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Abstract

Converter interfaced distributed generations in a microgrid feed the modulated current of

limited magnitude during fault conditions. The protection design and its operation are thus

challenging due to limited fault current which is further reduced by Petersen coil ground-

ing in medium-voltage (MV) level. This paper aims to address this challenge by developing

a current-only directional relay algorithm for the protection of converter dominated MV

microgrid with Petersen coil grounding. The relay’s operating principle is based on the sign

of the change in phase angle of the fault current with respect to the prefault which indicates

the direction of fault. The negative and positive changes in current’s phase angle determine

the fault in forward and reverse direction, respectively. The tripping decision is derived

by comparing the binary output of the relay at both ends of the line segment under pro-

tection. This requires a simple, flexible and low bandwidth communication channel. Both

theoretical analyses and simulation studies have been performed on a typical distribution

grid intended to be operated as microgrid. The proposed protection method is suitable for

microgrid having the converters with and without reactive power support. Various oper-

ating conditions are evaluated, including bidirectional power flow, high resistance fault,

different fault types, loading conditions and signals with noise.

1 INTRODUCTION

Microgrid is now a reliable energy solution of electrifying

remote areas and smart cities at low- or medium-voltage

level [1]. Renewable-powered generators, such as solar pho-

tovoltaic (PV), wind turbines and battery energy storage sys-

tems (BESSs) are usually connected to the microgrid through

voltage source converters (VSCs) [1, 2]. The current contribu-

tion from VSC during fault condition is dominated by its control

and limited to rated current. Such a low fault current makes it

difficult for the traditional overcurrent relay to detect the fault

[3]. If the fault is not detected and cleared in due time, there may

be significant damage to the equipment exposed to the fault

current. In practice, one way to solve this problem is to over-

dimension the converter of the BESS so that it can provide,

for example, three times the rated load current under fault con-

ditions and make it suitable for conventional overcurrent relay
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operation. This, however, requires additional investment cost on

the converter, and also reduces the converter efficiency during

normal operation.

Furthermore, overhead lines in distribution grids are com-

monly replaced by underground cable to improve power supply

reliability by reducing interruption due to poor weather condi-

tions [4]. In underground cable systems, faults are more likely to

be permanent and the charging current is significant, especially

for a phase-to-ground fault. The total charging current at fault

point is three times that of per phase in normal operation

[5]. Petersen coil is used for the neutral grounding of MV

distribution transformer to compensate the charging current

during the ground faults [6].

Converters are typically ungrounded and generate only

positive-sequence current even during unbalance fault [7, 8].

Negative- and zero-sequence-based directional relays are not

reliable for the protection of converter dominated microgrids

IET Gener. Transm. Distrib. 2021;1–13. wileyonlinelibrary.com/iet-gtd 1
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[9]. Current differential principle is still a suitable protection

method of such a microgrid due to its invulnerable nature to

bidirectional power flow, fault current levels, distributed gener-

ation (DG) location and operating modes [10, 11]. This would

require the installation of differential protection at each section

of a feeder, with high bandwidth communication and low time

synchronization error. These make it an expensive investment

[12]. Furthermore, the differential protection may fail to operate

under high resistance fault. In addition, the non-identical nature

of current at both ends of the cable segment due to the influ-

ence of different converter control makes it difficult to set the

parameter of the differential protection properly [13, 14].

To tackle the fault detection and protection issues with

limited fault current, authors in [15] propose traveling-wave-

based protection for converter dominated microgrids. The ini-

tial current-wavefront feature is used for the fault detection.

However, in practice, the distance between the buses are not

long in microgrids and hence, the initial current-wavefront will

not be accurate for selective operation of protective devices. In

[16], a protection method for microgrid is proposed using pos-

itive sequence components of voltage and current. The pro-

tection issue with bidirectional power flow is not studied in

[16], despite the method uses additional voltage measurement

for protection decision. A multi-agent-based directional over-

current protection scheme for traditional distribution systems

is proposed in [17]. However, this method does not address the

issues related to microgrid protection. The protection selectivity

issue is handled in [18] using abc-dq transformation of voltage-

based method in microgrids. For a fault, the q-component of

voltage exceeds the predefined set value and trip signal is gener-

ated for the corresponding circuit breaker to achieve the selec-

tivity. However, the voltage-based protection is not sensitive in

case of the fault with high resistance and at the remote-end of a

long feeder. Another important issue associated with protection

selectivity is bidirectional power flow in microgrids. Current-

based protection without directional property cannot identify

the fault in forward or reverse direction, and thus directional

relay is a solution for selective protection of microgrids. How-

ever, the conventional overcurrent directional relay uses voltage

information as a reference quantity and the phase angle differ-

ence of current with respect to the voltage reference estimates

the direction of fault [19]. This would require additional invest-

ment on voltage transformer in distribution systems [20]. More-

over, the operation of conventional directional relay is unreliable

for a close-in-fault that causes voltage collapse at relay point

resulting unavailability of reference voltage quantity. Therefore,

current-only directional relay will be a more reliable and eco-

nomic solution for microgrids.

Typically, the communication-assisted protection schemes

are more effective for converter dominated microgrids [11, 21].

Such methods will be more viable and adoptable, if the cost of

communication will be reduced by any means. One way to make

the low-cost communication system is by exchanging minimum

information using low bandwidth channel between relays [14].

However, high resistance fault and its effects on fault current

direction during different loading conditions are not considered

in [14]. In [22], communication-assisted protection using artifi-

cial neural network (ANN)-based overcurrent protection is pro-

posed to determine the direction of fault in microgrids. Adapt-

ing the ANN, centralized controller and zone controller are used

for coordination of the protection devices and correct faulted

segment identification. Nonetheless, the method requires time

synchronized data and only applicable to grid connected micro-

grids. A mixed integer linear-program-model-based protection

coordination method in distribution network is proposed in

[23], where the technique is suitable for radial systems with-

out consideration of DG integration. Similarly, another method

in [24] for protection coordination of microgrid requires addi-

tional voltage measurement to obtain q-component of current.

This paper proposes an algorithm that uses the angle change

of the positive-sequence current to derive the protection deci-

sion. The positive and negative change in phase angle turn to the

binary status as 1 and 0, respectively. The trip signal is enabled

based on XOR gate logic output, for example, unequal binary

status at both ends of the line segment. Evaluation of the pro-

posed algorithm is performed using simulation study on a yet

typical network for various cases including no load, loading con-

ditions, high resistance fault and bidirectional power. The main

contributions of the paper include the following:

∙ Development of a new protection algorithm based on

current-only directional principle to address the limited fault

current due to converter’s current limiting capability.
∙ The proposed algorithm does not use voltage measurement

and only transfers binary signal during a disturbance. There-

fore, low cost communication channel with low bandwidth is

required.
∙ For a fault in a microgrid, the current fed by the VSC depends

on the control strategy adopted. Detailed analysis of fault cur-

rent contribution by VSC with and without reactive power

support is carried out.
∙ Fault current limitation due to Petersen coil grounding for a

ground fault is also addressed.
∙ The proposed algorithm is able to detect all types of shunt

faults.
∙ The algorithm performs well for high resistance fault, even

when the direction of current at remote end does not alter.

The rest of the paper is organized as follows. Section 2

describes protection issues including a Petersen coil ground-

ing network. The current contributed by the VSC along with

the theoretical analysis is presented in Section 3. The proposed

current’s phase-angle-change-based protection algorithm is pre-

sented in Section 4. In Section 5, the simulation results of the

proposed algorithm are shown. Finally, the conclusion of the

work is provided in Section 6.

2 PROTECTION OF
MEDIUM-VOLTAGE MICROGRID WITH
PETERSEN COIL GROUNDING

A medium-voltage microgrid of 10 kV is shown in Figure 1.

The microgrid operates as grid-connected and islanded modes
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FIGURE 1 A medium-voltage microgrid with converter interfaced

sources

with closing and opening of breaker B, respectively. Wind tur-

bine with converter is integrated to the microgrid at bus J. BESS

interfaced with VSC is connected at the substation bus M to

keep the power balance of the microgrid operation. The neutral

of star connected winding of the utility grid substation trans-

former is grounded through Petersen coil (PC) to have the

advantages of both grounded and ungrounded systems. Fur-

thermore, the neutral of star connected transformer at wind tur-

bine and BESS is solidly grounded to allow the zero-sequence

current flow during a ground fault in the microgrid.

In local grids, underground cables are used for power transfer

with improved supply reliability by reducing the interruption

due to bad weather conditions [4]. The charging current in such

a cable dominated system causes serious concern during ground

faults. Therefore, in Europe, it is suggested to ground the neu-

tral of star connection of the substation transformer through a

PC to minimize the capacitive earth current during earth faults

[25]. For a line-to-ground fault, the zero-sequence current is

canceled by the PC and the total fault current magnitude is

determined by the grounding resistor connected in parallel

to PC. Thus, conventional phase overcurrent and earth-fault

protections do not operate for such a low current with no zero-

sequence in PC grounding systems. The neutral voltage (Vn)

displacement and initial transient behavior of zero-sequence

current are used for ground fault detection, and the parallel

resistor helps in identification of the correct faulted feeder

[25]. However, Vn is not decisive for a ground fault with high

resistance (small displacement of Vn) and network unbalance

during non-fault (large displacement of Vn) situations. These

issues related to phase overcurrent relays and Vn displacement

are associated with grid-connected converter dominated micro-

grid with substation transformer grounded through PC. In

islanded mode, the effect of PC disappears for ground faults

and hence, the zero-sequence current flows. Note that the flow

of zero-sequence current highly depends on the transformer

connection of DG. In this case, the earth-fault protection oper-

ates correctly and can be considered as a backup protection [26,

27]. However, in case of ungrounded neutral of the transformer

at DG, there will be no zero-sequence current flowing in the

islanded microgrid during a ground fault. In this case, the avail-

able overcurrent and earth-fault protections cannot provide

a reliable solution for converter dominated microgrids. The

protection issues and challenges of converter dominated MV

microgrids are further described in [28]. The proposed method

FIGURE 2 Fault current from a converter during forward and reverse

direction fault

FIGURE 3 Change in converter current pattern for forward fault (above)

and reverse fault (below)

addresses such issues and provides a protection solution based

on the sign of change of current’s phase angle.

3 NATURE OF CURRENT FROM
CONVERTERS

A fault leads to a change in not only voltage magnitude but also

in phase angle [29, 30]. This also leads to the change in current

angle before and during the fault. The increasing or decreasing

of current angle depends on the fault impedance, types, location

and prefault power flow direction. Figure 2 shows a simplified

system with a converter interfaced source that is capable of

delivering and absorbing both active and reactive current for

explaining the basic of angle change. This paper focuses on

converter current and therefore, the nature of icon is analyzed

for the forward direction fault (FDF) and reverse direction

fault (RDF). In this case, only phase-a current of icon is plotted

as shown in Figure 3. It is observed that, the phase angle of

icon is changing negative and positive direction during FDF and

RDF, respectively.

The above approach is further extended to three phase sys-

tems of current contribution from converter with controller.

The VSC connecting the wind turbine to the microgrid acts as

a grid following source and the inverter interfaced BESS acts as

grid supporting source [31]. The phase angle of current depends

on the amount of active (Id) and reactive (Iq) components of

current provided by the converter during fault [32]. The charg-

ing current is reactive in nature that could be added or sub-

tracted to the reactive (q-component) current provided by the

VSC in the faulted phase. Furthermore, the reactive current is

defined by the grid code followed by the system operator. In this

paper, E.ON grid code is considered as shown in Figure 4 [33,

34]. The VSC controls the active component of current at 1 p.u.

with no reactive component for voltage more than or equal to

0.9 p.u. For the voltage dip of less than 0.9 p.u., the VSC starts
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FIGURE 4 Reactive power support with respect to voltage at PCC

FIGURE 5 Sign convention of d- and q-component of current entering

to and leaving from a bus during fault

injecting reactive current with a reference, twice of (0.9 - |V1|).
In case of voltage below 0.4 p.u., the VSC provides only reactive

current of its full capacity. Figure 5 shows a four quadrant plane

of Id and Iq with the sign convention of power flow assumed in

this paper. From (1), converter delivers both P and Q with pos-

itive Id and negative Iq, thus the case is shown in fourth quad-

rant in Figure 5. Similarly, P-jQ, −P + jQ and −P − jQ will be

in first, third and second quadrants, respectively.

P + jQ = VdId − jVdIq. (1)

Different factors are considered when evaluating current angles,

including prefault power flow direction, load power factors,

fault resistance, and reactive current support from VSC. Table 1

summarizes these different possible cases which are broadly cat-

egorized into four different study cases as below:

3.1 Case 1—Fault current contribution from
both ends

Figure 6 shows a low resistance fault at the middle of the line

segment MN and all other sources are represented by their

Thevenin equivalent of Figure 1. The currents from M and N

sides to the fault point have both active and reactive compo-

nents (being no/light load at bus N). In this case, the fault cur-

rents fed from both ends are inductive which is evident from the

phasor diagrams of Figure 7. The change in phase angles during

fault with respect to prefault are negative and positive at M and

N sides, respectively. In the Swedish medium voltage network,

the free annual reactive power exchange with the Vattenfall util-

ity grid is 25% [35]. This corresponds to 0.95 lagging/leading

pf with currant’s phase angle varying between ± 18◦ (Figure 7).

Even with such a value of initial phase angle of current, the pro-

posed angle-change-based method performs correctly.

3.2 Case 2—High resistance fault during
full load unity pf

Figure 6 shows the direction of currents for a high resistance

fault during full load condition with unity pf at bus N. This

causes the division of total active component of current fed

from M into fault loop and load. From the phasor diagram

shown in Figure 8, it is clear that IMN shifted to fourth-quadrant

and INM to third-quadrant. Hence, the change in angle of cur-

rent at M and N sides are negative and positive, respectively.

3.3 Case 3—High resistance fault during
full load lagging pf

This case is studied about the lagging pf loading. During full

load condition, if a high resistance fault occurs, the direction of

active and reactive component of current are shown as in Fig-

ure 6. The fault current at M and N are in fourth- and second-

quadrant, respectively (refer Figure 9). This leads to a negative

change in phase angle of the currents at both ends. Therefore,

another feature is added to take the correct protection decision

based on magnitude change in positive-sequence current. For a

high resistance fault, the direction of current in the remote end

of the faulted segment does not alter (Figure 9). In addition, the

active and reactive components of current reduce in magnitude

as the shunt fault comes in parallel to the load. Thus, |IF1

NM
| <

|INM|, or �INM = |IF1

NM
| - |INM| is negative. Note that the sign

of |�INM| during the high resistance fault depends on the type

of loading at bus N. Such as

�INM =

⎧
⎪⎨⎪⎩

negative, if constant impedance load

positive, constant power load

zero, constant current load

In this paper, constant impedance load is considered. The set-

tings of the proposed protection can be modified according to

prior knowledge on type of loading in the systems.

3.4 Case 4—Fault on a radial and
unidirectional power flow feeder

In this case, in Figure 6, a fault is occurred in the line segment

MN with no power (P and Q) output from the DG at bus J. The
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TABLE 1 Various operating conditions during a fault in the microgrids as shown in Figure 1

Fault in the line segment MN

Bolted fault Fault with high R f

IMN INM IMN INM

Reactive current

support

Operating condition: Prefault power flow is from

M to N IdM IqM IdN IqN IdM IqM IdN IqN

DG without reactive

current support

Feeding from both M

and N

Heavy loading (case 2) IdM 0 IdN< 0 IdM 0 IdN< 0

No/light loading (case 1) IdM 0 -IdN 0 IdM 0 -IdN 0

Feeding from M side Heavy loading (case 3) IdM 0 IdN< 0 IdM 0 IdN 0

No/light loading (case 4) IdM 0 0 0 IdM 0 0 0

DG with reactive

current support

Feeding from both M

and N

Heavy loading (case 2) IdM IqM -IdN -IqN IdM IqM IdN IqN

No/light loading (case 1) IdM IqM -IdN -IqN IdM IqM -IdN -IqN

Feeding from M side Heavy loading (case 3) IdM IqM IdN< IqN< IdM IqM IdN IqN

No/light loading (case 4) IdM IqM 0 0 IdM IqM 0 0

FIGURE 6 Faulted segment MN of the system shown in Figure 1

FIGURE 7 Case 1 - Phasor diagram during low resistance fault on the

line segment MN

fault current is fed from M side only. The phasor diagram in Fig-

ure 10 shows that the change in phase angle of IMN is negative.

For a fault during no load conditions, there is no current avail-

able at N. Moreover, for a high resistance fault during full load,

the fault current at N side will be in second-quadrant, and hence,

FIGURE 8 Case 2 - Phasor diagram diagram during high resistance fault

and heavy loading conditions

FIGURE 9 Case 3 - Phasor diagram during a high resistance fault and no

reactive current support from N side

FIGURE 10 Case 4 - Phasor diagram during a low resistance fault with

no load in single source radial network

negative angle change. The protection decision will be taken

based on the criterion of superimposed positive-sequence cur-

rentΔINM1. In this case, the value is negative as described above.

4 PROPOSED PROTECTION
ALGORITHM

In this paper, the positive-sequence current is used to develop

the proposed protection algorithm. By this, the limitation per-

sists with the absence of negative-sequence component in con-

verter output is overcome. Further, positive-sequence current is
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FIGURE 11 Equivalent positive-sequence circuit diagram during a three

phase fault

present in all types of faults. An ideal protection scheme deals

with two important steps, that is, fault detection followed by the

protection decision.

4.1 Fault detection

Unlike conventional distribution systems, the sample-to-sample

or cycle-to-cycle approach cannot be used for fault detection in

converter dominated microgrid as the current is limited to 1 p.u.

within a cycle during fault [36]. Fault detection using sequence

components of current could be an alternative in microgrids

[32]. However, converter with negative-sequence control and

balanced fault do not contain negative- or zero-sequence com-

ponents. Therefore, a fault detection method is proposed using

d- and q-components of current as follows:

|||�IqM
|||

|�IdM| ≥ 0.02, (2)

where �IqM = IqM(t2 ) − IqM(t1 ) and �IdM = IdM(t2 ) − IdM(t1 )

are the change in q- and d-components of current at bus M. The

threshold is set as 0.02 as the followed grid code suggests 2%

increase in Iq for the voltage drop of every 1% below 0.9 p.u.

A fault or disturbance is confirmed if three consecutive ratio

exceeds the threshold.

In the Figure 11, the positive-sequence equivalent circuit dia-

gram is shown during the fault F1. The total fault current can be

expressed as

IF1 = I
F1
MN

+ I
F1
NM

,

I
F1
MN

= Ig + Ieq1,

I
F1
NM

= Ieq2,

(3)

where Ig, Ieq1 and Ieq2 are the current contributions from the

grid, equivalent converter interfaced DGs at bus M and N,

respectively. The utility grid provides reactive power during

fault. In addition, converter interfaced DGs also provide reac-

tive component of current during fault [1]. This implies the cur-

rents contributed to the fault from both sides of the faulted

line segment contains reactive component which lead to low

power factor or large phase angle. The aforementioned is true

for both grid-connected and islanded modes of converter dom-

inated microgrid operations.

4.2 Angle estimation using DFT

The proposed phase-angle-change-based protection scheme is

equivalent to the principle of phase comparison method [37].

Unlike the phase comparison method, the proposed method

does not compare the measured data of both ends of the line

segment at the same instant, rather it uses the status of transi-

tion pattern (0 or 1) of the other end. The sinusoidal current

signal of frequency f can be described by its magnitude and

angular position with respect to an arbitrary time reference.

i (t ) = Imcos(2𝜋 ft + 𝜙). (4)

The phasor representation of i (t ) is given by

I =
Im√

2
e j𝜙. (5)

Using DFT,

I (k) =

√
2

N

N−1∑
n=0

ik+ne
− j2𝜋n

N , (6)

where k is the first sample in data window and N is the number

of samples in one-cycle of the fundamental frequency compo-

nent. The real and imaginary parts are

Ireal =

√
2

N

N−1∑
n=0

incos(
2𝜋n

N
), (7)

Iimag =

√
2

N

N−1∑
n=0

insin(
2𝜋n

N
). (8)

The magnitude of the phasor is the rms value of the sinusoid

and the estimated angle of the phasor, 𝜙 = tan−1(
−Iimag

Ireal

). The

phase angle of current is continuously estimated using a win-

dow of one-cycle DFT for each sample, for example, nth and

nth + 1 windows correspond to the phase angle of 𝜙n and 𝜙n+1,

respectively. The change in phase angle is calculated as:

Δ𝜙(k) = 𝜙n − 𝜙pre, (9)

where 𝜙pre is the phase angle of positive-sequence current pha-

sor just before the fault detection and Δ𝜙(k) (k = 1,2,3…) is

the change in phase angles in a window of DFT. Under normal

condition, Δ𝜙 ≈ 0, for an internal fault, the change in angle Δ𝜙
will be negative at one end and positive at the other end of the

line segment as discussed in Section 3.
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TABLE 2 Protection decision for high resistance fault

IMN INM

𝚫𝝓MN �IMN1 XOR �ŒNM �INM1 XOR XOR

≤ 0 (0) > 0 (1) 1 > 0 (1) > 0 (1) 0 1

≤ 0 (0) > 0 (1) 1 ≤ 0 (0) ≤ 0 (0) 0 1

4.3 Protection decision

The protection decision is taken based on the XOR operation

of the signal generated at both ends of the line segment. As per

the convention considered in this paper (refer Figure 5), dur-

ing normal operating condition at any instant, the phase angle

of current at one end of a line segment is 𝜙◦ that of other end

is 180 + 𝜙◦. For an internal fault, the phase angle of positive-

sequence current changes in negative direction (corresponding

signal 0) at 0◦ terminal and positive direction (corresponding

signal 1) in 180◦ terminal. Figure 13 shows the phase angle com-

parison for trip decision during an internal fault. The unequal

status of the generated signal at both ends results in a trip signal

to the corresponding circuit breaker.

High resistance fault causes misoperation of relays as the

direction of current does not alter during full load conditions

at times, for example, in Case-3. Such a fault cannot be detected

by only using the phase angle change information. Therefore, an

additional feature is taken into account for protection decision

correctly (Table 2). The sign of superimposed positive-sequence

currents ΔIMN 1 and ΔINM1 are reported in addition with phase

angle change information. In Section 3, Case 3 reveals the effect

of high resistance fault in protection decision. In this case the

change in phase angles in both cases are negative. However,

ΔINM1 = I
F1

NM1
- I

pre

NM1
≤ 0. In Figure 12, the flow chart of the

proposed protection method is shown. Three phase currents are

measured and one-cycle DFT is used to estimate the phasors.

Then the positive-sequence current is obtained by using sym-

metrical components. Subsequently, the change in phase angle

is calculated for protection decision.

For different types of loading as discussed in Section 3, the

high resistance cannot be detected straight forward. The trip

decision generation for all possible loading conditions are sum-

marized in Figure 14. The exponential constants (np, nq) for con-

stant impedance, constant power, constant current loads are set

as (1, 0), (0, 0) and (1, 1), respectively.

4.4 Identification of status of
communication channel

A logic is shown in Figure 15 to identify the operational status

of communication channel. For the communication channel in

operation, the output of the OR gate will always be 1 irrespec-

tive of the remote end pickup signal and the output of NOT

gate (right hand side) is 0. In case of failure of communication

channel, the output of OR gate becomes 0 (as both inputs to the

FIGURE 12 Flow chart of proposed protection method

FIGURE 13 Phase angle comparison for trip decision

OR gate are 0), and the NOT gate output will be 1. Therefore,

the status of communication channel can be identified using the

logic (Figure 15).

5 RESULTS

A converter dominated medium-voltage microgrid with

Petersen coil grounding as shown in Figure 1 is simulated using

MATLAB Simulink. The simulation parameters are listed in

Table 3. The three-phase currents are measured and sampled

at a rate of 4 kHz. In the one-cycle DFT, 80 samples are used as

the fundamental frequency of the system is 50 Hz. The positive-

sequence component of current (I1) is calculated using the three
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FIGURE 14 Trip decision generations for different types of loading

FIGURE 15 Identification of communication channel loss [38]

TABLE 3 System parameters

System voltage 10 kV

Base power 10 MVA

Frequency 50 Hz

Battery storage 2 MW, 1.2kAh, Lithium ion

Wind turbine 2 MW

Fault resistance 0 - 20 Ω

Fault location 1 - 99% of line length

Fault types LG, LL, LLG, LLL

Loading:

Constant impedance load 8 MW, np=1,nq=0

Constant power load (Vrated ) 6 MW, 2.4 MVAr, np=nq=0

Constant current load (Vrated ) 6 MW, 2.4 MVAr, np=nq=1

Controller parameters:

Controller bandwidth 𝛼cc 500 Hz

Kp and Ki 39.47 and 118.43

Filter parameters:

R f and L f 6 mΩ and 2 mH

Cable parameters:

Cross-section area 240 mm2

Resistance 0.125 Ω/km

Inductance 0.28 mH/km

Capacitance 0.48 𝜇F/km

FIGURE 16 Phase angle of current at M and N for the internal fault

FIGURE 17 Phase angle change of current at M and N for the internal

fault

phasors (Ia, Ib and Ic ). The angle change of I1 at both ends indi-

cates the internal and external fault for the line segment to be

protected. The performance of the proposed algorithm is tested

for various cases including high resistance fault, bidirectional

power flow, different types of fault and loading conditions. The

simulation is carried out and results are shown for the power

flow direction from M to N (refer Figure 1).

In this paper, the results for extensive test cases are shown for

the power flow direction from M to N. However, for the oppo-

site power flow direction, that is, from N to M, the proposed

algorithm works well with only change in the swapping of gen-

erated status 0 to 1 and 1 to 0 at both ends. This has no effect

on XOR operation as its output is 1 for unequal input status.

5.1 Internal fault

A balanced three phase fault (F1) is applied at the middle of the

line segment MN shown in Figure 1. The fault is incepted at

0.7 s of simulation run with the fault resistance of 0.1 Ω. It is to

be noted that the prefault power flow is from M to N. Figure 16

shows that the prefault phase angle of IMN and INM are 0◦ and

180◦, respectively. During F1, the angle of IMN ramps down to

−54◦ and that of INM to 260◦. The change in phase angle of

IMN and INM is negative and positive, respectively, which is evi-

dent from Figure 17. As a result, the protection decision is taken

at relay M2 based on XOR operation of the generated signal 1

and received signal 0. Similarly, at N1 the generated and received

signals are 0 and 1, respectively. XOR of 0 and 1 at N1 results in

1 and hence the trip signal is generated.
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FIGURE 18 Phase angle of current at M and N for the external fault

FIGURE 19 Phase angle change of current at M and N for the external

fault in the same direction of power flow

5.2 External fault in the direction of power
flow

The fault (F2) in the line segment NJ in Figure 1 is considered

as an external fault for the line segment MN. F2 is a three phase

fault with a resistance of 0.5 Ω created at 0.7 s at the middle

of the line segment NJ. Before the fault F2, the power flow was

from bus M to bus N. The phase angle of IMN and INM are

shown in Figure 18. The change in phase angles are negative in

both ends of the line segment MN and are plotted in Figure 19.

Therefore, no trip signal will be generated as relay at both ends

transmit and receives the signal status 0 which is correct.

5.3 External fault with the reverse power
flow

The performance of the proposed algorithm is also tested for

the reverse power flow case. In this case, power flow was from

N to M before the external fault (F2) which is evident from the

phase angle of IMN and INM as shown in Figure 20. The change

in phase angles are positive for both IMN and INM as depicted

in Figure 21. So, no trip signal will be derived.

5.4 Fault on a radial line during no load

The performance of the algorithm is tested for no load con-

dition of a radial, single source unidirectional power flow line

segment. Prefault power flow in the line MN is considered to be

zero before the fault. A three phase fault is created at the middle

of the line MN in Figure 1 and the change in phase angle (Δ𝜙)

of IMN and INM is observed. It is found that Δ𝜙 of IMN is neg-

FIGURE 20 Phase angle of current at M and N for the external fault

opposite to power flow

FIGURE 21 Phase angle change of current at M and N for the external

fault in the opposite direction of power flow

ative and that of INM is zero as shown in Figure 22. Being no

source present at N, there is no current INM even during fault.

The protection decision in such case is taken using the change

in phase angle and superimposed positive-sequence component

of IMN .

5.5 High resistance fault

A high resistance line-to-ground fault with 20Ω is created at the

middle of the line segment MN at 0.7 s of the simulation run.

The change in phase angle of currents at M and N are found to

be negative which is evident from Figure 23. The corresponding

generated signals due to the negative change of phase angles

are 0 at both ends. The superimposed positive-sequence current

magnitude ΔIMN 1 and that of ΔINM1 are positive (signal status

1) and negative (signal status 0), respectively. Finally, the XOR

operation of the generated and received signals produces the

trip command.

FIGURE 22 Phase angle change of current at M and N for an internal

fault during no load condition
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FIGURE 23 Phase angle change of current at M and N for a high

resistance internal fault

5.6 Fault during different power factor
loading

The performance of the proposed algorithm is verified for load-

ing conditions with different power factors. Such case stud-

ies are important because, the phase angle of prefault current

depends upon the load power factor. Loading of 0.8 lagging,

unity and 0.8 leading power factors at bus N are considered sep-

arately and different faults are created in the line segment MN.

The change in phase angles of IMN and INM are summarized in

Table 4. The phase angle change with opposite sign at both ends

of the line segment generates the trip signal using XOR opera-

tion.

5.7 Performance with noisy signals

The performance of the proposed method is tested for current

signals contaminated with uniform distribution noise with zero

mean and a standard deviation of 3% [39]. A LG fault (phase-

a-to-ground) is simulated at 0.7 s at F1 in the line segment

MN (Figure 1). The noisy current signal during the fault is

shown in Figure 24. Using the proposed current’s phase-angle-

change-based protection technique, the Δ𝜙 is computed as

shown in Figure 25. It is observed that the change in phase angle

of IMN and INM are negative and positive, respectively, which

confirms F1 as an internal fault even with noisy environment.

The proposed method uses one-cycle DFT for phasor estima-

tion to obtain the corresponding phase angle of current which

has the inherent filtering capability that takes care the noise in

the signals.

FIGURE 24 Three phase current signals at M for the LG fault with noise

FIGURE 25 Phase angle change of current at M and N for the LG fault

in noisy environment

5.8 Performance for different fault location

The performance of the method is validated for different fault

location in the line segment MN (Figure 1). In this case, three-

phase fault is applied at distance of 2%, 30%, 50%, 80% and

98% of the line length MN from bus M. For all cases, the Δ𝜙 is

obtained as shown in Figure 26 where it is clearly evident that

the proposed method is correctly identifying the faults in the

line segment MN irrespective of fault locations.

FIGURE 26 Phase angle change of both end currents for different fault

locations in the line segment MN

TABLE 4 Change in phase angle of current at M and N during different loading conditions

Fault types Load power factor at bus N

0.8 lagging unity 0.8 leading

𝚫𝝓MN 𝚫𝝓NM XOR 𝚫𝝓MN 𝚫𝝓NM XOR 𝚫𝝓MN 𝚫𝝓NM XOR

Line-to-ground fault (LG) −41◦ 80◦ 1 −74◦ 76◦ 1 −41◦ 35◦ 1

Double line-to-ground fault (LLG) −38◦ 62◦ 1 −73◦ 57◦ 1 −35◦ 41◦ 1

Line-to-line fault (LL) −44◦ 48◦ 1 −76◦ 60◦ 1 −44◦ 52◦ 1

Three phase to ground fault (LLLG) −48◦ 95◦ 1 −72◦ 88◦ 1 −46◦ 44◦ 1

Three phase fault (LLL) −46◦ 84◦ 1 −78◦ 85◦ 1 −82◦ 32◦ 1
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FIGURE 27 Δ𝜙 of both end currents for F1 in the line segment MN

during power swing

5.9 Performance during power swing

There may be a chance of power swing following the fault in

islanded microgrid with multiple synchronous-based DGs [40].

The phase angle of current (𝜙) changes with the variation of

voltage angle (𝛿) during power swing as shown below [41]

Δ𝜙 ∝ Δ𝛿. (10)

If Δ𝛿 is positive, Δ𝜙 will be positive and vice-versa. To test

the performance of the proposed protection method, a power

swing case is simulated for the system shown in Figure 1 by

replacing all the converter interface DGs with synchronous-

based DG. The voltage and current signals get modulated with

low frequency component (in this case 2 Hz). A three-phase

fault (F1) is created at the middle of the line MN at 5 s during

power swing. The phase angle change of current (Δ𝜙) at both

ends of the line segment MN is obtained using the proposed

method for swing conditions with and without fault. It is seen

that Δ𝜙 is oscillating between positive and negative values of

small magnitude during power swing even with no fault (before

t= 5 s in Figure 27). However, both endsΔ𝜙 changes simultane-

ously in positive (both ends binary output 1) and negative (both

ends binary output 0) directions resulting in the XOR output

of 0. Therefore, no trip signal will be generated for the cir-

cuit breaker. The proposed method sees the power swing as an

external phenomenon, which is correct. However, for the fault

during power swing at 5 s, both ends Δ𝜙 changes in opposite

directions resulting in a trip signal. Thus, the proposed method

accurately distinguishes power swing and fault conditions.

The scalability and repeatability are the preliminary requisites

of any proposition to perform scaling-up and repetition suc-

cessfully. The technical aspect of scalability and repeatability

of the proposed protection method is studied through differ-

ent test cases. The proposed protection algorithm determines

the direction of fault using the phase angle change of local cur-

rent data. The protection decision is derived in case of IEDs at

both ends of the line to see the fault in forward direction. Both

end’s phase angle change information being used, the proposed

method is suitable for bidirectional flow case, and thus, its appli-

cability can be scaled-up to both radial and meshed network

protection. Since magnitude of current is not required for pro-

tection decision, the usefulness of the proposed method is suc-

cessfully tested for microgrid with converter interfaced sources

that limits the fault current within 1 per unit. Other techni-

cal factors such as different fault resistance, fault location, fault

types and noise in the signals are also considered and the per-

formance of the proposed method is found satisfactory. From

economic aspect perspective, the proposed method uses only

local current data for the protection decision. A low bandwidth

communication channel is required for the exchange of binary

information only during fault. Since voltage data is not used in

the proposed method, additional cost due to the installation of

voltage transformer is saved.

6 DISCUSSION

This work presents the analysis and investigation of current’s

phase angle change for converter with and without reactive

power support during fault condition. The behavior of grid

forming and grid feeding converters during a fault to stay syn-

chronized to the grid and provide best support to the grid is a

very relevant and interesting topic. The effect of different con-

trol strategies on proposed protection setting is also worth fur-

ther investigation.

The current phasor is estimated using one-cycle DFT for a

sampling frequency of 4 kHz. Along with prefault, another half-

cycle (10 ms for a 50 Hz system) data window during fault is

required for accurate phasor estimation followed by the cor-

rect protection decision. The latency of available communica-

tion link (much lesser than 10 ms) is therefore not an issue for

the proposed phasor-based protection method [42].

7 CONCLUSION

In this paper, phase angle change of current-based protection

algorithm with detailed theoretical analysis is proposed for con-

verter dominated microgrids. The proposed algorithm uses the

change in phase angle of positive-sequence current at both ends

of the line segment to derive the protection decision. High resis-

tance fault is detected using change in magnitude of current,

even if the direction of power flow does not overturn at the

other end of the faulted segment. Furthermore, the proposed

algorithm does not need remote end data continuously, which

require a low bandwidth communication channel. The imple-

mentation of the algorithm is easy, simple and economic as it

uses only current data and can be a modified feature of avail-

able current-based intelligent electronic devices. Also, the pro-

posed protection method is a reliable solution for microgrids

with and without mesh configuration as it uses both ends cur-

rent measurement and transfers the trip decision to remote end.

The future work is to develop a centralized protection of micro-

grids robust to communication delay and link failures.
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NOMENCLATURE

A. Abbreviation

BESS Battery energy storage system

DFT Discrete Fourier Transform

DG Distributed generation

FDF Forward direction fault

MV Medium-voltage

PC Petersen coil

PV Photovoltaic

RDF Reverse direction fault

VSC Voltage source converter

XOR Exclusive OR logic gate

B. Subscripts

(a, b, c) Phase-a, Phase-b, Phase-c

(d, q, n) d-, q-axis components, nth sample

(real, imag) Real and imaginary parts

(1, 2, 0) Positive-, negative-, zero-sequence components

C . Superscripts

* Reference

(F1, F2) Signals during fault

(pre) Prefault signals

D. Variables

Id Active component of current

Iq Reactive component of current

IMN Current at M bus in the line segment MN

INM Current at N bus in the line segment MN

P Active power flow

Q Reactive power flow

Vd d-axis component of voltage

Vn Neutral voltage

Vq q-axis component of voltage

V1 Positive-sequence voltage

Zeq1 Equivalent impedance of DG-1

Zeq2 Equivalent impedance of DG-2

Zg Equivalent impedance of the grid

𝜙 Phase angle of current

Δ𝜙 Change in current’s phase angle
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