0.47 Yes v x

10% of Line 3 -0.04 No v 4

i DLG 90% of Line 4 1.38 Yes v x

g 90% of Line 5 1.22 Yes v x

g 10% of Line 3 0 No v v

5 LL 90% of Line 4 0.92 Yes ¥ x

5 90% of Line 5 0.83 Yes v x

10% of Line 3 -0.03 No v v

SLG 90% of Line 4 0.57 Yes v x

90% of Line 5 0.33 Yes 4 x

load 100% of Line 5 0.17 No v v

10% of Line 3 -0.16 No v v

3P 90% of Line 4 0.33 Yes v x

90% of Line 5 0.31 Yes v x

10% of Line 3 -0.55 No v v

DLG 90% of Line 4 0.90 Yes v v

@ 90% of Line 5 0.80 Yes v v

g 10% of Line 3 -0.37 No v 4

& LL 90% of Line 4 0.59 Yes v x

90% of Line 5 0.53 Yes v v

10% of Line 3 -0.23 No v v

SLG 90% of Line 4 0.42 Yes v v

90% of Line 5 0.23 Yes v x

load 100% of Line 5 0.11 No v v

(a) Loads and DGs properties were considered similar to section IV.
(b) Loads powers in the microgrid were doubled compared to condition “a”.

(c) Loads powers in the microgrid were halved compared to condition “a”.
(d) Loads powers were similar to condition “a” but DG2 and DG3 were disconnected.

Table 7. Backup protection performance in pre-fault conditions “b”.

v = & > - & - =
£ g g £y 3E S8
o 2 = = Sag Lo Y
) & S o > 3 o9 Mg & -
= = | = Q L E "S ":.'J % o Y
« = "N s @2 o &
9] = = oa, F =
=] = = =) o =
2 < © s 2 o g O 9
@] = B - & V7]
) £ g 3p 10% of Line 3 0 No v v
' 90% of Line 4 0.46 Yes v x
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90% of Line 5 0.44 Yes v x

10% of Line 3 -0.03 No v v

DLG 90% of Line 4 1.30 Yes v v

90% of Line 5 1.13 Yes v x

10% of Line 3 -0.03 No v v

LL 90% of Line 4 0.86 Yes v x

90% of Line 5 0.76 Yes v x

10% of Line 3 -0.03 No v v

SLG 90% of Line 4 0.55 Yes v x

90% of Line 5 0.31 Yes v x

load 100% of Line 5 0.16 No v v

10% of Line 3 -0.16 No v v

3P 90% of Line 4 0.32 Yes v x

90% of Line 5 0.30 Yes v x

10% of Line 3 -0.52 No v v

DLG 90% of Line 4 0.80 Yes v x

2 90% of Line 5 0.78 Yes v v

E 10% of Line 3 037  No ¥ v

I LL 90% of Line 4 0.59 Yes v x

90% of Line 5 0.52 Yes v x

10% of Line 3 -0.23 No v v

SLG 90% of Line 4 0.42 Yes v x

90% of Line 5 0.22 Yes v x

load 100% of Line 5 0.11 No v v

Table 8. Backup protection performance in pre-fault conditions “c”.
()
i $§sf 3R
= 3 = SL £ f

§ 3 g8 5 e Eg ~ 8
= = - = @) o 9 o o 9
5 = = =8 Eg £ £
2. E E 28 S8 LR
o = = & & & »

10% of Line 3 0 No v v

3P 90% of Line 4 0.49 Yes v x

90% of Line 5 0.47 Yes v x

10% of Line 3 -0.03 No v x

2 DLG 90% of Line 4 1.37 Yes v

g 90% of Line 5 1.23 Yes v v

5 10% of Line 3 -0.02 No 4 v

% LL 90% of Line 4 092  Yes v x

5 90% of Line 5 0.84 Yes v x

10% of Line 3 -0.02 No v v

SLG 90% of Line 4 0.57 Yes v x

90% of Line 5 0.34 Yes v v

load 100% of Line 5 0.18 No v v

10% of Line 3 -0.16 No v v

3P 90% of Line 4 0.33 Yes v x

o 90% of Line 5 0.32 Yes v x

§ 10% of Line 3 -0.53 No v v

= DLG 90% of Line 4 0.88 Yes v v

- 90% of Line 5 0.79 Yes v x

LL 10% of Line 3 -0.37 No v v

90% of Line 4 0.60 Yes v v




Energies 2021, 14, 274 21 of 23

90% of Line 5 0.54 Yes v v

10% of Line 3 -0.24 No v v

SLG 90% of Line 4 0.42 Yes v v

90% of Line 5 0.23 Yes 4 x

load 100% of Line 5 0.11 No v v

Table 9. Backup protection performance in pre-fault conditions “d”.

- 2 s 3 :5
= o = g eET e §C
o g T =g 5 g & ES 2 E =
= > S = O &f<ep s el
g £ s ==8g2d g5
& E Ei EE S S
o = = =~ 0

10% of Line 3 0 No v v

3P 90% of Line 4 0.50 Yes v v

90% of Line 5 0.42 Yes v v

10% of Line 3 0 No 4 v

g5 DLG 90% of Line 4 142 Yes v v

é 90% of Line 5 1.26 Yes 4 v

g 10% of Line 3 0 No v v

s LL 90% of Line 4 095  Yes v

5 90% of Line 5 088  Yes v v

10% of Line 3 0 No v v

SLG 90% of Line 4 0.85 Yes v v

90% of Line 5 0.77 Yes 4 v

load 100% of Line 5 0.17 No 4 v

6. Conclusions

Despite microgrids’ numerous advantages, their development and extension in dis-
tribution networks have made serious challenges for network protection systems, and
fault detection is challenged by traditional methods.

In this article, by reconfiguring sequence equivalent circuits for the faults types in
distribution and transmission lines, new equivalent circuits for positive, negative, and
zero sequences are presented. These circuits are called simplified positive sequence (SPS),
simplified negative sequence (SNS), and simplified zero sequence (SZS) circuits. Then, by
applying star to delta transform, the proposed circuits are converted to equivalent delta
ones. The impedances in these circuits were estimated approximately using the voltages
and currents measured at the ends of the line. The Significant change in one of these
impedances during the faults is the basis of the proposed main protection scheme for the
active distribution lines in microgrids. In this scheme, indexFDI is proposed for faults
detection in both grid-connected and islanded modes, and because it is based on im-
pedance, fault level changes due to the microgrid operation modes (islanded and
grid-connected) or loads changes, do not affect its performance. Its average response time
shows its fast performance. Voltage and current at beginning of the line and absolute
value of positive sequence voltage send from the end of the line are used in this scheme.
Therefore, at least 50% of the communication system is released. High impedance faults
detection capability and low sampling rate are among the advantages of the proposed
scheme. Robustness against network reconfigurations, correct performance in presence
of infeed, transient situations, and load and generation uncertainties are capabilities of
the proposed scheme.

Also, CVI based on the conductance variation has been proposed for downstream
lines backup protection in grid-connected and islanded modes. No requirement to any
communication link is a distinguished advantage of this scheme, so if the communication
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link is disconnected or the main protection is failed, it will be capable to protect the
network. Moreover, it is independent of pre-fault conditions.

The proposed schemes have been simulated using PSCAD and MATLAB software
and the results have confirmed their accuracy.
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