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In this report we focus on analyzing current-controlled PV inverters behaviour under faults in
order to develop fault detection schemes for microgrids with high PV penetration. Inverter
model suitable for steady state fault studies is presented and the impact of PV inverters
on two protection elements is analyzed. The studied protection elements are superimposed
quantities based directional element and negative sequence directional element. Additionally,
several non-overcurrent fault detection schemes are discussed in this report for microgrids
with high PV penetration. A detailed time-domain simulation study is presented to assess
the performance of the presented fault detection schemes under different microgrid modes of
operation.



Contents
Abstract

Table of Contents
List of Figures

1 Introduction

2 Analysis of PV Inverters under faults
2.1 Balanced Faults . . . .. ... ... ..
2.2 Unbalanced Faults . . . ... ... ..
2.3 Inverter Model for Fault Studies . . . .

2.4 TImpact of High PV Penetration on Protection Elements Operation . . . . . .
2.4.1 Negative sequence-based directional elements . . . . . . . . . ... ..
2.4.2 Superimposed quantities-based elements . . . . . ... ... ... ..

3 Detection of Faults in Microgrids with High PV Penetration

3.1 Voltage-based Protection . . . . . . ..
3.2 Superimposed Voltage-based Protection

3.3 Monitoring Terminal Negative Sequence Voltage . . . . . . . . ... ... ..

3.4 Monitoring Zero Sequence current . . .
3.5 Impedance-based Fault Detection . . .

4 Simulation Study
4.1 PV inverter behavior under faults . . .
4.2  Comparison of Fault Detection Schemes

5 Conclusions

References

10
13
13
13
15

19
19
19
20
20
20

21
21
22

41

42



List of Figures

O 3 O U W

= = e e s O
O O W N~ O

18

19

20

21

22

23

24

25

Control structure of PV inverters used for this study . . . .. ... ... .. 9
Equivalent circuit of PV inverters under balanced faults . . . . . . . . .. .. 11
Equivalent ideal sequence network for PV inverters . . . . .. ... ... .. 13
Equivalent sequence network for conventional synchronous generators . . . . 14
Equivalent sequence network with synchronous generator for a forward fault 15
Equivalent sequence network with PV inverter for a forward fault . . . . . . 16
Example of superimposed quantities analysis . . . . . . . .. ... ... ... 17
Delta filter used for superimposed voltage-based detection . . . . . ... .. 19
Inverter and controller modelling . . . . . . ... .. ... ... ... 21
Microgrid used for the simulation study . . . . . . ... ... ... ... ... 23
PV1 Inverter terminal voltage under three phase fault . . . . . . . . . . . .. 24
PV1 Inverter terminal current under three phase fault . . . . . . . .. .. .. 24

Sequence components of PV1 inverter terminal voltage under three phase fault 25
Sequence component of PV1 inverter terminal current under three phase fault 25

PV1 Inverter terminal voltage under single line to ground fault . . . . . . . . 26
PV1 Inverter terminal current under single line to ground fault . . . . . . . . 26
Sequence components of PV1 inverter terminal voltage under single line to
ground fault . . . . ... 0oL 27
Sequence component of PV1 inverter terminal current under single line to
ground fault . . . . ... 27

Relays Performance for a 3 phase fault at location 1 under grid connected
mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Impedance Relay 28
Relays Performance for a phase A to ground fault at location 1 under grid
connected mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Nega-
tive Sequence Voltage Relay (d) Zero Sequence Current Relay (e) Impedance
Relay . . . . . o o 29
Relays Performance for a phase A to phase B fault at location 1 under grid
connected mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Nega-
tive Sequence Voltage Relay (d) Zero Sequence Current Relay (e) Impedance

Relay . . . . o 30
Relays Performance for a 3 phase fault at location 1 under islanded mode (a)
Voltage Relay (b) Superimposed Voltage Relay (¢) Impedance Relay . . . . . 31

Relays Performance for a phase A to ground fault at location 1 under islanded
mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Negative Sequence
Voltage Relay (d) Zero Sequence Current Relay (e) Impedance Relay . . . . 32
Relays Performance for a phase A to phase B fault at location 1 under islanded
mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Negative Sequence
Voltage Relay (d) Zero Sequence Current Relay (e) Impedance Relay . . .. 33
Relays Performance for a 3 phase fault at location 2 under grid connected
mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Impedance Relay 34



26

27

28

29

30

Relays Performance for a phase A to ground fault at location 2 under grid
connected mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Nega-
tive Sequence Voltage Relay (d) Zero Sequence Current Relay (e) Impedance
Relay . . . . o o o
Relays Performance for a phase A to phase B fault at location 2 under grid
connected mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Nega-
tive Sequence Voltage Relay (d) Zero Sequence Current Relay (e) Impedance
Relay . . . . . o
Relays Performance for a 3 phase fault at location 2 under islanded mode (a)
Voltage Relay (b) Superimposed Voltage Relay (c) Impedance Relay . . . . .
Relays Performance for a phase A to ground fault at location 2 under islanded
mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Negative Sequence
Voltage Relay (d) Zero Sequence Current Relay (e) Impedance Relay

Relays Performance for a phase A to phase B fault at location 2 under islanded
mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Negative Sequence
Voltage Relay (d) Zero Sequence Current Relay (e) Impedance Relay

35

36

37

38

39



1 Introduction

Development of efficient non-overcurrent based protection schemes is a prerequisite for sig-
nificantly increasing microgrids renewable energy penetration. The main challenge facing the
development of standardized microgrid protection originates from the fact that microgrids
differ in their topology, generation mix, feeder sizes and fault interruption devices types and
locations. Additionally, fault current levels could change drastically between grid-connected
and islanded modes of operation which makes it very difficult, or even impossible in some
cases, to maintain overcurrent protection coordination for both cases. Moreover, in the is-
landed mode of operation, fault currents could change significantly with generation dispatch
which complicates protection coordination design. Further, for microgrids with significant
inverter-interfaced generation, renewable generation for example, fault currents could be very
limited as a result of inverter current-limiting control functions which typically limit fault
contribution to as low as 1.1 per unit. Therefore, overcurrent protection could fail completely
to pick up the fault in the first place.

Typically, distribution-connected PV inverters operate in current-control mode which
means that the inverter continuously control it’s terminal voltage in order to maintain the
output current at a certain target level. During faults, the terminal voltage and current of PV
inverters will be primarily governed by their controllers and thus the relation between the out-
put voltage and current will generally be nonlinear. In contrast, during faults, a conventional
synchronous machine typically behave as a constant voltage source behind an impedance. It
is important to notice that most protection scheme designs in literature, such as directional
elements, were developed assuming synchronous machines-based sources. Therefore, there is
a need to investigate the performance of different protection elements under high penetration
of current-controlled PV inverters.

Additionally, since fault current contribution of PV inverters is small, there is a need
to develop non-overcurrent protection schemes for microgrids with high inverter-based re-
sources. Several microgrid non-overcurrent protection schemes were introduced in literature.
A voltage based protection schemes was discussed in [1]. The method is based on the fact
that during faults, voltage levels dips across the microgrid. However, discriminating between
faults and other normal-operation events based on voltage levels, such as capacitor tripping,
is hard to achieve. Additionally, in a typical microgrid, the magnitude of voltage dip dur-
ing faults would be the same in different locations due to small feeder lengths; therefore,
determining fault location based on voltage magnitude could be very difficult. Reference [2]
used voltage-based protection in combination with directional elements to develop protection
scheme for low fault low voltage radial microgrids. Communication-assisted voltage-based
protection for radial medium-voltage microgrids was proposed in [3].

A differential protection scheme for low-fault microgrids was proposed in [4]. That scheme
is based on installing fault interrupting devices and differential relays at both ends of each
feeder segment of the microgrid. Additionally, the scheme requires communication channel
for each protection zone and it rely on synchronized measurement of currents at both ends
of each line segment. That scheme could clearly provide a robust protection solution for
low-fault microgrids in both modes of operation. However, the cost of such scheme could



be prohibitively high given two breakers must be installed at both ends of each microgrid
feeder segment. Therefore, unless the particular application of a microgrid justify the cost, it
is hard to see that scheme used widely for typical microgrids. A differential-based sequence
component protection scheme was proposed in [5] which assumes protection zone granularity
similar to [4] but it requires more processing time and more extensive communication infras-
tructure without any improvement in protection robustness. The application of traditional
distance protection for microgrids, and generally for distribution systems, was discussed in
[6]. However, distance protection is not typically efficient when applied to tapped feeders
since it will cause the relay to underreach and thus complicates coordination between differ-
ent relays.

Several protection methods based on transient behaviour of faults was discussed in litera-
ture. In [7], a travelling wave based protection scheme was presented. The scheme is based
on measuring timing and polarity of the initial waves at both side of the protected line after
the occurrence of the fault. It is not clear what is the triggering event which the relays will
use to start measuring the incident wave travelling time. Additionally, for a typical microgrid
it is very hard to discriminate between incident waves travelling timing to different locations
due to the relatively small feeders lengths compared with travelling waves speed. Moreover,
the method require protection zone granularity similar to differential protection proposed in
[4], however, differential protection is way more robust. Protection schemes based on wavelet
analysis of fault currents was presented in [8] and [9]. These papers only discussed faults
at the terminals of DGs and there is no discussion about how the scheme will detect feeder
faults midway between DGs. Additionally, as for other transient based methods, there is no
general proof that the transient signature used in the proposed protection is universal and
does not depend on the microgrid configuration or generation dispatch.

A communication-assisted impedance-based protection scheme was proposed as part of this
research project [10]. The proposed scheme depends on monitoring impedance trajectories
at different feeder relays to detect the occurrence of faults and utilizes directional elements
to determine the direction of faults. Communications between feeder relays are utilized to
exchange permissive and blocking signals in order to locate the fault and trip the least part
of the microgrid to clear the fault.

This report starts with a detailed analysis of PV current-controlled inverters behaviour
under faults. The objective is to analyze inverter’s impact on protection elements design
and fault analysis in microgrids with high PV penetration. Based on that analysis, inverter
model suitable for steady state fault studies is presented and the impact of PV inverters
on two protection elements is analyzed. The studied protection elements are superimposed
quantities based directional element and negative sequence directional element. Additionally,
several non-overcurrent fault detection schemes are discussed in this report for microgrids
with high PV penetration. A detailed time-domain simulation study is presented to assess
the performance of the presented fault detection schemes under different microgrid modes of
operation.



2 Analysis of PV Inverters under faults

In this section the performance of PV current-controlled inverters under balanced and un-
balanced faults is reviewed. The goal is to analyze inverter characteristics pertaining to pro-
tection systems design. Fig.9 shows the control structure of a typical distribution-connected
current-controlled PV inverters. It basically consists of two main control loops: an inner
current control loop and an outer power control loop. The current control loop is responsible
for regulating the output current of the inverter, ¢y and ¢,, while the power control loop is
responsible for adjusting the reference current of the current controllers, ig4.r. Typically, di-
rect current component reference, 74y s, is determined by the Maximum Power Point Tracking
(MPPT) controller of the PV. Meanwhile, quadrature component of the reference current,
igref, s determined based on the reactive power control strategy of the PV inverter and could
also be controlled to enhance the LVRT capability of the PV inverter.
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Figure 1: Control structure of PV inverters used for this study

2.1 Balanced Faults

The occurrence of a balanced fault in the microgrid will result in a drop in the magnitude
and change in the phase of the grid voltage at the terminals of the inverter. The response
of the inverter to the fault can be divided into three temporal stages. In the first stage, due
to the drop in grid voltage Vi4,, the output current g4, will start to increase. Also, since
Vsaq experienced sudden phase shift, the PLL will lose synchronization with the grid and will
start to change its output phase to re-synchronous with the new phase of the grid voltage.
As a results, the output current 4, might experience transients in magnitude and phase.
Practically though, this stage will be very brief since inverter’s current controller is typically



fast to regain phase lock and regulate the output current. Therefore, for protection design
purposes, this stage is typically ignored.

In the second stage, the current control loop will start regulating the output current, i4,,
to maintain their values at the respective 44y Which corresponds to the pre-fault output
current. The response of the inverter in the second stage depends on the design of the cur-
rent PI controller. Typically, current controllers are designed with fast dynamics to quickly
regulate inverter’s output current.

The drop of the grid voltage combined with the current controller’s actions to maintain
inverter’s output current at the pre-fault level, results in a drop in the output power of the
inverter. Such a drop in inverters output power will cause inverter’s DC voltage to increase
which in turn will increase the 745 as shown in Fig.9. Additionally, based on the reactive
power operation strategy of the PV inverter, i,.; will also change to recover the reactive
power output of the inverter. Thus in the third stage, the output current of the inverter will
change in response to the change in the reference current i4..5. Typically, output current
will increase to maintain the output active and reactive power of the inverter fixed under
depressed grid voltage. The dynamics of the third stage is slower than that of the second
stage but is typically fast relative to the microgrid’s protection functions.

Therefore, after the PLL locks to the new grid voltage under fault and the output power
recovers to the pre-fault levels, the phase angle between the output current and the new grid
voltage in the post-fault case will be similar to the phase angle between the output current
and the grid voltage under the pre-fault case.

In the case of a close in fault particularly if the pre-fault power output was relatively high,
the output current of the inverter could increase, based on the above analysis, beyond a cer-
tain manufacturer-specific limit. In such case, the inverter would typically enter a constant
current control mode and the output current will be limited to protect the power electronics
switches regardless of the output power level. The current limit of PV inverters varies but is
typically in the range of 1.1 to 1.4 pu.

In conclusion, for protection design purposes, the inverter will act as a current limited
constant power source under balanced faults as shown in Fig.2. It is important to notice that
depending on the pre-fault power output of the PV and the location of the fault, the short
circuit current contribution of the inverter could actually be even less than 1 pu based on
Fig.2. As a result, detecting faults in microgrids with high penetration of PV could be very
challenging.

2.2 Unbalanced Faults

The operation of current-controlled voltage source inverters under unbalanced faults has been
studied extensively in literature. In this section we will highlight the important aspects of
inverter behaviour under unbalanced faults which pertain to microgrid protection system
design. Under unbalanced faults, the grid voltage at the terminals of the inverter will gen-
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Figure 2: Equivalent circuit of PV inverters under balanced faults

erally contain positive, negative and zero sequence components. Typical PV inverters are
connected to the grid through a grounded-Wye/delta transformers, therefore, the inverter
will not generate nor be impacted by the zero sequence component of the grid voltage. On
the other hand, negative sequence component of the grid voltage can have an impact on the
inverter operation. Assuming the PLL is under steady state conditions, the dqg components
of the grid voltage can be expressed as [11]:

Vsa = Vi + Vacos(2wot + 26,) (1)
Vg = —Vasin(2wot + 26,) (2)

Generally, PV PLLs are designed to filter out the 120Hz ripple of the V;,. Thus we will
assume that the PLL is synchronized with the positive sequence component and that its
outputs, wy and fy, are ripple-free.

Additionally, the voltage feedforward scheme shown in Fig.9 will essentially add the 120Hz
components of the grid voltage shown in equations (1) and (2) to the inverter’s output volt-
age. Thus, inverter’s output voltage will, theoretically, have a negative sequence component
that equals and is opposed to the negative sequence component of the grid voltage. As a re-
sult, the inverter output current will, more or less, be balanced and distortion-free. However,
it is important to notice that in practice the ability of the PV inverter to keep the output cur-
rent balanced under unbalanced grid voltage depends on design factors including inverter’s
switching frequency and the ability of the feedforward scheme to faithfully reproduce the
120Hz component of the grid voltage, which depends on the bandwidth of the feedforward
compensator Gs¢. These factors varies from manufacturer to another and thus the degree
of distortion and amount of unbalance in inverter’s output current will depend to some ex-
tend on the specific case under study. For protection related studies, we will assume in the
following analysis that PV inverters output current are balanced and distortion-free under
unbalanced grid voltage.

As the power output of the PV inverter decreases during the fault, the outer power loop
will change the reference currents 744, to compensate for the reduction in power as discussed
in section 2.1. Assuming the PLL is synchronized with the positive sequence component of
the grid voltage, inverter’s active power can be written as:

3.
Pout = §Ild‘/sd (3)
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3

Qout = _éiq‘/sd (4)
substituting of equation (1) in equations (3) and (4) results in:
3. 3.
P = 5”‘/1 + §zd\/gcos(2wot + 26,) (5)
3. 3.
Qout = —§qu1 + 52,1‘/2005(2@0075 + 26,) (6)

Assuming that inverter’s output current is balanced as discussed earlier, ¢4 and i, will be
more or less DC values. Thus, equations (5) and (6) indicate that the output powers of the
inverter will have 120Hz components with zero average. The 120Hz component in the active
power will result in the creation of 120Hz ripple on the DC voltage. Ideally, the outer power
loop will change i4qr; to maintain constant power outputs. For example based on (5) and
(6), dres can be calculated to maintain constant output power as follows:

. 2 Pout (7)
ldref =— =
el 3 V] + Vacos(2wot + 265)
. 2 Qout
ref — T 5 8
baref 3 V1 4 Vacos(2wot + 26,) (8)

However, since the current control loop is designed to handle DC signals under normal
operation and due to the typically large size of he interface inductance L, typically ¢4, output
of the inverter will not change much in response to the 120Hz ripple in the power loop. Thus
for dg-controlled PV inverter, the output current will, to a large extend, be affected by the
average of the output power expressed in equations (4) and (5). In other words, on average,

. _2Pout

T3, )
. 2 Qout

=-Z 1
Zq 3 ‘/1 ( O)

which means that the inverter will increase its current output to ensure that the positive
sequence power is fixed. Clearly, there are other control strategies studied in the literature
which control the inverter under unbalanced faults for different objectives such as minimiz-
ing or removing the pulsation in the output power, thus removing the DC side ripples, see
[12, 13, 14, 15, 16, 17] for details on these strategies. However, currently, in typical commer-
cial PV dq-controlled inverters, these strategies tend not to be implemented.

In conclusion, under unbalanced faults, typical dg-controlled PV inverter will inject mostly

positive sequence current although a small negative sequence current could also be injected
by the inverter depending on the inverter’s controller characteristics. The injected current

12



will be controlled to ensure that the output positive sequence power equals to the pre-fault
power output of the inverter. Additionally, the phase angle between inverter’s output current
and the positive sequence component of the grid voltage in the post-fault case will be similar
to the pre-fault case. Finally, the inverter would typically exhibit 120Hz ripple in the DC
voltage the magnitude of which depends on the amount of unbalance in the grid voltage.

2.3 Inverter Model for Fault Studies

Based on the analysis presented in sections 2.1 and 2.2, a PV inverter could be modelled, in
the ideal case, in short circuit studies as shown in Fig.3 where the inverter is represented by
a constant current source in the positive sequence circuit and open circuits for the negative
and zero sequence circuits. Therefore, PV inverters would typically prevent negative and
zero sequence currents but could have negative sequence voltage at their terminals.

On the other hand, Fig.4 shows the conventional short circuit model of synchronous ma-
chines where the machine is represented by a constant voltage source in the positive sequence
network and short circuit in the negative and zero sequence networks. Thus negative and
zero sequence currents could flow through the synchronous machine but negative sequence
voltages would not appear on the terminals of the machine. Additionally, synchronous ma-
chines tend to maintain the phase angle of their internal voltage post fault, at least initially.
However, for inverters, the phase angle of the output current is shifted based on the post-fault
terminal voltage which is determined by the grid.

[T
L[ 78

Figure 3: Equivalent ideal sequence network for PV inverters

2.4 Impact of High PV Penetration on Protection Elements Operation

As discussed in sections 2.1 and 2.2, the behaviour of current-controlled inverters under faults
is fundamentally different from that of conventional synchronous machines. Therefore, there
is a need to study the performance of conventional protection elements under high penetration
of PV inverters. In this section, the impact of high inverter penetration on the performance
of two protection elements is investigated.

2.4.1 Negative sequence-based directional elements

Negative sequence directional elements has been applied successfully for years in practice.
Broadly speaking, two types of negative sequence-based directional elements are used widely:

13



Figure 4: Equivalent sequence network for conventional synchronous generators

traditional negative-sequence directional element and negative-sequence impedance direc-
tional element [18].

Generally, negative sequence directional elements is based on measuring the phase differ-
ence between the negative sequence voltage measured at the relay terminals and the negative
sequence current flowing through relay point. However, it should be noted that the underly-
ing design principles of negative sequence-based elements are driven based on the sequence
components equivalent circuit of synchronous machines.

To clarify this concept, consider the system of Fig.5. Since synchronous machines are
represented by a short circuit in the negative sequence network, the negative sequence current
seen by the relay is completely determined by the negative sequence network. Thus, a
negative sequence impedance directional element could be designed to measure the negative
sequence impedance as follows [18]:

Re[Va.(1/ Zjine-12)"]
A —meas — H
: o (11)

where, for forward faults, Zs_,,.cq.s Will be equal to —Z; and for reverse fault, Zs_,,cqs Will
equal to Zg + 7.

On the other hand, consider Fig.6 where the synchronous machine used in Fig.5 is re-
placed by a current-controlled PV inverter. In this case, the negative sequence current will
be governed by the inverter controller. Typically, as discussed in section 2.2, the inverter
will inject balanced current which means, ideally, the negative sequence current will be zero
and the negative sequence-based directional element should be deactivated. However, in re-
ality, a small negative sequence current could be flowing at the inverter terminals. While the
magnitude of such current will typically be small, the angle of that current is governed by

14



the inverter dynamics and will be hard to predict under all system conditions. As a result,
a negative sequence directional element might not function properly under high penetration
of PV inverters.

It is also important to notice that while the microgrid equivalent was represented in
Fig.6 with an equivalent synchronous machine, this assumption might not even be true for
microgrids with high PV penetration. In fact, depending on the penetration of PV inverters,
there might be a need to have a more detailed microgrid ”equivalent” model to account for
the impact of inverters on the overall negative sequence current flow.

Microgrid
Fault Equivalent

Relay
HZ1—®

7 | = 7]
: L= [ | G J :

[Z ] [Z.1] Z

| 52| + | iz ] | G2 |

— >

I, v,
[z ] [Z 1 zZ
1 a0 | ] | GO |

Figure 5: Equivalent sequence network with synchronous generator for a forward fault

2.4.2 Superimposed quantities-based elements

By comparing post fault quantities to pre fault quantities, it is possible to calculate incre-
mental voltages and currents which are exclusively driven by the fault. These quantities are
called superimposed and they enable the analysis of pure fault circuits [19]. Superimposed
quantities-based protection elements have the advantage of been immune to the impact of
normal load. Traditionally, in order to create pure-fault circuit for superimposed quantities
analysis, all sources are suppressed and a voltage source is applied at the fault location. This
assumption is based on the the fact that, during faults, synchronous machines could be rep-
resented as an ideal constant voltage source behind an impedance. Fig.7 shows an example
of creating a pure-fault equivalent circuit. The incremental impedance at the relay could be
defined as follows:
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Figure 6: Equivalent sequence network with PV inverter for a forward fault

AV
AZ =%t (12)

Based on Fig.7, AZ will equal to negative Z, which means a forward fault. Thus, a
simple directional element could be designed based on the resulting sign of AZ as follows
[20]: if sign of AZ is negative, the fault direction is forward and if sign of AZ is positive,
the fault direction is reverse. Additionally, more secure directional elements, and various
distance elements, could be designed based on monitoring the locus of AZ in the R — X
plane, see [20],[21],[22] for example.

However, current-controlled PV inverters do not act as constant voltage sources behind
impedance during fault but rather experience fast changes in terminal voltages based on their
control strategy. Therefore, using the above described procedure to create pure-fault equiva-
lent circuits and analyze superimposed quantities for microgrids with high PV penetration is
not accurate. As a matter of fact, one could argue that, since the behaviour of PV inverters
during faults is nonlinear, it is not possible to create pure fault equivalent circuit with high
penetration of PV.

Theoretically speaking, a current-controlled inverter could be represented as a constant
voltage source behind a variable impedance. The variable impedance is necessary to match
the, potentially highly nonlinear, V' — I relation at the terminals of the inverter during the
fault. Consequently, the above mentioned superimposed directional relay based on the sign
of the incremental impedance, as calculated by 12, might function properly under high PV
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Figure 7: Example of superimposed quantities analysis

penetration. However, the trajectory of the calculated incremental impedances could depend
greatly on inverter’s control strategy, inverter’s pre-fault operating conditions and fault loca-
tion. Therefore, tuning protection elements which depend on tracking incremental impedance
trajectories in high PV penetration microgrids could be very complicated or even not possi-

ble.
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3 Detection of Faults in Microgrids with High PV Penetration

As discussed in section 2, current-controlled inverters limit their output current during faults
based on their power reference. As a result, PV inverters fault current contribution could be
less than 1 p.u based on pre-fault power output. Therefore, it is very challenging, or even not
possible, to use conventional overcurrent protection schemes for protecting microgrids with
high PV penetration. In this section, we discuss several inverter-based non-overcurrent fault
detection schemes suitable for microgrids with significant PV penetration.

3.1 Voltage-based Protection

As discussed in section 2, PV inverters would reduce their terminal voltages to limit their
current injection during faults. Thus, one of the simplest techniques to detect faults is to
monitor inverter’s terminal voltage. However, inverter’s terminal voltage changes over the
course of normal operation due to load switching, capacitors switching and other normal
operation reasons. Thus, depending on the microgrid, it could be hard to design voltage-
based protection that is secure and reliable for all modes of operation.

3.2 Superimposed Voltage-based Protection

For this method, faults are detected based on voltage change at the terminals of the inverter.
This voltage change is primarily driven by the fault and thus could be used to detect faults.
This is similar to the superimposed quantities-based protection presented in section 2.4.2. A
simple delta filter, [19], could be used to calculate the voltage change as shown in Fig.8.

This method could provide more protection security over the basic voltage-based pro-
tection since it is immune to the slow changes of normal operation voltage. Additionally,
it should be easier to adjust the protection threshold for this method as compared to the
voltage-based method. Meanwhile, this method require more processing than the simple
voltage-based method thus it will be more costly. Similar to the voltage-based method,
capacitor switching off could cause significant enough voltage drop that could cause the pro-
tection to trip. Depending on the particular microgrid, it might be essential to add special
measures to avoid erroneous tripping for capacitor switching.

Vi + AV,
>

e—nTS

Figure 8: Delta filter used for superimposed voltage-based detection
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3.3 Monitoring Terminal Negative Sequence Voltage

As discussed in section 2.2, under unbalanced faults, current-controlled inverters will, to a
good extend, maintain balanced undistorted positive sequence current at the terminals of
the inverter but the inverter terminal voltage will be unbalanced. In light of the sequence
components equivalent circuit of a current-controlled shown in Fig.3, unbalanced faults could
be detected by monitoring the negative sequence component of the inverter’s terminal voltage.
This method provide more security as compared to the basic voltage-based protection since
negative sequence voltage would typically increase relatively significantly during unbalanced
faults thus will provides good discrimination between normal operation and faults. The
obvious drawback of this technique is that it will only work for unbalanced faults and will
be insensitive to three phase faults.

3.4 Monitoring Zero Sequence current

Typically, PV inverters as connected to the grid through a Delta-Wye grounded transformers.
As a result, during unbalanced faults, the zero sequence current on the high voltage side of
the interface transformer would typically increase relatively significantly given that it is not
controlled by the inverter but rather governed by the grid under fault. Therefore, monitoring
zero sequence current at the high voltage side of the interface transformer could be an easy
and effective method to detect faults involving ground such as single line to ground and two
line to ground faults.

3.5 Impedance-based Fault Detection

As discussed in section2, low fault current contribution of inverters is mainly caused by the
inverter controller actions and not because of network impedance. As a matter of fact, the
impedance of the microgrid, as defined by the impedance bus matrix for instance, would
change due to the presence of the fault regardless of the attributes of the electrical source.
However, the presence of the fault would not result in high fault current from the current-
controlled inverter, the way it typically would for a conventional source, due to the control
actions of the inverter. As a result, the voltage at the terminals of the inverter would
typically decrease more than it would for a conventional source. Based on that, faults could
be detected based on monitoring impedance changes at the terminals of the inverter instead of
current changes. During design stage, short circuit studies would be conducted to determine
impedance threshold values that indicates faults at different inverters. A fault is declared
whenever the impedance measured at the inverter falls below its impedance threshold value.
While it is typically possible to detect occurrence of faults based on impedance drop, it is
important to notice that due to the typically small sizes of microgrid feeders and feeder
tapping, it is hard to use the value of the measured impedance to coordinate operation of
different relays or to identify protection zones.

This method provides more security of operation to the relay as compared to the voltage-
based method. However, it is more expensive since an extra protection elements, i.e. impedance
element, will have to be installed at each inverter.
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4 Simulation Study

In this section, detailed time-domain simulation of PV inverters is presented to highlight the
behaviour of PV inverters under faults. MATLAB/SimPowerSystems was used to run all
time-domain simulations. Inverter-interfaced generators are modelled as current-controlled
inverters with a real/reactive-power control outer loop in the dg—frame. Inverters are mod-
elled using averaged three phase voltage-source converter models as depicted in Fig.9, see
[11] for modelling details.

For this simulation study, we have used the microgrid test feeder presented in [23]. Fig.10
shows a single line diagram of the test feeder. Load values were modified to obtain a reason-
able power flow solution in steady state. Feeder conductors parameters were modeled based
on impedance values obtained from IEEE 141-1993 [24].

VSI

Vic n.!'a‘c

DC |
to —|
DC |
g W
MPPT

Poc dq

Pref 0 abc
[P

|
Power control loop

L J

Current control loop

Figure 9: Inverter and controller modelling

4.1 PV inverter behavior under faults

In this section the behavior of PV inverter under faults is presented. Two faults are tested
at location 1: a three phase fault and a single line to ground fault. Figures 11, 12, 13 and
14 shows the performance of inverter PV1 under the three phase fault. It is clear from these
results that the terminal voltage of the inverter dropped while the inverter’s current injection
did not increase significantly. Additionally, the output of the inverter remained balanced as
expected, except for short time during initial fault transients.

Figures 15, 16, 17 and 18 show the performance of inverter PV for the single line to
ground fault. In this case, the current injected from the inverter remained almost balanced
although a small negative sequence current did flow through the inverter. Note that as
discussed in section 2.4.1, for the analysis of negative-sequence based protection elements,
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the negative sequence current magnitude and angle during the fault depend on the inverter
controller characteristics.

Note that for this case, currents were measured on the high voltage side of the Delta-Wye
inverter’s interface transformer. Therefore, the unbalance shown in Fig.16 is primarily driven
by the zero sequence component shown in Fig.18 which is driven by the network.

4.2 Comparison of Fault Detection Schemes

In this section, we test the performance of the various fault detection schemes presented in
section 3. Several fault locations were tested as part of this study. However, only the results
for the two fault locations indicated on Fig.10 are presented in this report. For each location
three faults are tested, namely three phase, single phase to ground and line to line fault.
Fault testing was carried out for both grid-connected and islanded modes of operation. The
results for location 1 are shown in Figures 19, 20 and 21 for grid connected mode and in
Figures 22, 23 and 24 for islanded mode of operation.

Similarly, results for location 2 are shown in Figures 25, 26 and 27 for grid connected mode
and in Figures 28, 29 and 30 for islanded mode of operation.

The following conclusions could be drawn based on these results:

e As mentioned in section 4.2, some of the schemes could only detect certain faults. For
example, negative sequence voltage detection can only work for unbalanced faults and
zero sequence current detection can only work for faults involving the ground.

e In the islanded mode of operation, and due to the size of the microgrid, the measurement
of all relays are almost identical during faults. This fact makes the identification of fault
location harder.

e Ultimately, design of fault detection and protection schemes for microgrids will have to
depend on the particulars of the specific microgrid such as, feeder size, inverter-based
resources penetration, modes of operation, and desired reliability level.
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Figure 11: PV1 Inverter terminal voltage under three phase fault
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Figure 25: Relays Performance for a 3 phase fault at location 2 under grid connected mode
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Figure 26: Relays Performance for a phase A to ground fault at location 2 under grid con-
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Figure 27: Relays Performance for a phase A to phase B fault at location 2 under grid
connected mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Negative Sequence
Voltage Relay (d) Zero Sequence Current Relay (e) Impedance Relay
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Figure 28: Relays Performance for a 3 phase fault at location 2 under islanded mode (a)
Voltage Relay (b) Superimposed Voltage Relay (¢) Impedance Relay
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Figure 29: Relays Performance for a phase A to ground fault at location 2 under islanded

mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Negative Sequence Voltage Relay
(d) Zero Sequence Current Relay (e) Impedance Relay
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Figure 30: Relays Performance for a phase A to phase B fault at location 2 under islanded

mode (a) Voltage Relay (b) Superimposed Voltage Relay (c) Negative Sequence Voltage Relay

(d) Zero Sequence Current Relay (e) Impedance Relay
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5 Conclusions

The overall objective of this project is to investigate the challenges facing efficient microgrid
protection design and to develop protection schemes for variety of microgrid configurations
including radial, mesh and dynamic topology microgrids.

In this report, analysis of PV current-controlled inverters under balanced and unbalanced
faults was presented. Based on the that analysis, it was shown that a PV inverter can be rep-
resented for fault studies as a constant-power current source in the positive sequence network
and as open circuit for negative and zero sequence. Additionally, the impact of PV inverters
on negative sequence based directional elements and superimposed quantities-based elements
was studied.

Since fault current contribution of PV inverters depends on pre-fault power output of the
PV and the location of the fault, the short circuit current of the inverter could be less than 1
pu based. Thus, using overcurrent protection to detect faults in microgrids with high pene-
tration might not be possible. Several non-overcurrent fault detection schemes are discussed
in this report for microgrids with high PV penetration. A detailed time-domain simulation
study is presented to assess the performance of the presented fault detection schemes under
different microgrid modes of operation.

Future work will focus on conducting hardware-in-the-loop testing of PV inverters to val-
idate different fault detection schemes and to test the impedance-based protection scheme
proposed in [10]. Additionally, determining fault location once the fault is detected remains
a challenge for microgrids with high penetration of inverters. Several methods will be investi-
gated to determine fault location including the use of micro-PMUs data and communication-
assisted methods.
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