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Executive Summary
With increasing penetration of Inverter based Energy System (IES), it is necessary to investigate the
impact of IES presence on existing distribution network, particularly protection. To carry out
comprehensive protection assessment due to IES penetration, the distribution network is subdivided into three zones- home zone, LV zone, MV zone. The impact of IES on the MV zone and its
recommended guidelines is elaborated in the accompanying report 1 for Critical Step (CS) 2.3.4. The
main aim of this report 2 for CS 2.3.4 is to highlight the impact of the integration of IES rated up to
10 kVA in Low Voltage (LV) distribution network and recommend guidelines for safety and
protection. A comprehensive literature review is undertaken to understand the behavior of the
Distributed Energy Resource (DER), and the potential impacts on existing protection schemes
employed. The DERs are divided into two broad categories during analysis - rotating machine based
DER and inverter based DER. Based on the literature review, simulation and testing carried out it is
concluded the fault current contribution of inverter based DER does not typically exceed 1.2 p.u.
while for rotating machines it is typically known to be between 5-10 times their rated current.
Various penetration levels of IES and with different configurations of low voltage distribution
network are simulated in DIgSILENT software to analyze the impact of IES on the existing protection
scheme. The accurate modelling of the inverter is achieved by real time laboratory testing of various
models of grid connected inverters. It is found that high penetration levels of IES on LV feeders do
not cause any protection issues in the home zone and the existing safety and protection schemes as
detailed in AS/NZS 3000 is adequate.
The impact of Arc Fault Resistance (AFR) and the penetration level of IES on the operation time of
the existing protection device (fuse) for the feeder have been assessed through simulations for the
LV grid zone. The 6 typical Orion representative networks have been used to demonstrate the
potential protection impact. The feeders are categorized based on the impedance characteristics
and fault levels following as per the IEC 60725 suggested methods. Feeders with high probability of
potential protection miscoordination could be identified through this process.
Several faults of varying AFR are conducted, including symmetrical and unsymmetrical faults,
combined with varying percentage of ICP with connected, to identify issues with operation of LV
fuse. Single phase connections with maximum of 5 kVA rated IES and three phase connections with
maximum of 10 kVA rated IES case studies have been simulated. It is found that for an extreme case
of high impedance faults, at the end of feeders having over-head line, could pose issues for regular
operation of fuses, and in some cases cause sympathetic tripping of fuse in the adjacent feeder. The
analysis carried out shows that there will be no impact on existing LV feeder protection for three
phase faults, as the fault contribution from grid stays significantly larger than fault contribution from
the IES cluster. However, for single line to ground faults, the existing protection scheme will have to
be re-evaluated for fuse insensitivity and miscoordination issues for LV feeders, when the IES
penetration exceeds around 50% of transformer rating.
The procedure to carry out impact of IES on the existing protection scheme for LV distribution
network is demonstrated for residential network 1 of the typical Orion feeder with realistic fuse
rating and similar studies can be undertaken to evaluate the existing protection scheme for other
different LV feeder configurations with IES penetration. A simple solution suggested in this report to
address the issue of miscoordination is indexing of fuse with increasing penetration to compensate
for reduced load demand. Other potential solution like implementation of GREEN Grid
interconnection box is proposed and discussed in detail in Report 1 ‘Protection and Automation of
Distribution Network with Inverter Based Energy Systems (IES) Rated greater than 10 kVA’.
The existing standards and practices for protection and installation of DG in New Zealand’s 29
distribution utilities are reviewed in this report. The special protection and installation guidelines for
v

inverter based energy system that is followed by international utilities with high penetration of IES
have also been reviewed in this report. Based on actual inverter testing, simulation studies and the
current standards, safety and protection guidelines are proposed for New Zealand to ensure safe
and reliable integration of IES in the low voltage network which is the key industry relevant outcome
of this report. Protection settings for the IES and the grid are recommended. The requirements and
recommended settings of power limiting devices to be used by utilities in case of limited export of
power due to network constraints are defined. These safety and protection requirements are
incorporated in section 2.3 of ‘Guideline for the Connection of Small-Scale Inverter Based Distributed
Generation’ released by Electricity Engineers’ Association for industry consultation.
The simulation and modelling used for protection has been better informed through the several
detailed tests conducted on different models of inverter. These tests included LVRT properties, VAR
control modes (grid support functionalities), and anti-islanding tests. The testing experience from
this report would be continued further for ongoing critical steps on extended reserves (Automatic
Under-Frequency Load Shedding), which is part of forthcoming Work Packages associated with CS
2.3.6. The representative LV modelling work presented in this report will be used to realize Work
Package items related to voltage control methods as part of CS 2.3.7.
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Chapter 1. Introduction
Report Scope

Critical Step (CS) 2.3.4 undertakes research to realize Protection methods for NZ distribution
networks following bi-directional power flows. This falls under GREEN Grid Research Aim (RA) 2.3:
Smart methods and guidelines for protection and automation in the low voltage network
experiencing bidirectional flows. The key objectives for delivery of CS 2.3.4 have been classified into
2 categories – the first is the safety and protection of the distribution network with connections of
IESs rated up to 10 kVA to the home zone, i.e. the LV part of the network. The second being the
connection of IES rated above 10 kVA to the 400 V LV distribution network and 11/22 kV MV
network. The scope of this report is to assess the impact of PV/IES rated up to 10 kVA on existing
protections schemes in distribution network and to accordingly propose protection and automation
guidelines.

Key inputs from previous critical steps:
This report is part of the comprehensive research study for protection and automation of
distribution networks in New Zealand with IES. Key learnings from previous completed critical steps
(CS) undertaken by the University of Auckland, as part of Green Grid, is the basis on which the
research identified as part of CS 2.3.4 was carried out. The following summarises the key objectives
of the previous tasks completed as part of GREEN Grid that feeds into this critical step 2.3.4:
•

•

•
•

CS 2.3.1: Comprehensively reviewed the communication techniques that are currently
employed by distribution utilities worldwide for control, monitoring, and protection and
their various application areas. Following up on that, the 29 New Zealand distribution
utilities were assessed for their available/planned ICT infrastructure and a report prepared.
CS 2.3.2: Technical characteristics of existing protection schemes and standards followed by
all 29 Distribution utilities of New Zealand was understood through an industry survey, the
responses of which were compiled to assess the similarities and differences in practices. This
has contributed to CS 2.3.4 by providing the necessary information to identify potential
common MV/LV protection schemes with DG that will suit NZ distribution utilities.
CS 2.3.3: A detailed review of fault analysis methods with bi-directional flows was carried
out in this critical step. Details of some of that work have been included in this report to
provide context to the research carried out in this critical step 2.3.4.
CS 2.3.5: Inverter testing carried as part of actual PV Vector trials for IES deployment in their
distribution network provides some inputs into the fault current contribution testing of
inverters and their characteristics modelling used for analysis in this report.
1

Chapter 2. Methodology
In this report, details of relevant literature review and background theory to understand the impacts
of DER on LV and MV network is presented in Chapter 3, followed by specifically identifying the
protection issues. The review also analyses the behavior of various DERs under fault, and a
comparison between inverter based DER and their rotating DG counter-part highlighted. Chapter 4
revisits and presents the key findings of CS 2.3.3 to help provide background to the LV network
protection. The simulations conducted demonstrate the impact of IES on home zone protection and
the coordination with the upstream protection devices. The detailed simulations conclude that the
integration of IES does not affect the home zone protection. These outcomes are the basis on which
the protection guidelines for low voltage distribution networks with IES are formulated which are
presented and discussed in Chapter 7.
Detailed analysis is described and discussed in Chapter 5 by simulating LV network interconnected
with IES under various scenarios that has effect on the existing protection schemes of the
distribution network. The tripping times of fuses protecting the 400 V feeders are investigated as
function of location, fault resistance and PV rated power at each ICP. Simulation results show
potential fuse insensitivity and sympathetic tripping of adjacent feeder during high percentage of
ICPs with IES. It has been shown that arc fault resistance impacts fuse miscoordination values in
simulations, along with fault location and IES rated power.
Chapter 6 outlines the various tests carried out on inverters to assess particularly their projection
characteristics and setting parameters. This aligns with the theory and literature review of the
earlier sections and the international standards that govern the setting requirements for grid
connection of IES. Low voltage ride through, passive anti-islanding, active anti-islanding etc. have
been addressed in these sections.
Chapter 7 presents the relevant standards and details the various clauses and requirements
identified in the safety and protection guidelines for small scale DG (less than 10 kVA). This strongly
leans on the recently approved AS/NZS 4777.2: (2015) standards but also identify the various other
safety and installation standards relevant to PV systems up to 10 kVA rating. This important practical
aspect of this section has helped towards putting together the recommended guideline document,
included in the Chapter 7, for consideration by the industry.
Future work evolving from and supporting this report that is to be undertaken in the coming years
has been identified in the concluding Chapter 8.
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Chapter 3. Review of fault contribution by different types of Distributed
generation

I. OBJECTIVE
The main objective for this research review is to evaluate existing literature that clarifies fault
contribution for two different types of Distributed Generation (DG), namely rotating and inverter
interfaced. The section begins with possible protection impacts that higher penetration of
Distributed Energy Resources (DER) have on distribution network. This review is conducted in two
parts, one defining fault contribution from rotating based DER and other evaluating fault
contribution from inverter based energy systems. The rotating based DERs have well defined and
well understood behavior and its associated fault modelling methods. The later sub-sections of this
Chapter, comprehensively discusses the impact of inverter control loops on the fault contribution,
and where appropriate p.u. values that could be used for simulation studies in commercial power
system modelling software are also identified.

II.

RESEARCH ANALYSIS

3.1.1 Impact of DER on passive distribution network
Distributed generation is bound to play a significant role in the very near future. A distributed energy
resource, by definition, is one which is limited in size (generally 10 MW or less) and is either
connected at a distribution substation, distribution feeder, or even at consumer premises. The
generation resource can vary from photovoltaic cells, to wind turbines, micro-generation turbines
(captive power plants), IC engine generators and fuel cells. Due to the intermittent nature of the
renewable resource powered DG, the potential penetration of most of these resources is
undetermined at large and dependent on financial constraints and associated drivers [1]. However,
it is generally observed that there are five major drivers to the renewed interest in distributed
generation, namely developments in distributed generation technologies, constraints on the
construction of new transmission lines, increased customer demand for highly reliable supply, the
electricity market liberalization and concerns about climate change [2].
For New Zealand, increase in penetration of distributed energy resources (DER) [3] in the low voltage
network is becoming increasingly real. However, it must be noted that due to lower energy
requirements at the consumer load centers, the size of DER on low voltage network is usually
considerably lower at any Installation Control Point (ICP) compared with those connected to the MV
network. Considering that DER will increase in future, analyses regarding operation and control,
market regulations, power quality and demand response has already been conducted by several
authors [4-8]. One of the major foreseeable impacts of high DER penetration is voltage rise, which
has been analyzed at length, and it is generally accepted that it will not be an issue up to certain
penetration levels [1, 4, 5, 7, 9-17], after which the impact will need to be addressed and managed.
One larger concern is impact of DER on existing protection schemes due to potential
miscoordination amongst existing grid protection devices. This aspect has been addressed in
literature [10, 18-26] that focusses primarily on miscoordination of protection device for low-voltage
network, where the key evaluation is focused around fuse and re-closer response. Other issues
discussed in literature are assessing fault levels, relay under and over reach and sympathetic tripping
but primarily these effects are of concern to MV networks since DG connection has been up
3

predominantly connected there. Due to normal bidirectional flow of power due to roof-top solar and
similar technologies these issues will have to be explored and analysed for LV network as well.
Another issued associated with integration of DER is the difference in integration interfaces used.
From viewpoint of interfacing with the grid, the DERs could be classified either as rotating machines
based DER or inverter based DERs. One of the factors that affect coordination issue is the
intermittency of renewable DER [27-30]. It is well understood for rotating machines that during fault
they contribute larger fault current as compared to their normal rated current. Value of fault current
of up to 6.0 - 10.0 p.u. are typically used to represent rotating machine based DERs [27, 31-37]. On
the other hand the contribution of inverter based DER is limited, with literature suggesting values
between 1.2 – 2.0 p.u. There are modelling studies and research papers using 2.0 p.u. which have
been used to find out worst-case impact assessment result values. Realistic values, especially for
inverter based DER needs to be verified by conducting actual tests on commercially available
inverters to ensure that we do not over-estimate negative impacts.
3.1.2 Comparison of rotating machine based DER and inverter based DER
The objective of this section is to understand the difference between rotating based energy systems
and inverter based energy systems, in terms of their fault contribution through existing literature. A
thorough review is required to understand better behavior of inverter when connected in large
groups, especially to factor collective interaction of controls and grid dynamics.
It can be assumed for simplicity that rotating based machines do not have any power converter
connected between the source machine and the grid, and hence have a tangible inertia strongly
related to their rotating mass. On the other hand, the inverter based DG have a power converter as
an interface between the generating technology and the grid, which effectively decouples factoring
inertia. This difference in treatment for IES modelling will need to be factored while assessing grid
dynamics and also for understanding the different fault response modes for the inverters.
A fault condition can be broadly explained as a sudden alteration to the normal circuit operation.
The circuit quantities, namely current and voltage will alter, and the circuit will transition towards a
transient state from its steady state before disturbance. In the transient state the initial magnitude
of the fault current will depend upon the point on the voltage wave at which the fault occurs. The
decay of the transient condition until it merges into steady state is a function of the parameters of
the associated participating circuit elements during the disturbance.
3.1.3 Rotating machine based DERs
Under steady state operation of a rotating machine, the armature produces a demagnetizing flux,
which can be represented as a synchronous reactance in the circuit. The equivalent simple
representation is shown in Figure 3-1. Considering that the machine has been operating normally
under an open circuit condition, following a fault will respond with a transient state current with the
possible current spiking up to 6 - 10 times its rated value. The machine will eventually settle down,
supplying a steady state fault current.
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Figure 3-1: Steady state short circuit model of a synchronous based DER

Immediately upon short circuit, the DC off-set currents appear across the phases. However, during
the first few cycles immediately following a short circuit, the model shown in Figure 3-1 is not valid
since the power and the voltage regulators have much larger time constants and cannot react to the
sudden circuit transition. The model as shown in Figure 3-2 is more representative Here E’’
represents the sub-transient e.m.f and Xd’’ represents the sub-transient reactance of generators.

Figure 3-2: Steady state short circuit model of a synchronous based DER

Thus three different types of reactance, namely the sub-transient reactance Xd” for first couple of
cycles followed by the transient reactance Xd’ that persists for next few cycles, and finally steady
state reactance Xd, exist which is the typical synchronous reactance of the machine. This is captured
in Figure 3-3. The fault current magnitude depends on factors like size of the machine, capacity, and
distance to the fault. Typically maximum fault current can be in the range of 6-10 times its rated
output. The current during different states of fault can be as summarized:
•

Sub-transient response: 5~7 p.u. lasts up to 3 cycles.

•

Transient response: Up to 5 p.u. lasts for several cycles.

•

Steady-state response: Much less than transient response.

It can be seen that the fault current during transient stages of the fault are significantly higher than
normal operating current of the machine. This is known to impact with setting and operation of
existing protection schemes particularly for MV distribution network.
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Figure 3-3: Short circuit armature current of a synchronous based DER

3.1.4 Inverter-based DERs
Inverter interfaced DG consists of a power electronics converter between the generating source and
grid. This is needed to handle either for varying frequency generation or DC generation technologies.
PV and battery storage systems are examples of DC sources, and wind turbines are example of
varying renewable resource. Models of rotating based synchronous DGs are readily available and
are straight forward to model due to their simpler control schemes. However, the inverter based
DGs are slightly more involved to model, as the fault response would depend on the control
topology used in the inverter.
Due to the vulnerability of semi-conductor switches to over-current, the inverter based DERs are
equipped with fast protections as follows:
• Hard-ware protection: Instantaneous or short-time delay protection (similar to function 50/51 of
protective relaying) disconnects inverter in the first few cycles or even sub-cycle.
• Soft-ware protection: A current limiting mechanism is embedded in the inverter’s control loop
which limits the current to a predefined threshold between 1-2 p.u. depending on the capacity of
the switches used in the inverter. Thus, the fault current magnitude is generally lower than that
compared with rotating DER.
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Figure 3-4: Hardware schematic and control function blocks of a typical PV system with a DC/DC
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3.1.5 Control of Single-Phase Photovoltaic Systems
Figure 3-4 represents the overall control diagram and functions for a typical PV system. For
residential applications, the power ratings ranges between 3 to 10 kVA, and thus a DC/DC converter
is necessary to boost the DC voltage level within an allowable range for the PV inverter (e.g. DC
voltage range: 200–600 V) [38, 39]. Additionally, the converter offers flexibility to choose an
operating point such that PV panels are generally operating at maximum efficiency (MPPT).
As Figure 3-5 shows, the inverter block is followed by a low pass filter to remove voltage
components generated by the inverter switching and to reduce the ripple of the inverter output
currents. Closed-loop control of the voltage at the output of the filter is commonly achieved with the
two-loop structure shown in Figure 3-5. An inner current control loop is placed around the inductor
and voltage source inverter to form a controlled current source. An outer voltage control loop acts
on the voltage error to set a current demand for the inner loop. A detailed discussion about these
controller schemes and their setting can be found in literature [40-42].

Figure 3-5: Structure of multi loop control of inverter [42]

The objective of the voltage control loop is to provide good tracking of slow changes in the reference
signal V *o and to minimize errors in the output voltage caused by disturbances introduced by
changes in the load current io . Disturbance rejection is provided by both the feedback of the voltage
Vo and the feed-forward of the load current io signals.
3.1.6 Inverter model during normal conditions
The behavior of PV/Inverters depending on their control mode can be modelled by expressing the
relation between the output voltage and load current. In other words calculating the transfer
function of the inverter containing all the controller loops can represent a good picture of inverter
behavior. For simplification, for driving the transfer function based on the block diagram shown in
Figure 3-5 we first assume that the closed-loop transfer function of the inner current control loop is
Gs ( s ) . The following equations show how the transfer function of the inverter is derived:

[ K ( s )(Vo* ( s ) − Vo ( s )) + F ( S ) I o ( s )]Gs ( s ) − I o ( s ) =
sCVo ( s )
Gs ( s ) K ( s )Vo* ( s ) − Gs ( s ) K ( s )Vo ( s ) + ( F ( S )Gs ( s ) − 1) I o ( s ) =
sCVo ( s )

{3-1}
{3-2}
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{3-3}

{3-4}

During normal condition, when
follows:

, the output impedance of the inverter can be calculated as
{3-5}

Low impedance at a particular frequency presents good rejection of disturbances occurring at that
will be close to unity across the bandwidth of
frequency. The gain of the current control loop
interest if it has been properly designed. The gain of the feed-forward transfer function
unity or a little less within the control bandwidth [42].

is also

According to {3-4} the inverter can be modelled as an equivalent circuit under normal condition as
shown in Figure 3-6.
The following definition is taken for the purpose of simplification:
{3-6}

Figure 3-6: Model of the inverter under normal conditions

3.1.7 Fault current modelling of inverter based DER
There is a maximum allowable limit to current carrying capacity of power electronics switches in the
inverter bridge as they typically exhibit rather low thermal inertia. Due to this reason, a current
limiting device has to be placed to protect the inverter devices (see Figure 3-5). Considering the
inverter to be a constant power source, a dip in voltage during a grid fault leads to a large inverter
current flowing. However, as soon as the current reaches its set-limit, the voltage control loop is not
able to carry out its control function satisfactorily. Figure 3-7 illustrates the block diagram that is
representative of the control structure, during this situation.
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Figure 3-7: Control structure of inverter under fault conditions

Therefore, the original equations for obtaining transfer function changes and the new ones reflect
the faulted situation that can be represented as follows:

{3-7}
With rearranging:

{3-8}
Accordingly the inverter can be modelled as an equivalent circuit under fault condition as described
by equation {3-2}.
Note that the gain
has an approximately constant value as the frequency is almost remained
at nominal values during short circuit current in the distribution networks.

Figure 3-8: Model of the inverter under normal conditions

Therefore, while rotating machines behave like a voltage source under short circuit current
conditions, inverters act more like a current source limited to not much higher than normal load
current.
3.1.8 Fault response of the inverter
Considering fault reduction in voltage at the ICP, the inverter responds to it by increasing its current
output in order to maintain set power level. Due to the presence of a first order low pass filter (with
a cut-off frequency of
) between the inverter and grid connection point, the inductor current to
approaches its new reference value exponentially after a step change in its output voltage [36]. The
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approximate equation for fault response of the inverter can be calculated as when a fault and so a
voltage dip occurs at t = t f :

io (t ) =
io ( n ) + (io (t f ) − io ( n ) ) *(1 − e − wct )

{3-9}

It is assumed that the grid voltage magnitude before and after the fault are defined by Vo ( n ) and

Vo (t f ) , respectively, then the corresponding steady state fault current are given as io ( n ) , and
io (t f ) . The cut off frequency is calculated as follows:

wc 2=
=
π fc

R
Lo

{3-10}

In the above equation, R represents the damping resistor. Considering that the distortions caused
by inverter switching are to be eliminated, the cut-off frequency must be at least half of the
switching frequency.
The fault response of the inverter during the event of a fault is illustrated in Figure 3-9 [36]. The
dotted graph shows the expected fault response of the inverter according to {{3-9}. However, if the
output voltage sag due to the fault is deep enough, then io (t f ) will exceed ith at the time t = td and
the inverter current limiting module will switch to a pre-defined fault current i f . At time t = t f a
fault occurs somewhere in the network, which causes the output voltage to drop to Vo (t f ) . In order
to track the output power set points, the power controller will attempt to increase the current which
exponentially approaches io (t f ) . At time t = td the inductor current magnitude exceeds the
threshold ith and current limiting is triggered. Note that the severity of the voltage drops and
consequently the inverter response is dependent upon the distance of the fault from inverter and
type of fault.
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Figure 3-9: Single phase inverter theoretical fault response

3.1.9 Zones of Protection
PV uptake in LV distribution of New Zealand is steadily rising and therefore its impact on LV
operation and protection is of great interest to distribution companies participating in the GREEN
Grid project. The inverter, as illustrated in Figure 3-10, is installed inside the house to feed a major or
part of its existing demand. The primary objective here is to evaluate how PV can influence the
operation of protective devices across both house and the LV network protection zones. In general,
simple overcurrent devices, most commonly in the form of fuses are employed in LV distribution
networks to protect equipment and ensure safety. Also houses are equipped with MCB to be
protected against internal faults. However, after PV installation due to the PV contribution to the
fault current the operation time of these fuses could change [43]. An overview of the basic structure
of LV zone being studied in this report can be seen in Figure 3-11. The following section provides an
overview of operation principles of MCB, fuses and over current relays.

12

Figure 3-10: Principle of grid-tied PV plants

Figure 3-11: Zones of protection, and calculation of fault levels at LV and ICP (Home zone)

3.1.9.1 MCB, Fuse, and OC relay selection
MCB for Home zone
Fuses and MCBs are rated in kilo-amperes (kA). The ampere rating given on the fuse or MCB body is
the amount of current that these devices can allow continuously. This is normally called the rated
current or nominal current. Even though the nominal currents of fuse and MCB are similar, they
exhibit different operating characteristics. The fuse distinctly requires more current to operate
rather than an MCB for a given desired time. Typically, MCBs have three characteristics:
The first characteristic is the overload which is intended to prolonged overloading of the cable in
a no fault situation. The speed of the MCB tripping will vary with the degree of the overload. This
is usually achieved by using a thermal device in the MCB. The presence of PV does not
considerably affect this characteristic.
The second characteristic is the magnetic fault protection, which is intended to operate when
the fault reaches a predetermined level and MCB trips within one tenth of a second.
The third characteristic is the short circuit protection, which is intended to protect against larger
short circuit faults instantly.
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Figure 3-12:Type B MCB tripping characteristics [44]
Table 3-1: Typical MCB characteristics for Type B, C, and D

Type
B
C
D

Tripping Current / Full load current
3 - 5 times
5 - 10 times
10 - 20 times

Operating Time
0.04 To 13 Sec
0.04 To 5 Sec
0.04 To 3 Sec

Fuse
Fuses are the most common, comparatively simple and cheaper protective devices used in a
distribution network. Fusing elements are only effective once and become open circuit once a
specific current threshold is reached [45]. The two key protection characteristic for fuses are their
minimum melting and total clearing times and the corresponding current levels. The minimum
melting time is the time it takes for the fuse to become open circuit once the specified threshold
current has been reached. The total clearing time is the minimum melt time plus the time it takes for
the resulting arc to be extinguished. The advantage of fuse is that as it is not susceptible to
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phenomena such as harmonics, frequency drift or DC offset which may be present in a fault signal as
it operates based on the heating effect on a resistive element. The disadvantage of a fuse is that
they are not adaptive to changes in the system and once the fusing element blows it requires
attendance for replacement. They also have no communication ability, so the only way to determine
if they require replacement is to monitor the downstream network or respond to outage calls from
customers.
Over Current Relay (OCR)
A relay that operates or picks up when its current exceeds a predetermined value (setting value) is
called Overcurrent Relay. Overcurrent relays has protection application across all segments of power
system elements, i.e. transmission lines, transformers, generators, or motors.
Overcurrent relays are microprocessor based and are relatively expensive option, compared to
fuses, for protection in a LV distribution network. They operate by digitally sampling the current
waveforms from a current transformer and then filtering the signal to extract the fundamental
component. Accordingly, a decision is made by the relay whether a fault has occurred according to
the pre-set values. Overcurrent relays are connected to a circuit breaker which can be tripped when
a fault occurs. There are two basic types of overcurrent relays, instantaneous current and IDMT
(Inverse Definite Mean Time Current). Instantaneous overcurrent relays will operate immediately
should the current exceed the pre-set threshold, whereas IDMT Current relays require the current to
exceed a minimum value for a certain period of time before operating.
For radial MV feeder protection, there can be more than one overcurrent relay to protect different
sections of the feeder. These overcurrent relays need to be coordinated such that the nearest relay
to the fault operates first. Using time, current and a combination of both time and current are three
ways to discriminate adjacent overcurrent relays.
3.1.10 Coordination of protective devices
Coordination of protection devices such as fuses, recloser and overcurrent relays in a distribution
network is currently based on the assumption that the system is radial. This means that the power
flows in only one direction, and there is just a single upstream source feeding the distribution
network.
To coordinate fuses, the minimum melting time of the backup fuse must be larger than the total
clearing time of the main fuse separated by the Coordination Time Interval (CTI). The CTI is the time
delay between the operation of protection in the current zone and backup zone. This means that the
backup zone protection will wait for that period of time to allow the current zone protection to
operate, after which it will operate to safeguard the network due to failure of primary protection.
The CTI is the sum of the relay detection time, the relay pick-up time, breaker operating time and
the margin of error. It is typically in the range of 0.3 seconds [46].
As can be seen in Figure 3-13, the coordination between MCB, fuse and OC relay is first carried out,
so as to make sure that the fault clears within minimum time, and the interrupted and affected zone
is as small as possible. According to Figure 3-13, setting of the OC and selecting the fuse for a
distribution system should be implemented in order to coordinate fuse and OCR as main and back
up protections, respectively. MCB only operates for the faults and overloads inside the house. To get
a clear picture of fault current contribution of IES, progression of the various stages is shown.
Distribution networks are usually radial and their protection system is designed and coordinated
without factoring DERs. Therefore, following DER integration, the existing protection scheme must
be evaluated to assess if existing protection would need upgrade in terms of time setting or
technology. For this purpose, firstly the correct operation of protective devices in passive LV network
are verified and thereafter the impact of PV system on protection system is analysed.
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Figure 3-13: Coordination between MCB, fuse and OC relay

III. KEY LEARNINGS/OUTCOMES
All potential impacts following IES/DG integration into homes are recognized from the existing
literature. This provides the necessary theoretical basis that needs to be taken into account while
testing and modelling simulation studies. Also from the existing literature, it can be concluded that
while rotating machines can contribute up to 6 – 10 p.u. times their rated current, the inverter fault
current output cannot be more than 2 p.u. (generally designed to be lower) as it is restricted by
rating of the power electronics device and control loop. Three zones of protections have been
identified for the analysis to be conducted for IES/PV integration studies. The home zone
encompasses all protection and safety aspects related to IES connection at ICP. The focus of home
zone currently is the mains MCB connected at the incomer of the household. The LV zone contains
protection devices from 400 V LV bus-bar to all the ICP’s connected to that MV/LV transformer. The
main protection device considered in LV zone is fuse. Additionally, the MV zone consists of back up
protection, to cater to LV zone protection failure. The prime protection element at MV distribution is
Over Current Relay with its respective circuit breaker. The coordination of these elements has been
introduced for reader to understand the subsequent analysis undertaken and reported later in this
report.
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Chapter 4. Home zone protection
I.

OBJECTIVE
The objective of this study is to assess the impact of the IES on the existing protection
schemes in the home zone protection region. A typical LV network with IES interconnected
at the ICP with the home load is modelled in DIGSILENT power factory software to analyze
the impact of IES.

Figure 4-1: Home zone, LV zone and MV zones of protection

II. RESEARCH ANALYSIS
4.1.1 Network analyzed
In order to evaluate the impacts of PV up take on home and LV zones a representative network from
Orion network (Residential network 1) has been used as a case study for this report. The low voltage
distribution network shown in the Figure 4-1 has been simulated in the DIGSILENT software for
conducting protection studies. In the network, IES is directly connected to the nodes (ICP) with home
loads of not more than 10 kVA. MCB at the incomer of the home is considered as primary protection
device for faults inside the home with IES. For realistic scenario Inverter’s LVRT characteristics and
anti-islanding functionalities are incorporated in the model by adding a breaker for instantaneous
operation when the voltage at the ICP drops below 0.5 p.u.
4.1.2 Simulation results (Home Zone)
The location of the MCB, Fuse and OCR are shown in Figure 4-1. The setting and coordination of
protective devices are initially set to protect the passive network, i.e. without DER. For evaluation of
the upstream fuse OCR coordination with PV, the worst case has been selected, i.e. maximum rated
PV of 5KVA at each ICP, and load considered is 1 KVA. The feeder fuse is rated at 125 A and standard
DigSilent fuse model has been chosen for simulation. To determine how PV can influence the
protection strategy of distribution network, 5 scenarios are studied as discussed below, considering
fault location A Figure 4-2:
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Figure 4-2: Orion case study for evaluation of PV impacts on protection of home and LV zones

4.1.2.1 Scenario 1- Passive network
In the first scenario, the network is assumed be passive and none of the ICPs has any IES
connected. A solid single-phase fault is created inside the home (fault location A in Figure 4-2),
resulting in the fast and instantaneous operation of MCB. Figure 4-3 shows the operation time of
the MCB in this case.
As per the simulation, for the fault within home zone the MCB instantaneously trips within 0.05 s
when 5 times the rated current is reached [24, 47].
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Figure 4-3: Operation time of MCB for the case of internal fault (Home Zone)- Scenario 1

4.1.2.2 Scenario 2- 10% PV penetration
In this case, the penetration of PV IES in the network is 10%. It is expected that the fault current level
would increases as the voltage level of network rises with PV up take. Figure 4-4 shows that the fault
current has increased to 1206.30 A.

Figure 4-4: Operation time of MCB for the case of internal fault (Home Zone)- Scenario 2

As seen from the time-current curves, the fault current passing through MCB increase after IES
interconnection as the IES contributes to fault as well. It should be noted that the maximum fault
contribution of the IES is assumed to be 1.5 (As per the simulations shown in Figure 4-10,). Later on
in the testing chapters, it has been confirmed that all practical inverters have currents well less than
2 p.u, typically in the order of 1.2 to 1.3 p.u. The voltage of grid is compensated due to the presence
of IES resulting in increase in fault current level. The operating time of MCB remains the same as
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scenario 1 (0.05 s) since the magnitude of fault current is larger as compared to the originally set
value.
4.1.2.3 Scenario 3- 90% PV penetration
Figure 4-5 shows the operation time of MCB in case where the penetration level of PV is increased to
90%. The fault current will also increase due to increase in PV penetration level. However, the MCB
trips, for faults within its zone, at the minimum operation time of 0.05 sec in this scenario as well.
According to the results, it can be concluded that there is no modification or change needed in home
zone protection after IES integration, since the MCB operates in the shortest possible time. Since the
fault current sensed by the MCB, and its operation time depends on the severity of fault two other
scenario are simulated, in which the fault impedance rise causes reduction in fault current sensed by
the MCB.

Figure 4-5: Operation time of MCB for the case of internal fault (Home Zone)- Scenario 3

4.1.2.4 Scenario 4- Passive network- High impedance fault
Figure 4-6 shows the operation time of MCB in case of a high impedance fault (Rf=2 ohm, as per NZS
3000 earth fault impedance calculation for 40 A type B MCB with Ia = 3 Irated) for scenario 1. In this
situation the fault current reduces significantly and MCB detects the fault in region B, tripping in
0.077 s.
4.1.2.5 Scenario 5- 90% PV penetration- High impedance fault
In this scenario, the fault current reduces significantly as well, but after PV integration, the MCB
operates faster at 0.050 s, as it senses more fault current (see Figure 4-7). It is evident that the fault
contribution from IES reduces the operation time of home MCB. As the MCB is graded for passive
homes, it can safely operate for fault conditions, with excess current contributed from IES.
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Figure 4-6: Operation time of MCB for the case of internal high impedance fault (Home Zone)- Scenario 4

Figure 4-7: Operation time of MCB for the case of internal high impedance fault (Home Zone)- Scenario 5
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4.1.3 Simulation results (LV Zone)
In this section, to investigate how PV integration can affect the operation of protective devises in LV
feeder, a single-phase fault on the feeder (fault location B in Figure 4-2) has been studied. It should
be noted that the contribution of IES mainly depends on the severity of the faults. Also if the IES is
to provide dynamic support for the grid voltages, they will need to stay connected longer during
disturbances, termed as FRT0F1 capability. This is similar to requirements of DG under normal
situations, where inverters have to provide support to the grid voltages by injecting reactive power.
For FRT or L/HVRT 2, a common curve is proposed so that the desired behavior or operating bounds
can be determined by utilities (New Zealand grid codes). This curve, as illustrated in Figure 4-8,
captures the following requirement:
•
•
•
•

PV must stay connected following a grid outage for atleast 150 ms.
If within 150 ms voltage is back above limit 1: stable operation
If after 150 ms voltage stays below limit 2: may disconnect in accordance with grid codes
Below the blue line, there are no requirements saying that generating plants have to
remain connected to the network.

Figure 4-8: LVRT capability of inverter

For this assessment, PVs are set accordingly to comply with the LVRT curve. This is captured in the
time-domain figures of voltage and current of grid and IES (Figure 4-9, Figure 4-10). Due to solid
earth to line fault, the voltage drops to less than 50% of nominal voltage and the inverter
disconnects. But in Figure 4-10, the voltage drop is limited due to high fault impedance (2 ohms),
and therefore the PV continues feeding the grid.

1

Fault Ride-Through

2

Low/High Voltage Ride-Through
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Figure 4-9: A typical fault contribution of network and PV IES (severe faults)

Figure 4-10: A typical fault contribution of network and PV (High impedance faults)

It can be concluded from the above figures that the fault current sensed by the protective devices in
the LV network might vary depending on the fault location and severity of faults.
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4.1.3.1 Scenario 1- Passive network
To demonstrate the upstream impact of protection system due to PV penetration at homes, a 3phase bolted fault is simulated on the representative feeder at location B (figure 4-2), and all three
scenarios assessed in previous section are addressed again, and the observations are discussed as
below. Figure 4-11 shows the tripping time of fuse, as primary, and OC relay as backup.

Figure 4-11: Operation time of FUSE and OCR for fault B – scenario 1

4.1.3.2 Scenario 2- 10% PV penetration
In this scenario, it was assumed that only 10% if ICPs have IES connected. A three phase dead short
circuit was created to find the time of operation of the fuse. The tripping time of fuse, as primary,
and OC relay as backup in this scenario is shown in Figure 4-12. Coordination of the protection
scheme upstream is not affected, as the fuse operates within 0.158 s.
4.1.3.3 Scenario 3- 90% PV penetration
Figure 4-13 shows the tripping time of fuse, as primary, and OC relay as backup protection in this
scenario. As observed from the results, the fault current passing through the fuse/ OC reduces as the
PV contributes to the fault. Therefore, the contribution of MV network reduces causing an increase
in operation time of OCR. Note that in scenarios 2 and 3, the fault is assumed to occur after PV
location in the feeder, i.e., PVs are placed in the fault loop. It should also be noted that the high
penetration level of the PV makes the short circuit power of the network greater than passive
network since the voltage of the network increases with PV connection.
The voltage of the terminals (ICPs) of top feeder during normal condition and in the event of a 2phase short-circuit (B-C) are tabulated in Table 4-1. It can be observed that the presence of IES along
the feeder can change the voltages of the terminals during the fault. Also it can be concluded that
the voltage drop at the various terminals depends on its distance from the fault location.
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Figure 4-12: Operation time of FUSE and OCR for fault B – scenario 2

Figure 4-13: Operation time of FUSE and OCR for fault B – scenario 3
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Table 4-1: The voltage variation of different terminals after fault

B1
B10

Load Flow Results (With PV)
V (p.u.) - A
V (p.u.) - B
0.9866089
0.9852691
0.9559017
0.953373

V (p.u.) - C
0.9865166
0.9587341

B-C short circuit Results (With PV)
V (p.u.) - A
V (p.u.) - B
1.064772
0.8113499
1.068684
0.3426403

V (p.u.) - C
0.7929304
0.4220387

B11
B12
B13
B14
B15
B16
B17
B18
B19
B2
B20
B21

0.953121
0.9503408
0.9475614
0.9450956
0.9427073
0.9402432
0.9380891
0.9360115
0.9338591
0.983242
0.9320119
0.9302407

0.950556
0.9477396
0.9449236
0.9420315
0.9394721
0.9369852
0.934423
0.9321906
0.9300295
0.9816968
0.9277941
0.925886

0.9564133
0.9540931
0.9517736
0.9495266
0.9471994
0.945185
0.9432421
0.9412194
0.9395053
0.9832133
0.9378614
0.9361382

1.070208
1.071734
1.07326
1.074934
1.076474
1.077803
1.079282
1.080628
1.081761
1.064443
1.083046
1.084197

0.3455514
0.3484654
0.351382
0.3540554
0.3567715
0.359341
0.3616659
0.3640361
0.3662605
0.7471136
0.3682394
0.3702659

0.4255024
0.4289661
0.4324297
0.4357876
0.4388929
0.4419536
0.4449099
0.4476137
0.4502768
0.7420693
0.4528364
0.4551435

B22
B23
B24
B25
B3
B4
B5
B6
B60
B7
B75
B76

0.9283952
0.926851
0.9253821
0.9238395
0.9802161
0.9771099
0.9740045
0.9709793
0.9913463
0.9678749
1.000002
0.9225949

0.9240484
0.9221371
0.9205512
0.9190348
0.9780425
0.9744667
0.9708916
0.9676594
0.9908085
0.9645041
1.000005
0.9174455

0.93472
0.9333708
0.9319428
0.9308167
0.9799896
0.9771019
0.974215
0.9712458
0.991234
0.9686064
0.9999934
0.9297588

1.085136
1.086227
1.087185
1.08793
1.06446
1.064441
1.06462
1.064887
1.002943
1.065131
0.9940484
1.088828

0.3721475
0.3737826
0.3754674
0.3770079
0.682788
0.6185692
0.554636
0.4912247
0.929276
0.4282603
1.000702
0.3783013

0.4574134
0.4595805
0.4614951
0.4633755
0.6912101
0.6405466
0.5900259
0.5394298
0.8890181
0.4890822
0.995583
0.4651537

B77
B79
B8
B80
B82
B83
B84
B85
B86
B87
B88
B89

0.9210487
0.9181525
0.9647712
0.9169974
0.9120379
0.9148809
0.9141134
0.9123964
0.9116769
0.9102716
0.9109954
0.9118717

0.9157727
0.9125137
0.9613494
0.9112617
0.906144
0.9088438
0.908011
0.906533
0.9034117
0.9061195
0.9053756
0.9055837

0.9282567
0.9261329
0.9659678
0.9250122
0.9218567
0.9236441
0.922901
0.9222002
0.9229614
0.918609
0.9160958
0.9220164

1.08984
1.0915
1.065574
1.092259
1.095507
1.093411
1.09415
1.095052
1.096337
1.096156
1.098129
1.095719

0.3800788
0.382927
0.3661689
0.3842578
0.3899161
0.3862137
0.3873585
0.389261
0.3887208
0.3935638
0.394847
0.3898511

0.4671704
0.4709858
0.4390556
0.4724929
0.4796995
0.4752962
0.4765565
0.4789913
0.4814641
0.4808334
0.4810962
0.4801965

B9
Bmain

0.9617467
0.9869108

0.9585343
0.985625

0.9632477
0.9867839

1.066421
1.058138

0.3370766
0.823335

0.4156864
0.7958455
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III. KEY LEARNINGS/OUTCOMES
It is observed from the simulations that the existing protection device (MCB) at home is adequate for
the protection for home zone after interconnection of IES. Even for the high impedance fault and for
high penetration of IES, the contribution of fault current from the IES does not affect the existing
protection scheme for homes. It is also observed that the upstream fuse for the protection of feeder
is not affected by the addition of IES. The protection analysis is further investigated in the next
chapter to identify miscoordination/insensitivity of LV protection devices (LV fuse and MV OCR).
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Chapter 5. Impact of IES on the LV distribution network

I.

OBJECTIVE

The Orion representative feeders have been modelled in DIgSILENT power factory and protection
studies were conducted to analyze the impact of IES from the LV grid protection view point. In this
report the representative networks have been classified based on the supply fault level and supply
impedances following guidelines recommended in the international standards – IEC 60725. A similar
approach for identifying based on line resistances for last ICP on the longest feeder of a network has
been shown for Vector network in Auckland region. Based on the classification, representative
networks are identified which have higher probability of fuse miscoordination issues (Sympathetic
tripping). Detailed analysis for such feeders is carried out to identify the penetration levels and other
factors that have to be considered by the distribution utility for modifying the existing protection
settings if required on case by case basis.

II. RESEARCH ANALYSIS
5.1.1 Analysis of representative feeders
Reference supply impedances play a critical role while determining fault levels at an ICP. A simple
approach can be direct measurement of supply impedance up to the point of connection (ICP). Some
of the impedances as measured in several countries are shown in Table 5-1. The calculation methods
are detailed in IEC 60725. In the current draft Australian impedance data have been provided by one
for New Zealand is not available. In a later section, the equivalent system impedances for the Orion
representative feeders have been were found through simulations. The parameters used for
simulation are shown in Appendix A.
Table 5-1: Impedance data for residential supply systems (IEC 60725)
Country

Connections
V

Canada

100-120
200-240
100-120
200-240
100-120
127
220
100
200

USA
Mexico
Korea
Japan

Percentage of consumers having supply impedances
equal to or less than the listed complex values in Ω
98%
95%
90%
85%
0.20+j0.06
0.20+j0.08
0.09+j0.05
0.10+j0.06

0.40+j0.18

0.16+j0.08
0.34+j0.15
0.35+j0.13
0.42+j0.21

0.31+j0.11

0.28+j0.10

Remarks
Others
-

Survey/ Calculation
Calculation
Calculation
Survey
Survey/Calculation

5.1.2 Classification of Vector network
As part of CS 2.2, we have carried out the effort to extract rough LV information from GIS mapping.
This was used for open-source modelling assessment of practical distribution utility data. For our
current work, this network data has been used to assess the approximate fault levels for typical
Vector LV feeders from this rough data set representing LV feeders. This analysis showcases an
alternate technique of classification of network, from data obtained through GIS mapping systems.
The software used for this purpose is, Gridlab D, an open-source software. 15800 low voltage
distribution transformers were identified, along with their line properties up to customer supply
point (ICP) from GIS map of the Vector network for Auckland. Data pertaining to approximate line
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resistance and reactance (depending on length as seen in GIS) were calculated in Gridlab D according
to location and type of line found from the GIS map. Considering that LV main feeder contribute
significantly to system impedance up to last ICP point, the feeders can be categorized based on line
resistance of feeder line up to last ICP. The screening process needs to correctly identify this
terminal ICP based on the GIS connectivity map, rather than from actual physical connection and this
can be a challenge. Factoring a rough connectivity estimate and considering the relationship
between line length and resistance to be linear, the classification was made based on line length.
The line resistances and line lengths are tabulated in Table 5-2. The trends for the classification
made are shown in Figure 5-1 and Figure 5-2. The line resistances mentioned in the table are
maximums of linear trend found during the classification. This approach has been shown in detail in
IEC/TR 60725. The values found this way could be used to evaluate the typical fault levels. If we
can thereafter get detail connectivity information from one of the representative feeder of this
cluster, then one could do detailed modelling by putting IES/PV to the ICP’s and then assess the
change in the LV fault levels.

Table 5-2: Classification of feeders based on length and respective line resistances for fault analysis

Classification
Highly Urban
Urban
Sub-urban
Rural

Line Length (m)
110
200
300
800

Line resistance (Ω)
0.035
0.05
0.09
0.32

Figure 5-1: Line resistance vs Line length for highly urban setup
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Figure 5-2: Line resistance vs Line length for suburban setup

5.1.3 System impedances for Orion representative networks
This section reports on the fault analysis carried out for the representative Orion network. The fault
levels and respective supply impedances per residential load are used to categorize the network in
suitable blocks as per the table 5-1. The fault levels at 0.4 kV LV distribution board and 230 V ICP are
tabulated in
Table 5-4 tabulates the results of the analysis for the 5 representative feeders. It can be seen that
while representative networks commercial 1, commercial 2 and residential 1 are classified under
same category of ‘urban’ due to similar fault levels at LV bus bar, Residential 3 is categorized as
‘highly urban’, and residential 2 as ‘rural’. However, it can be noted that due to high fault level at last
ICP for commercial 2, it may be classified as ‘highly urban’. We have used the classification
methodology as discussed in found in IEC/TR 60725.2012.
On similar lines, the networks can also be classified based on actual distance between LV service
cables/overhead lines up till each ICP or based on distance of last ICP of longest feeder respectively.
The results are tabulated in Table 5-3. It must be noted that residential network 2 again has the
least ICP density over distance to the last ICP point, suggesting a rural or suburban setup. From the
analysis, it was seen that the anticipated problems of a situation with long feeder, large number of
ICP, and adjacent parallel feeder, are observed in Orion representative residential network 1 and 3,
and commercial network 1. The representative commercial network 3 could not be simulated as
properties of several lines were unknown. It is anticipated that there will not be any issue regarding
this network, as the network consists of only cables. For 3-phase faults of this network the likely
increase in fault levels even with very high penetration of IES/PV is likely to be marginal. Also the
chances of single-phase to ground high impedance fault for cable network is very low. The detailed
analysis of residential 1 has been shown in the following section.

30

Figure 5-3: Fault level estimation at LV bus bar and Customer ICP

Table 5-3: Distance to feeder and equivalent SLG grid impedance

Network
Commercial 1
Commercial 2
Residential 1
Residential 2
Residential 3

Distance to last ICP on longest Equivalent grid impedance
feeder (m)
R, X (ohms)
168.5 (33 ICP)
0.05, 0.07
17.6 (18 ICP)
0.01, 0.02
300 (37 ICP)
0.21, 0.11
280 (12 ICP)
0.18, 0.11
380 (102 ICP)
0.10, 0.12

Table 5-4: Fault Level and short circuit current for Orion representative feeder

At LV 0.4 kV Bus Bar
Type
of Initial SC Initial SC
Network
MVA
Current
(kA)
Commercial 1 7.05
9.81
(Urban)
Commercial 2 8.32
11.58
(Urban)
Residential
1 6.88
9.57
(Urban)
Residential
2 4.99
6.95
(Rural)
Residential
3 15.18
21.13
(Highly urban)

At the last ICP of the longest parallel feeder
Peak SC Initial SC Initial SC Peak
SC SLG fault
Current MVA
Current Current
MVA at
(kA)
(kA)
(kA)
last ICP
20.8
2.09
2.9
4.61
0.456
25.69

7.74

10.76

23.25

2.04

20.36

0.729

1.01

1.46

0.192

13.24

0.80

1.12

1.63

0.228

48.47

1.19

1.66

2.56

0.253
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5.1.4

Analysis of Single line to ground faults for Orion representative networks

Figure 5-4: Orion representative Residential urban network

The network chosen for detailed analysis is shown in Figure 5-4. Two fault points were chosen to
demonstrate the impact of IES on fault current during different fault conditions. The Arc Fault
Resistance was varied from 0Ω to 1Ω, in steps of 0.1Ω. The fault points are as indicated in the
diagram (location L1 and L3). The faults are thus conducted at the 400 V distribution point and the
last ICP point. The percentage of ICP with IES is varied from 0% to 100% in steps of 10% to show the
change in operation time of Fuse 1 and MV OCR for Single line to ground faults as shown in Table
5-5, Table 5-6 and Table 0-3 (in Appendix). For the purpose of simulation, the fault contribution of
the inverter has been set to a more realistic value of 1.2 p.u., as obtained through the tests rather
than from the literature.
The detailed LVRT and inverter fault current characteristics are discussed in the next chapter which
helped setup the parameters of DigSilent simulation setup in this chapter. The realistic model of
inverter fault currents was imitated in the current simulation, as the model chosen is that of a static
PV generator with respective control modes in Powerfactory, and is suitable for the purpose of
evaluation. The load connected at each ICP is 4.5 kVA. Fuses 1 and 2 are hence rated according to
connected load at each ICP, leading to a fuse selection of 315 A (Fuse 1) and 250 A (Fuse 2). It can be
seen that after 50% of ICP have connected IES, the Fuse 1 operation time is unusually large at 0.2Ω
AFR. Under such conditions, it is recommended to re-index the LV fuses for safe operation during
high PV penetration.
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Table 5-5: OCR and fuse 1 operation times for various AFR ohms, Passive network with no ICP PV, residential network 1,
Single line to ground fault

Fault location last ICP point

Fault Location 400/230 V distribution

AFR Ohms

OCR operation
time (s)

OCR operation
time (s)

Fuse 1 operation
time (s), rated 315 A

0.00
0.10
0.20
0.30

Does not Operate
Does not Operate
Does not Operate
Does not Operate

0.63
7.65
48.29
348.02

Does not Operate
Does not Operate
Does not Operate
Does not Operate

Fuse 1
operation time
(s), rated 315 A
0.39
0.93
2.03
4.05

Table 5-7 shows the respective fuse rating required for reliable operation of feeders. The number of
ICPs on feeder A is 38, while number of ICPs on feeder B is 33. Considering a load of 4.5 kVA on each
ICP, the fuse rating is calculated based on the maximum connected load on each feeder. The first
column of the table suggests fuse rating with minimum number of ICP with connected IES. The
connected IES for the suggested rating is 5 kVA, considering that all the ICP have only single phase
IES.

As the number of ICP with connected IES increases, the apparent load on each feeder is reduced as
generation starts to match the load. The fuse must be indexed for normal operation for the new load
conditions. However, as generation matches the load at some point, a minimum load/generation
must be defined for minimum value of fuse required to adequately protect the feeder. Thus, a cap of
2 kVA of power at each ICP is then applied to rate the fuses for at least 2 kVA of load/generation at
each ICP. This cap is in effect after 19 ICPs on feeder A and 16 ICPs on feeder B, with connected IES,
as after this the apparent load on the feeder is lesser than 2 kVA per ICP. The problem of
sympathetic tripping is shown in 5.1.5 as an exaggerated problem, where load is further reduced to
1 kVA and generation still remains at 5 kVA at each ICP.
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Table 5-6: OCR and Fuse 1 operation time for different percentage of ICP with 5 KVA of IES connected, residential
network 1 (4.2 kVA of connected load), Single line to ground fault

AFR Ohms

Fault location last ICP point

Fault Location 400 V distribution

OCR
operation
time (s)

Fuse 1 operation time
(s), rated 315 A

OCR
operation
time (s)

Fuse 1 operation time (s),
rated 315 A

10% PV on Feeder A
0.00

Does not Operate

0.46

0.64

Does not Operate

0.10

Does not Operate

1.24

8.31

Does not Operate

0.20

Does not Operate

3.02

64.41

Does not Operate

0.30

Does not Operate

6.85

Does not Operate

Does not Operate

30% PV on Feeder A
0.00

Does not Operate

0.59

0.64

Does not Operate

0.10

Does not Operate

1.88

9.52

Does not Operate

0.20

Does not Operate

5.75

113.82

Does not Operate

0.30

Does not Operate

16.69

Does not Operate

Does not Operate

50% PV on Feeder A
0.00

Does not Operate

0.67

0.63

1302.07

0.10

Does not Operate

2.51

10.94

1112.08

0.20

Does not Operate

9.56

250.16

1029.73

0.30

Does not Operate

36.63

Does not Operate

890.89

70% PV entire network
0.00

Does not Operate

0.66

0.63

168.84

0.10

Does not Operate

2.33

12.62

118.20

0.20

Does not Operate

7.72

Does not Operate

66.27

0.30

Does not Operate

32.37

Does not Operate

30.30

90% PV entire network
0.00

Does not Operate

0.67

0.63

101.23

0.10

Does not Operate

2.30

14.42

52.99

0.20

Does not Operate

7.86

Does not Operate

8.49

0.30

Does not Operate

60.79

Does not Operate

59.40

100% PV entire network
0.00

Does not Operate

0.66

0.62

169.19

0.10

Does not Operate

2.31

15.82

97.48

0.20

Does not Operate

10.75

Does not Operate

20.28

0.30

Does not Operate

66.18

Does not Operate

218.14

* Shaded line – Either
unacceptable operation time

insensitive

or
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Table 5-7: Suggested fuse ratings for increasing number of ICP with connected IES of 5 kVA

Number of ICP with
connected IES
1
2
3
4
5
6
7 (10% ICP with
connected IES)
8
9
10
11
12
13
14 (20% ICP with
connected IES)
15
16
17
18
19
20
21 (30% ICP with
connected IES)

Suggested Fuse 1
ratings (A)
250
240
230
220
220
210

Suggested Fuse 2
ratings (A)
210
210
200
190
180
180

200
190
190
180
170
170
160

170
160
150
150
140
130
130

150
140
140
130
120
120
120

120
110
100
100
100
100
100

120

100
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5.1.5 Fuse miscoordination (sympathetic tripping) due to IES
The network shown in the Figure 5-4 is the residential network 1 of the Orion representative
feeders. The particular network is chosen due to presence of long parallel feeders, which could
possibly exhibit fuse miscoordination problem during high percentage of ICP with IES and high arc
fault resistance. The fault was conducted at each terminal with varying arc fault resistance. Sweeps
of arc fault resistance, from 0 ohms to 2 ohms in steps of 0.1 ohm, were simulated with fault
conducted at each terminal which is connected to overhead lines. Single line to ground faults are
considered in entire analysis, as no protection issue was found in three phase faults due to large
fault contributution from the gird. Reference [49] has indicated that for MV arc fault, values of upto
2.3 ohms could exist. We decided to use that range of values for our LV arc-fault simulation.
Reference [50] from Sandia Lab has also used this reference to assess their LV switchboard fire
incidents.
The fuses chosen are 125 A for Feeder A and 100 A for Feeder B, with characteristics available from
global DIgSILENT library. The control modes are turned off as the default setting of the inverter is set
to unity power factor. The load at each ICP is considered to be 1 kVA at unity power factor. The
rating of the IES considered in the simulation is 4 KVA and 5 kVA. The percentage ICP with IES
connected was considered to be 100%, 95% and 90%. This topology is chosen for analysis as it is one
of the networks with parallel feeders with overhead lines having chances of single-phase to ground
fault events. Simulations were conducted for all representative feeders, with 3ᶲ dead short circuit on
cables as well. It was found that there is no change on the effect of fault contribution from IES on
existing protection scheme even with 3ᶲ cable faults, and with 100% of ICP with IES.
Sympathetic tripping was observed in this network as well as the network described in the Appendix
A for some scenarios. Some of the simulation results, describing this for this network are shown in
Table 5-8. Faults were conducted at each terminal (ICP) of the network, for various AFR values, and 4
KVA of rated IES with 100% ICP with IES. Each terminal was then examined on case by case basis for
events of sympathetic tripping. The cases of sympathetic tripping occur only after AFR of 0.5 ohm
(only one case recorded), with most of the sympathetic tripping occurring for AFR value of 0.7 ohm
and above. It is thus inferred that sympathetic tripping would occur only for high impedance faults.
It was also seen that all the cases occur for the longest feeder, Feeder A, where the Fuse 1 does not
operate (even without DG), or would operate after Fuse 2. One of the cases is elaborated in Figure
5-5, where Fuse 1 on Feeder A has not operated and Fuse 2 on Feeder B has operated within 2102 s
as per the simulations.
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Figure 5-5: TCC curves of 2 fuses at 100% IES penetration

The number of cases for sympathetic tripping disappears when the percentage ICP with IES is
changed to 90% (Table 5-8) for the respective network (the removed IES are from feeder B which
suffers sympathetic tripping). For 5 KVA of IES rated power, the safe percentage of ICP with IES is
90%. However, fuse insensitivity is an issue at high AFR values and needs to be factored. The
importance of location is shown by conducting faults at fault location L3 as well, as shown in Figure
5-4. From the Orion representative networks simulated, feeders on commercial network 1 was also
found to show sympathetic tripping as well. The other networks are primarily cable networks and
the sympathetic trip demonstrated as single-line-ground fault is unlikely. Summary of the
sympathetic tripping in Orion representative commercial network 1 is shown in Appendix A, which
also exhibits similar performance as discussed in this section.
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Table 5-8: Arc Fault Resistance and respective Fuse tripping times, Single line to ground fault

4 KW of PV connected at each ICP (Fault Location L3)
Percentage of ICP with Arc fault resistance Fuse 1 Tripping time (s)
PV connected (71 ICPs)
(ohm)
100
0
0.078
0.1
0.29
0.2
0.99
0.3
6
0.4
231
0.5
101
0.6
895
0.7
Fails to Operate
0.8
Fails to Operate
1
Fails to Operate
1.2
Fails to Operate
1.5
Fails to Operate
90
0
0.07
0.1
0.288
0.2
0.98
0.3
4
0.4
33
0.5
130
0.6
826
0.7
Fails to Operate
0.8
Fails to Operate
1
Fails to Operate
1.2
Fails to Operate
1.5
Fails to Operate
85
0
0.79
0.1
0.289
0.2
1.05
0.3
3.3
0.4
22
0.5
74
0.6
445
0.7
5525
0.8
Fails to Operate
1
Fails to Operate
1.2
Fails to Operate
1.5
Fails to Operate

Fuse 2 tripping time
(s)
1463
1120
116
115
353
640
990
1231.4*
1421.2*
1696.3*
1894*
2102*
Does not Operate
Does not Operate
7079
218
1242
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate

5 KW of PV connected at each ICP (Fault Location L3)
Percentage of ICP with PV connected Arc fault resistance Fuse
1tripping Fuse 2 tripping
(71 ICPs)
(ohm)
time (s)
time (s)
100

0
0.1
0.2
0.3

0.081
0.305
1.414
9.832

87.21
48.72
12.56
39.79
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0.4
0.5
0.6
0.7
0.8
1
1.2
1.5
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1
1.2
1.5

90

* Cases of Sympathetic Tripping

43.68
306.41
334.97
352.09
363.6
378.77
288.43
398.01
0.08
0.299
1.12
12.16
53.21
308.85
314.92
312.86
309.72
304.56
301.2
289.1

69.64
92.36*
108.5*
120.2*
128.9*
141.09*
149.04*
156.8*
2644.3
512.8
26.98
89.98
298.92
557.21
795.58
995.69
1159.9
1406.8
1580.2
1764

Table 5-9: Arc Fault Resistance and respective Fuse tripping times, Single line to ground fault

4 KW of PV connected at each ICP (Location L1)
Percentage of ICP with PV Arc fault resistance
connected (71 ICPs)
(ohm)
100
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
90

0
0.1
0.2
0.3
0.4

Fuse 1 Tripping time (s)
0.00
0.01
0.15
1.39
6.47
26.03
134.00
1246.38
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate

Fuse 2 tripping
time (s)
1121.05
725.07
209.81
89.97
578.49
1041.46
1369.20
1599.88
1773.96*
1912.70*
2024.57*
2116.15*
2192.25*
2256.35*
2311.01*
2358.13*

0.00
0.01
0.16
0.74
8.23

Does not Operate
Does not Operate
Does not Operate
66.32
3590.36
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0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5

29.58
150.51
1394.30
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate
Fails to Operate

5 KW of PV connected at each ICP (Location L1)
Percentage of ICP with PV Arc fault resistance Fuse 1 Tripping time (s)
connected (71 ICPs)
(ohm)

Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate

Fuse 2 tripping
time (s)

100

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.5

0.00
0.01
0.15
1.88
10.51
60.49
380.21
394.07
402.83
408.83
413.17
405.80
394.61
385.74
372.59

67.00
37.04
3.67
54.17
92.01
114.36
128.44
138.00
144.88
150.06
154.09
157.32
159.96
162.16
165.61

90

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5

0.00
0.01
0.14
2.35
11.84
66.78
341.91
335.82
330.41
325.97
322.36
319.41
316.96
314.90
313.16
311.65

1764.00
1580.20
1476.21
986.59
33.75
143.00
508.92
851.87
1113.92
1310.62
1461.05
1578.90
1674.50
1755.37
1824.40
1883.83

* Cases
Tripping

of

Sympathetic
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5.1.6 Fault analysis with 10 KVA of rated IES power
AS/NZS 4777.1 defines that all inverters rated greater than 5 kVA must be connected to three phase
for all ICPs. The previous analysis shows impact of IES rated up to 5 kVA connected at each ICP on
the fault level, and some of the cases of protection miscoordination are shown, including fuse
insensitivity. Similar analysis is carried out for inverters greater than 5 kVA connected at each ICP,
but now the IES system must be connected to 3 phase. The operating conditions, safety and
protection settings for interconnection of IES system greater than 5 kVA are defined in AS/NZS
4777.1 and 2. For the analysis shown in this report, phase imbalance disconnection setting has not
been included in the analysis due to limitation of setting this up in the software used. However, it
can be realistically assumed that prior to the grid fault, the 3-phase IES systems will be respecting
the interconnection requirements of allowable phase-imbalance limit and any violation there would
trip the IES system anyways beforehand and would not contribute to fault currents. Therefore, the
fault analysis shown in this report with non-inclusion of IES phase-imbalance feature is likely to
cause no major impact and will be more on the conservative side for protection setting purposes.
Table 5-10: Fault current at fault point and respective contribution from gird, Single line to ground fault

PV penetration

Short circuit current Short circuit current Short circuit
at 400 V distribution
from grid
current
at
Fault terminal
0 % Passive network 1382
1520
1316
(AFR 0 ohms)
10%
1333
1470
1323
20%
1300
1440
1330
30%
1260
1400
1350
40%
1250
1380
1380
50%
1245
1380
1400
60% (Feeder B IES 1240
1380
1420
now active)
70%
1250
1250
1420
80%
1250
1250
1420
90%
1250
1200
1425
100%
1250
1180
1430
0% Passive network
(AFR 0.3 ohms)
10%
20%
30%
40%
50%
60% (Feeder B IES
now active)
70%
80%
90%
100%

720

860

530

635
550
480
410
360
340

770
690
620
550
500
480

530
540
550
560
570
570

340
340
340
340

420
340
280
220

580
580
580
580

41

The network shown in the analysis is the representative Orion residential network 1. The details of
this network are discussed in section 4 and 5. The load at each ICP point is chosen to be 4.5 kVA with
a single phase connection, pertaining to the rating of the transformer (300 kVA). IES systems are
rated at 10 kVA connected to three phase, and the penetration is progressed in steps of 10% starting
with Feeder A first, and once feeder A saturates, the IES are activated on Feeder B. The fuses of each
feeder are chosen according to connected load on each feeder, resulting in fuse 1 to be rated at 315
A and fuse 2 at 250 A. The fault analysis shown is for fault at last ICP point on feeder A. Table 5-10
shows the fault level at fault terminal, the current contribution from the grid, and respective current
contribution from feeder B when IES are active on feeder B. The AFR chosen for illustration are 0
ohms and 0.3 ohms. The current flowing through fuse 1 at 50% PV penetration and AFR of 0.3 ohms
is half the current in a passive network and fuse will be insensitive for any further PV concentration,
leading to uncoordinated LV protection scheme.

III. KEY LEARNINGS/OUTCOMES
A classification approach is shown is this chapter, where the LV networks of utility can be organized
based on fault levels and based on system impedance up to point of last ICP for carrying out fault
sensitivity studies. This approach is demonstrated for classification of Vector networks in Auckland
region, where open source platform is used to calculate the approximate line parameter from GIS
mapping and subsequent classification. The classification shows distinctive patterns of line
resistance values that are reflective of typical values of IEC 60725, generally representative in
European countries. The representative Orion networks were classified according to fault MVA at LV
bus bar level and the supply impedances.
From the evaluation and analysis of each network, residential network 1 and 3 were identified as
potential problematic feeders for simulation and presented in detail in this Chapter and
accompanying appendix A. The other representative feeders have also been modelled and simulated
in the DIGSILENT. For the residential network 1 and 3 analyzed in this chapter, extreme scenarios like
high penetration of above 90% and for high arc fault resistance at the end of the feeder causes
sympathetic tripping. The arc fault resistance at which sympathetic tripping occurs in the simulations
is around 0.5 ohms.
The major protection problem found in LV networks after integration of IES was fuse insensitivity
(analysis conducted for both indexed and realistic fuse values as shown in 5.1.4, 5.1.6 and Appendix
A), which is directly dependent on the rating of the transformer and respective fuses on LV side of
the transformer. The analysis shown for Orion residential network 1 show that the fuse is insensitive
to faults at last ICP point after 50% of ICPs with connected 5 kVA IES (alternatively 25% ICPs with 10
kVA rated IES), or high AFR values of about 0.3-0.5 Ω. This finding pertains to residential network 1,
and details for the other Orion representative networks are provided in Appendix A.
The LV fuse and MV OCR coordination is not affected in case of three phase faults as the magnitude
of fault and contribution from grid is significantly higher than the IES cluster. The OCR on MV side of
transformer was found sensitive to AFR, and it was seen that OCR operation times are very high for
AFR values of 0.3 Ω and above in a passive network. When IES penetration reaches 70%, the OCR is
completely insensitive at AFR value of 0.3 Ω. Similar analysis for all Orion representative networks is
shown in the Appendix A, with respective percentage of ICP connected with IES after which
protection analysis needs to be undertaken to maintain the coordination of protection devices.
Hence, MV OCR and LV fuse coordination must be reevaluated at different percentages of ICP
connected with IES, AFR values and type of fault.
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Chapter 6. Inverter testing and fault current estimation
I.

OBJECTIVE

The main motive of this chapter is to demonstrate how the typical commercial inverters behave
during fault conditions, and what their LVRT properties are. Understanding these properties is
important for realistic modelling of IES in the simulations, to accurately capture which inverters will
disconnect after grid anomaly. Therefore, the inverters need to be tested for various control modes
that are available. 2 KW and 3KW inverters have been chosen to be in the lab for these grid support
functionalities because these were made available by the participating utilities in this project. The
impact of control modes on anti-islanding properties also needs to be evaluated.

II. RESEARCH ANALYSIS
6.1.1 LVRT Characteristics and potential impacts
The objective of this section is to test and illustrate what the LVRT characteristics of the inverters
are. It is currently considered that the inverter will disconnect instantly for a voltage drop below
0.5pu and all simulations are conducted with same assumptions. However, the LVRT of each inverter
varies to a great extent depending on manufacturer and model, thus a common ride through must
be defined by the utility according to their needs.
For a temporary grid anomaly, due to the inherent inertia of the rotating machine based DER, it has
the capability to ride through minor faults, i.e. it does not disconnect from the grid. However due to
lack of the inertia in inverter based DERs, they are sensitive to changes in voltage and frequency.
Hence it is important to analyze detailed LVRT capabilities of inverters of various ratings from
different manufacturers. The clearing times for voltage variations defined in IEEE 1547 are tabulated
as follows:
Table 6-1: Clearing times for different voltage levels defined in IEEE 1547

Voltage range(% of base voltage)

Clearing time(s)

V<50
50≤V<88
110<V<120
V≥120

0.16
2.00
1.00
0.16

Once the voltages are out of bound, the DER must disconnect from the grid and monitor the grid
voltage for reconnection. The DER must connect only after 60s once normal operating conditions
have been restored. For obtaining detailed LVRT envelopes of the inverters, the voltage was dropped
in steps for various durations. Subsequently the inverter will disconnect if the contingency remains
for time long enough, thus defining its low voltage limit for a particular duration. It was found that
while several inverters did not allow the user to change the disconnection time, some of the
inverters provided option to change the disconnection time to up to 2s. This did not violate any
standards, as normal disconnection time defined in all the standards was 2s. However, this holds
only for limited band, as for voltages below 0.5pu the disconnection time must be much lesser than
2s. This only held for voltage anomalies and not frequency. The behavior of inverter during
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frequency sweeps is shown in Figure 6-6. The inverter was operated in frequency vs active power
mode. The drop in inverter current right before disconnection is observed. The particular control
mode has no effect on the disconnection time and hence is not interfering with the anti-islanding
scheme of the inverter.
For direct comparison, the LVRT of all 2 kW inverters is shown in Figure 6-1. All the inverters were
operated at full rated power as the LVRT envelopes are most sensitive at peak output power. Similar
trials were conducted for reduced power output and the reduction in power makes the inverter less
sensitive to voltage drop. Disconnection points and times are still within the limits of the standards
followed (AS/NZS 4777.2). At maximum power output, the minimum voltage drop which all inverters
can ride through is 150V for duration of 40 ms. The detailed LVRT curve for one of the inverters at all
power levels is shown in Figure 6-2.

Figure 6-1: LVRT Envelopes of all 2kW inverters
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Figure 6-2: LVRT graphs for all power levels.

Example of an LVRT test is shown in Figure 6-4. The voltage was dropped to 1 V to simulate a severe
fault condition that lasted for 20 ms. It is observed that the inverter does not disconnect from the
network, implying it has been able to ride through the fault. However, the post fault current of the
inverter, shown in Figure 6-5 suggests the inverter controller has not been able to bring back normal
operating conditions, as the current waveform is heavily distorted. In most literature 2 p.u. has been
mentioned as maximum fault current while carrying out the analysis. The experimental results
shows that fault current is dependent on fault voltage, the trend being increase in current
proportional to drop in voltage up till certain point, beyond which it drops with drop in voltage. The
current however, for a simulated severe fault is as shown in Figure 6-4. Also, the time that the
inverter contributes to the fault is directly dependent on voltage dips following fault inception and
the FRT capability of the inverter and for severe and long voltage dips the inverter switches off and
does not contribute to the fault anymore, unless any significant change is made in the disconnection
time of the inverter.
The actual inverter contribution is also measured through experiments. The current is directly
proportional to the drop in voltage and can reach up to 1.5 times its rated current. For greater drops
in voltage, current contribution is as less as 1/10th of rated current.
Considering that the inverter will disconnect due to its anti-islanding schemes, the voltage drop
might not be absolute reliable modelling technique for fault contribution. Thus the fault contribution
of inverter for a solid line to neutral fault was conducted as well. The inverter chosen is Power-one 3
kW inverter. The circuit arrangement is shown in Figure 6-7. The results are shown in Figure 6-8. It
must be noted that due to limitation of lab arrangements, the inverter was operated only at 25% of
its rated capacity. The results were found similar to anti-islanding test condition A, with inverter
disconnecting instantly with no significant fault contribution.

45

Figure 6-3: Current and voltage dips during LVRT characterisation (3 KW Power one inverter)

Figure 6-4: LVRT testing result for 2KW Enasolar inverter
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Figure 6-5: Post LVRT test showing current and voltage waveforms for 2KW Enasolar Inverter

Figure 6-6: Frequency anomaly vs fault current, inverter in frequency active power mode
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Figure 6-7: Measurement of fault current for a solid line to neutral-ground fault

Figure 6-8: Rms Current, Voltage, and Current waveforms for Line to neutral-ground fault

6.1.2 Testing of control modes of IES and protection settings
The objective of this section is to evaluate the possible control schemes in the IES systems for the
grid support. It is found that the inverters are by default set to unity power factor mode with no
control mode activated generally. Hence the utility must define their needs according to respective
network. Also, only individual IES are evaluated in this testing regime and clustered IES are not yet
evaluated. This makes comprehension of impact of IES control modes on grid out of the current
scope, except through simulation.
In accordance to 4777.2 (2015) the inverter must have some control modes built in to it as part of
grid support functionality, along with demand response management (DRM) schemes. However, it
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was noted that none of the inverters had any port available readily for any kind of demand response
mode, which is also capable of controlling the power quality responses of the inverter. Hence,
discussion on DRM support is completely excluded from this report. Further details are available on
DRM in 4777.2 (2015) section 6. It must be noted that the inverter must not interfere with any grid
parameters and must operate at unity power factor unless operating in any of the power quality
modes as specified by the utility.
The main motives for the power quality modes are to help maintaining power quality at the
customer premises and in certain cases provide support to the grid. Some of the expected power
quality modes are
•
•
•
•
•

Volt-Watt/VAR mode
Reactive power/fixed power factor mode
Power management modes
Frequency-power modes
Rate of change of power modes

It is expected that any combination of these modes may operate at any given point of time, given
that the modes do interfere with their own normal operation and also must not at any point of time
interfere with operation of anti-islanding schemes.
The reference points, also as confirmed on inverters with power quality functionalities are as
follows:
Table 6-2: Volt Watt/VAr mode voltage set-points

Reference
value

Australia default New
Zealand Range
values
default values

V1
V2

207
220

207
220

Not applicable
216 to 230

V3

250

244

235 to 255

V4

265

255

244 to 265

Table 6-3: Volt-Watt droop and voltage set-points

Reference

Maximum value (P/Prated), %

V1

100%

V2

100%

V3

100%

V4

20%
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The complete expected quality response modes are summarised in Figure 6-9 via example setpoints.
V4

V1

cos(φ )

V2

30%

Maximum range
100

0.85
0.90

80
60

Default

40

0.95

V3

1.0
200
30%

Lagging

220

230

240

250

260

0.95
0.90
0.85

60%

210

20

V4

Power P/PRated VA (%)

VAr/Rated VA (%)

Leading

60% 0.80

V3

Both Volt-VAr and Volt-Watt
responses enabled
Volt-VAr response
Volt-Watt response

0.80

Figure 6-9: All control modes, expectedly working in conjunction

6.1.3 Assessing the impact of control modes of IES on protection settings through tests
Control modes would be capable of improving power quality at ICP and cumulatively support the
grid through control active and reactive power. Many the commercially available inverters with
capacity less than 3KVA do not have these control modes readily accessible.
A typical voltage-var response of SMA-3000 is shown in Figure 6-10. As the reactive power is
generated at the cost of active power, and apparent power remains same, the mode does not
modify the LVRT (as seen earlier 16, LVRT are dependent on apparent power) and does not interfere
with normal anti-islanding operations as seen in Figure 6-11.
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Power and current vs Voltage, Voltage-VAR mode
3.50E+02
3.00E+02
2.50E+02
2.00E+02
1.50E+02
1.00E+02
5.00E+01
1
17
33
49
65
81
97
113
129
145
161
177
193
209
225
241
257
273
289
305
321
337
353
369
385
401
417
433
449
465
481
497
513
529

0.00E+00

Volatge

Active Power (KW/10)

Apparent Power (KVA/10)

Current (A*10)

Figure 6-10: Volt-VAR responses

Frequency vs Active power, with passive anti-islanding
disconnection
6.00E+01
5.00E+01

Disconnection Point

4.00E+01
3.00E+01
2.00E+01
1.00E+01

11:06:58
11:07:05
11:07:12
11:07:19
11:07:26
11:07:33
11:07:40
11:07:47
11:07:54
11:08:01
11:08:08
11:08:15
11:08:22
11:08:29
11:08:36
11:08:43
11:08:50
11:08:57
11:09:04
11:09:11
11:09:18
11:09:25
11:09:32
11:09:39
11:09:46
11:09:53
11:10:00
11:10:07
11:10:14
11:10:21
11:10:28

0.00E+00

Frequencymax

Active Power (KW/100)

Figure 6-11: Frequency power mode trip points, unaffected
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6.1.4 Anti-islanding tests in accord to 4777.2 (2015)
According to 4777.2 (2015), inverter based DERs must have an automatic disconnection device
which would be capable of isolating the inverter from the grid in case of three events as listed:
•
•
•

If the grid is interrupted and is no longer seen by the inverter
When the grid voltage or frequency goes out of bound from specified values
A demand response call

To comply with these requirements, at least one type of passive anti-islanding scheme and one type
of active anti-islanding scheme is necessarily built in to the inverters. The passive scheme solely
relies on the monitored values of voltage and current at the ICP to determine if the grid is healthy
and present. If the measured values deviate and go out of bound, or if the change is sudden, the
disconnection device is triggered. On the other hand, the active anti-islanding schemes deliberately
try to change the parameters (amplitude and phase) of voltage and frequency through injection of
current at particular intervals to determine if the grid is still present or is weak. Some of the methods
stated in 4777.2 (2015) are
•
•
•
•

Regular shift of frequency from normal conditions, which in absence of reference would shift
beyond bounds, triggering protection relay.
Allowing frequency to be inherently unstable.
Periodically altering output current phase, leading to increase in current in presence of grid.
If grid is absent, a change in current phase will lead to change in voltage phase as well.
Monitoring grid impedance.

The bounds of passive anti-islanding are defined in Table 6-4:
Table 6-4: Passive anti-islanding set-points values

Protective function
Under voltage (V)
Overvoltage 1 (V>)
Overvoltage 2 (V>>)
Under-frequency (F
Over-frequency (F>)

Protective function limit

Trip delay time Maximum
disconnection time
180 V
1s
2s
260 V
1s
2s
265 V
0.2 s
47 Hz (Australia) 45 Hz 1 s
2s
(New Zealand)
52 Hz
0.2 s

Once the automatic disconnection device has operated, the following criteria are necessary for
reconnection of the inverter, as mentioned in 4777.2 (2015)
•

•
•

The grid parameters have been within normal operating bounds for at-least 60s. It is to be
noted that this parameter is set as 60s default in most of the inverters, but considering softwired nature of this setting, it can even be set to as less as 10s by the installer. This might
provide greater flexibility to the utilities.
Inverter and the grid are synchronised.
No demand response call is active (DRM0 in particular).
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6.1.5 Passive and active anti-islanding schemes, tests in accord to NZ4777.2 (2015)
Passive anti-islanding tests have already been tested while determining the FRT envelopes of the
inverters, however, active anti-islanding schemes requires a tunable RLC load, the power of which is
guided by 4777.2 (2015). It is to be noted that the test is divided into 3 major load conditions which
are: Light electronic load, matching load, and load match + 10%. The power resonant load for the
load match must be at least 1/50th of the rated power output of the inverter up till 100 kVA of
inverter power, and 3 kVAr otherwise.
For light load conditions, the diagram F1 along with respective directions from 4777.2 (2015) has to
be followed. The value of capacitance required is 100 µF and value of resistance is 560 kΩ. It is to be
noted that the following value only apply for rated power output of only up till 5 kVA, otherwise the
resistive load should equal to 0.1% of rated apparent power output. The displacement power factor
(DPF) was maintained at unity during this test. The test result can be seen in Figure 6-12.
To determine that the resonant load for load conditions B and C is correctly established for each of
the chosen test values, the resonant load shall be tested connected to a voltage equal to the test
grid voltage and then disconnected by a switch. The resonant load shall meet the following criteria:
•
•

•

There shall be a minimal internal resistance such that the resonant load has an
underdamped resonant behavior.
The voltage seen at the resonant load terminal after the switch disconnects it from the test
grid voltage shall oscillate at the resonant frequency 50 Hz. NOTE: As the resonant
frequency is dependent on inductors and capacitors, the allowable range for the measured
resonance after disconnection is 48 Hz to 50.25 Hz.
When the resonant load is tested with no other loads or sources, after the switch

Figure 6-12: Load condition A for active anti-islanding test

disconnects the resonant load the measured peak voltage value of the second peak shall be
more than 90% of the measured first peak value cycle after the resonant load is
disconnected from a source set at the grid test voltage.
The test of compliance of resonant load can be established from Figure 6-13. During the load
conditions B and C, the DPF was maintained at unity, while the only VAr in the circuit was in the
resonant circuit. If the DPF is not maintained at unity, then the resonant circuit should be capable of
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balancing the VAr from inverter such that there is no flow of active and reactive power from the
grid. The results from load condition B and C are shown in Figure 6-14 and Figure 6-15 respectively.
It can be seen in both cases it difficult to determine the grid disconnection point as the resonance
circuit operates as a weak grid for a few cycles before the inverter de-energises.

Figure 6-13: Compliance of RLC load with procedure in 4777.2

Figure 6-14: Load condition B for active anti-islanding test
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Figure 6-15: Load condition C for active anti-islanding test

III. KEY LEARNINGS/OUTCOMES
It is seen that the modification of inverter control schemes do not have any potential impact on the
fault current or protection performance of the IES. The individual IES responds to voltage and
frequency anomaly according to the mode they are set to, however, cluster of inverters has not
been tested yet for cumulative effect of these control schemes on the power quality of the network.
It must be noted that none of the inverters below 3 kVA of rating have any accessible control
schemes and utility must deploy their own devices for desired control action.
LVRT characteristics of different models were traced out in an attempt to develop a common
envelope that can be used in simulation modelling as general LVRT characteristics of IES. However, it
was noted that the properties vary according to rated power output of the inverter system as well as
power of operation. Through these ‘low voltage’ tests, the fault contribution of inverter was also
evaluated. It was found that behavior of inverter fault current is, as a constant power source up till
150 V of drop in voltage. Thus, current increases with drop in voltage. After that, the inverter control
loop is ineffective and fault current drops drastically to 1/10th of rated current. These aspects have
been included in simulation techniques, where fault current from IES is now limited to 1.2 p.u.
The control schemes of the inverters were identified and tested for their range. It was found that
while 2 kW inverters lack access to grid support mode, and anti-islanding settings, the 3 kW and
above inverters can be set for desired operation within specified range. However, it was noted that
these control modes have no impact on anti-islanding schemes and do not disrupt normal protection
schemes of the IES.
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Chapter 7. Recommended safety and protection guideline for connection of
Small-scale Inverter Based Distributed Generation (DG) up to 10 kVA
I.

OBJECTIVE

The objective of this chapter is to recommend safety and protection guidelines for the connection of
small-scale inverter based distributed generation up to 10 kVA based on the simulation, testing and
analysis carried in the previous chapter and this is a key industry outcome for CS 2.3.4.

II. KEY LEARNING/OUTCOME
7.1.1 Review of current safety and protection standards
The standard AS/NZS 4777 (2015) Grid connection of energy systems via inverters, comprising of two
parts: AS/NZS 4777.1 (2015) and AS/NZS 4777.2 (2015), specifies the required installation
procedures and tests for grid connection of energy systems via inverters.
AS/NZS 4777.1 (2015) - Part 1: Installation requirements
Part 1 of the standard specifies the electrical installation requirements for inverter energy systems
and grid protection devices with ratings up to 100 kVA connected to electricity distribution system at
low voltage for three-phase units. The single phase installation of IES shall not exceed 4.6 kVA,
equivalent to 20 A of rated current.
AS/NZS 4777.2 (2015) - Part 2. Inverter Requirement
Part 2 of the standard specifies the requirements and tests which the low voltage inverters must
adhere to for power injection to the grid at low voltage. This part of the standard covers the
protection and safety requirements set out in:
•
•
•
•
•
•
•

AS/NZS 3112 Approval and test specification – plug and socket outlets
AS/NZS 3000 Electrical installations (Australian/New Zealand wiring rules)
AS/NZS 5033 Installation and safety requirements for PV arrays
AS/NZS 1768:2007 Lightening protection
IEC 62109 Safety of power converters for use in photovoltaic power systems
IEC 62109-1 Part 1: General requirements
IEC 62109-2 Part 2: Particular requirements for inverters

Additional standards have been referred to in this report and the corresponding guideline which do
not directly relate to the safety & protection of the IES up to 10kVA but relate to adjoining systems
and other safety aspects.
AS/NZS 60335 Household and similar electrical appliances
This standard is concerned with the safety of electrical appliances requiring their rated voltage being
no more than 250 V for single-phase appliances and 480 V for other appliances.
AS 62040.1.1 Uninterruptable power systems (UPS), Part1.1: General and safety requirements for
UPS used.
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A low voltage UPS system installed in conjunction with the IES would need to adhere to all
requirements set out in this AS 62040.1.1 standard for general and safety requirements.
IEC 62052.11 Electricity metering equipment (AC): General requirements, tests and test conditions.
Part 11: Metering equipment
Electricity metering equipment set up as part of the IES system, designed to measure electrical
energy on 50Hz network, with a voltage up to 600V, are subject to tests specified in the standard.
SR 2010/36

Electricity (Safety) regulation 2010

This set of safety regulations outline electrically safe and unsafe practices regarding aspects of the
electrical installation and operation in order for safety and protection of the IES and connected
systems.
7.1.2 Safety of the Installation
The latest AS/NZS 3000 standard, including other standards referred to within, ensures the safety of
the IES installation. NZS 4777.2 (2015) and the standards referred within (AS/NZS 5033) also covers
safety aspects of the IES installation such as the Lightning protection system, Surge protection
devices and PV array earth fault/earth leakage detection.
The requirement for a Lightning protection system (LPS) and a surge protective device (SPD)
depends on the installation’s built environment. An assessment for the type of built environment
needs to be undertaken as per section 2 of AS/NZS 1768:2007. Based on this assessment, if
necessary, LPS with SPD is required as recommended in sections 4, 5 and 6 of the AS/NZS 1768:2007.
The earthing and lightning protection requirements for the IES are provided in section 3 of AS/NZS
5033:2014.
Finally, for IES above 10kVA, it becomes important to monitor the insulation level of the PV panels
especially when using transformer-less inverter topologies. “In order to provide personal safety in
addition to the protection class of the PV array, the inverter must be disconnected from the utility
grid immediately upon occurrence of a residual current of 30mA.” (DIN VDE 0126-1-1) [48]
7.1.3 Protection of the IES
NZS 4777.2 (2015) covers all aspects of protection to the IES and covers all systems less than 10 kVA
as set out in this report. Measures to safeguard against potential damages to the IES and associated
equipment or operational difficulties due to Supply network-related events shall be adopted as
outlined in section 7.2 of NZS 4777.2 (2015) which states the abnormal conditions under which
automatic disconnection device should operate. These settings shall be configured in the IES by a
qualified and accredited person. The protection measures set are to be adhered to and not changed
by the Customer.
Among the essential features of the automatic disconnection device are:
•
•
•
•
•

Capability of withstanding voltage impulses likely to occur at the point of installation.
Not be able to falsely indicate that the contacts are open.
Preventing unintentional closure caused mainly by mechanical fluctuations.
Live conductor’s disconnection.
Basic insulation between the energy source port and the grid port, preventing power going
to the grid when failure is detected.

57

7.1.4 Protection of the Distribution network
NZS 4777.2 (2015) also covers all aspects of protection to the distribution network as set out in this
report. Measures to safeguard against potential damages to the distribution network and associated
equipment or operational difficulties shall be adopted as outlined in sections 7.3 and 7.4 of NZS
4777.2 (2015) which state the anti-islanding protection methods, voltage and frequency limits for IES
sustained operation.
Section 7.3 states the importance of incorporating at least one method of anti-islanding protection
among the four (4) existing into the Automatic disconnection device. Section 7.4 states voltage and
frequency limits, and the corresponding inverter disconnection time due to the possible
phenomena.
The passive anti-islanding inverter settings shall be set according to Table 7-1.
Table 7-1: Passive anti-islanding inverter settings

Trip delay time
Protective function limit /
Parameter
(seconds)
setting
Over-voltage stage 1(V>)
260V
1
Over-voltage stage 2 (V>>) 265V
0
Under-voltage
180V
1
Under frequency (f <)
45 Hz
1
Over frequency (f >)
52 Hz
0
3
Min Reconnection time
60 s
0.9 lagging
Reactive Power Control
Fixed Power Factor

Maximum
disconnection
time (seconds)
2.0
0.2
2.0
2.0
0.2

Note: Settings cannot be changed by anyone other than a qualified and authorized person.

All the settings mentioned shall be configured in the IES by a qualified and accredited person. The
protective measures set are to be adhered to and not changed by the Customer.
All passive anti-islanding settings for the inverter set out in Table 7-1 are recommended in order to
protect the distribution network with parallel DG connections.
The under-frequency relay value is set well below the lowest threshold value of AUFLS by which the
last block would have come into effect. The first block of AUFLS in NZ is initiated when the grid
frequency drops to 47.9 Hz (North Island) and 47.5 Hz (South Island) while the last of the AUFLS
blocks (based on RoCoF) for the North Island and South Island are activated at 47.3 Hz and 46.5 Hz
respectively. The under frequency trip setting for the inverter based energy system is set well below
this value of 46.5 Hz so that during the load shedding, the IES does not trip, but continues supplying
local loads thus helping the grid during such an event.
In the preparation of these guidelines it was noted that an under-frequency value of 45 Hz for NZ
(NZS 4777.2 (2015)) would not require a trip delay time of 1 s as other inverter protective functions

3

60s is default minimum inverter setting suitable for all NZ networks. This value would need to be
coordinated with the MV recloser setting. This time may be increased due to network specific
system recovery times.
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should have been activated by the time the system reached 45 Hz. Since it does not make any
difference, the trip time delay associated with under-frequency is left as it is stated in 4777.2 (2015).
NZS 4777.2 (2015) does not state why a minimum reconnection time of 60 s was chosen. It has been
observed that this setting comes as a default with many inverters. Setting 60 s as a minimum time
for reconnection however, is appropriate, unless the reconnection time set needs to be coordinated
with MV recloser settings due to network specific recovery times. Depending on the network, the
inverter reconnection time chosen may need to be increased. The inverters tested have been
observed to have the function to allow manual changing of their reconnection time. This feature
should not be activated by anyone other than a qualified and authorized person.
Active anti-islanding is required by all installations including and above 3 kVA. It is noted that
systems less than 3 kVA may not have an active anti-islanding setting. If systems below 3 kVA do
have active anti-islanding capability, this must be enabled by an authorized and approved person
during installation.
Table 7-2: Active Anti-Islanding Settings

Maximum
disconnection
time (seconds)
2.0

Parameter

Active Anti-Islanding Setting

IES >= 3 kVA

As set out in NZS 4777.2 2015
If active anti islanding setting option is available in the inverter, it
2.0
requires to be enabled in line with NZS 4777.2 2015

IES < 3 kVA

7.1.5

Power limiting devices and settings

If the scenario is such that the inverter based DG is required to have a limited export to the gird, a
suitable power limiting device must be installed/ activated. The power limiting device/ setting used
must comply with Table 7-3 of the guidelines accompanying this document.
In the case where limited net export is allowed to the grid, the power limiting device should be
implemented by one of the following: A four quadrant power meter with programmable logic
controller (PLC), or an approved smart inverter with the ability to reduce net power export to the set
utility limit. Any of the specified systems implemented are required to be reliable such to ensure
export is always limited. The full set of power limiting requirements is set out in Table 7-3:
Table 7-3: Power limiting requirements for Grid connected IES

PLD Requirements
1
The PLD should include one of the following:
a) A separate protection relay
b) A four quadrant power meter with programmable logic controller (PLC)
c) An approved inverter with the ability to adjust net power export to zero.
2

The PLD shall not create flicker problems on the low voltage network by continuously switching
inverters on and off.

3

The export-limit settings are set to EDB’s requirements. Export limit will vary with network
hosting capacity.
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4
5
6
7

The export/ import must be metered. If the installation has no smart metering capability, then
an import or export meter is to be installed in order to monitor feed-in energy.
If current transformers or sensors are used, they shall have their terminals sealed.
The terminals of the power restricting system must be set up so that it cannot be tampered
with.
The PLD operation must not interfere with the inverters’ passive or active anti-islanding
performance.

A suitable meter is required to monitor the import/ export of the installation to the grid to ensure
that it complies with limits set out by the utility. This measurement of energy needs to follow IEC
62052.11 standards. Should there be an instance where the meter fails to transmit a reading or the
inverter fails to receive a transmitted reading, the power limiting device should limit the export
power to the maximum allowed.
In Australia’s Energex/ Ergon connection standards 4, only non -net export is included in the section
covering power limiting devices. Due to network hosting capacity evaluations that are being carried
out in New Zealand, it was presented that a future case may be that an installation will be approved
with limited export to the grid due to the network specific hosting capacity. This export limit will be
determined by the Utility, depending on their network topology.
If there is a limit on Net export to the grid subjected upon approval of the installation, then an
appropriate power limiting device / setting is required.
The reverse power flow limit for non-export that Energex/ Ergon had evaluated was 2%. This value is
dependent on the limits of the hosting network and needs to be evaluated prior to installation by
the Utility. The definite time delay was chosen as 10 seconds for Energex/ Ergon networks for nonexport systems. This time delay will also require to be set by the Utility depending on the hosting
network’s limits. Example connections for small scale IES up-to 10KVA are detailed in Appendix A.
7.1.6 Impact on existing protection devices/schemes of the LV distribution network
Interconnection of small-scale IES to the LV distribution network does not contribute significantly to
increase the existing network fault levels based on the analysis carried out using DigSilent for
representative NZ networks.
There have been certain situations observed during simulations, particularly on LV urban networks
with overhead lines, where sympathetic tripping of an un-faulted overhead line feeder fuse occurs
due to a high-impedance single-phase fault in an adjacent feeder. This unintended protection
operation is observed to be influenced by value of LV arc-fault resistance and the % of ICPs with IES
connection chosen. It is recommended that for networks on reaching above 90% of LV ICPs having
IES connection, the distribution utility conduct detailed single-phase to ground fault analysis for the
overhead line feeders connected to that MV/LV transformer, to ensure proper selectivity amongst
their LV feeder protection devices.

4

E. E. ENERGEX, Connection Standard, Small Scale Parallel Inverter Energy Systems up to 30 kVA,
2014
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Chapter 8. Summary and Future Work
8.1 Summary of report
This report covers analysis for impact of IES (up to 10 kVA) on protection schemes when connected
to low voltage network. The analysis encompasses not only literature review on connection of IES on
distribution network, but also evaluation through simulation of existing and representative
networks, and tests conducted on IES to understand their behavior under various grid anomalies.
A literature review was conducted to understand fault current contribution for rotating based
machines, and a mathematical analysis was carried out for evaluating fault current of IES. For better
understanding of impact of IES on protection schemes in low voltage network, the LV network was
divided into two zones. The home zone encompasses all protection and safety aspects related to IES
connection at ICP. The LV zone is the region between the ICP and 400V LV bus bar. The coordination
of main protection devices in these zones has been introduced for reader to understand the
subsequent analysis undertaken.
Simulation analysis has been conducted for these zones on a representative feeder of Orion
network. It is observed from the simulations that the existing protection device (MCB) at home and
LV zone are adequate for the protection for home zone after interconnection of IES. Fuse
miscoordination is also analyzed, and shown in detail for the Orion representative networks. The
method to classify distribution utilities network based on their fault levels was demonstrated. From
these evaluation and consideration, residential network 1 and 3 of Orion were identified for
assessing mis-operation of fuses case studies. For the residential network 1 and 3 analyzed in this
chapter, for scenarios like high penetration of above 90% and for high arc fault resistance of 0.5
ohms at the end of the feeder, cases of sympathetic tripping on a feeder during fault in adjoining
feeder could be seen in simulations.
The fault contribution chosen for all the modelling work done has been informed through the
various tests conducted on different models of commercially available inverters. The tests
conducted included comparison of LVRT properties of various inverters, fault current contribution,
control schemes for grid support, and anti-islanding. Based on the simulation analysis and tests
conducted as described in the report, safety and protection guidelines are have been drafted for
industry consultation, that cover installation of IES rated less than 10 kVA for New Zealand.

8.2 Assessing IES controls during normal and stressed network for CS 2.3.6
Realistic testing of inverters carried out in this critical step will be continued to assess if inverter/PV
passive anti-islanding will operate prior to any of the AUFLS block settings, since CS 2.3.6 needs to
answer issues around the extended reserves and its interaction with load control. Inverter testing to
assess how it can limit export to or import from grid, will also be conducted.

8.3 Modelling network case studies to demonstrate centralized and decentralized
Voltage control methods for CS 2.3.7
As part of CS 2.3.7 objective there is a requirement to model a real NZ distribution network with
high PV penetration by using a real LV network (from Vector) modelled in open source and
thereafter compare it with commercial software. This is for assessing coordinated voltage control
methods. The experiences gained from this report’s LV and IES modelling will be useful for achieving
it.
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Appendix

Note:

Representative networks from Orion NZ

-

All R, X, values are in Ohms per km;

-

All cables drawn in dashed lines, all O/H lines are solid;

-

Residential ICP = house;

-

Non-residential ICP = shop, school, factory, community centre, pump, petrol station,
etc.;

-

kW per ICP values are as assigned by Orion

City center / commercial
Commercial Network 1
Parameters:
-

19 residential ICPs

-

27 non-residential ICPs

-

5.67 kW per ICP
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Representative
Commercial
LV Feeder,
Orion New
Zealand

LV Cable: 102.41m
Max Current: 265 A
R: 0.165, X: 0.072

Average Load
per ICP: 5.67
kW, 0.85 kVAr

6 non-residential

Total loads:
46 (19+27)
11 kV

400 V

LV Cable: 4.7m
Max Current: 108 A
R, X: Unknown

LV O/H Line: 163.79m
Max Current: 300 A
R: 0.233, X: 0.252

300
kVA

15 residential + 18 non-residential
Fuse
LV Cable: 11m
Max Current: 307 A
R: 0.125, X: 0.071

LV O/H Line: 36.08m
Max Current: 300 A
R: 0.233, X: 0.252

LV O/H Line: 37.95m
Max Current: 300 A
R: 0.233, X: 0.252

LV Cable: 6.52m
Max Current: 137 A
R: 0.524, X: 0.078

1 non-residential
4 residential, 1 non-residential

LV Cable: 24.76m
Max Current: 307 A
R: 0.125, X: 0.071
1 non-residential

Figure 0-1: Commercial Network 1
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Commercial Network 2
Parameters:
-

0 residential ICPs

-

18 non-residential ICPs

-

11.94 kW per ICP

Representative
Commercial
LV Feeder 2,
Orion New Zealand

11 kV

400 V
Average Load
per ICP: 11.94
kW, 1.78 kVAr
LV Cable: 17.6m
Max Current: 478 A
R: 0.047, X: 0.079

500
kVA
Fuse

18 non-residential

Figure 0-2: Commercial network 2
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Commercial Network 3
- 58 residential ICPs
- 132 non-residential ICPs
- 4.16 kW per ICP

Representative City/
Commercial Feeder 3
Orion New Zealand

LV Cable: 2m
Max current; 108 A
R, X: Unknown

Average Load per ICP:
4.16 kW, 0.62 kVA

LV Cable: 18m
Max current; 108 A
R, X: Unknown

Total loads:
190 (58+132)
LV Cable: 75m
Max current; 346 A
R: 0.100 X: 0.071

11 kV

400 V

1000
kVA

LV Cable: 9m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable: 2m
Max current; 108 A
R, X: Unknown
LV Cable: 22m
Max current; 108 A
R, X: Unknown

LV Cable: 32 m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable: 15m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable: 19m
Max current; 108 A
R, X: Unknown

LV Cable: 89m
Max current; 346 A
R: 0.100 X: 0.071

Fuse

LV Cable: 21m
Max current; 108 A
R, X: Unknown

LV Cable: 34 m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable: 24m
LV Cable: 2m
Max current; 108 A Max current; 108 A
R, X: Unknown
R, X: Unknown

LV Cable: 11m
Max current; 108 A
R, X: Unknown

LV Cable: 38 m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable: 56m
Max current; 344 A
R: 0.099 X: 0.072
LV Cable: 30 m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable:2m
Max current; 108 A
R, X: Unknown

LV Cable:2m
Max current; 108 A
R, X: Unknown

LV Cable: 15m
Max current; 108 A
R, X: Unknown

LV Cable: 92m
Max current; 319 A
R: 0.099 X: 0.068

LV Cable: 11.52m
Max current; 108 A
R, X: Unknown

LV Cable: 109m
Max current; 346 A
R: 0.100 X: 0.071

LV Cable: 86 m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable: 16.87m
Max current; 108 A
R, X: Unknown

LV Cable: 19m
Max current; 108 A
R, X: Unknown

LV Cable: 69.42m
Max current; 346 A
R: 0.100 X: 0.071

LV Cable: 5.42m
Max current; 265 A
R: 0.165, X: 0.077

LV Cable: 130 m
Max current; 319 A
R: 0.099 X: 0.068

Figure 0-3: Commercial network 3
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Residential
Residential Network 1
Parameters
-

68 residential ICPs

-

3 non-residential ICPs

-

4.35 kW per ICP

Representative
Residential
LV Feeder 1
Orion New
Zealand
Average Load
per ICP: 4.35
kW, 0.65 kVA

LV Cable: 103.91m
Max current; 108 A
R, X: Unknown

Total loads:
71 (68+3)
11 kV

400 V

LV Cable: 3.384 m
Max current; 265 A
R: 0.164 X: 0.072

LV Cable: 13m
Max current; 108 A
R, X: Unknown

LV O/H Line: 8.52m
Max Current: 310 A
R: 0.265 X: 0.268

LV O/H Line: 172.16m
Max Current: 310 A
1 non-residential
R: 0.265 X: 0.268

LV O/H Line: 82.07m
Max Current: 310 A
R: 0.265 X: 0.268

300
kVA

LV Cable: 6.408 m
Max current; 265 A
R: 0.164 X: 0.072

LV O/H Line: 32.358m
Max Current: 310 A
R: 0.265 X: 0.268

LV O/H Line: 67.68m
Max Current: 310 A
R: 0.265 X: 0.268

LV O/H Line: 167.9m
Max Current: 310 A
R: 0.265 X: 0.268

Fuse

2 non-residential

LV O/H Line: 19.12 m
Max Current: 310 A
R: 0.265 X: 0.268

LV Cable: 99.3 m
Max current; 344 A
R: 0.099, X: 0.072

LV Cable: 69.58 m
Max current; 344 A
R: 0.099 X: 0.072

LV Cable: 23 m
Max current;114 A
R: 0.727 X: 0.081

Figure 0-4: Residential network 1
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Residential Network 2
Parameters
-

50 residential ICPs

-

1 non-residential ICPs

-

3.65 kW per ICP

LV Cable: 17m
Max current; 108 A
R:, X:, Unknown

Average Load
per ICP: 3.65
kW, 0.55 kVA

LV Cable: 119.26m
Max current; 108 A
R:, X:, Unknown

LV Cable: 15m
Max current; 108 A
R:, X:, Unknown

Total loads:
51 (50+1)
11 kV

LV Cable: 34.63m
Max current; 108 A
R:, X:, Unknown

LV Cable: 95m
Max current; 108 A
R:, X:, Unknown

Representative
Residential
LV Feeder 2
Orion New
Zealand

LV Cable: 10m
Max current; 108 A
R:, X:, Unknown

400 V

200
kVA

LV Cable: 89 m
Max current; 108A
R:, X:, Unknown

LV Cable: 48m
Max current; 265 A
R: 0.164 X: 0.072

LV O/H Line: 58m
Max Current: 310 A
R, X: Unknown

LV Cable: 19 m
Max current; 108A
R:, X:, Unknown

LV Cable: 26m
Max current; 108 A
R:, X:, Unknown

LV Cable: 10m
Max current; 108 A
R:, X:, Unknown

LV O/H Line: 70.52m
Max Current: 160 A
R: 0.685 X: 0.302

LV Cable: 17m
Max current; 108 A
R:, X:, Unknown

Fuse

LV O/H Line: 19m
Max Current: 310 A
R, X: Unknown
LV O/H Line: 129.83m
Max Current: 160 A
R: 0.685 X: 0.302
LV Cable: 46m
Max current; 265 A
R: 0.164 X: 0.072

LV O/H Line: 67.66 m
Max Current: 160 A
R: 0.685 X: 0.302
Nonresidential

LV O/H Line: 233.38 m
Max Current: 160 A
R: 0.685 X: 0.302

Figure 0-5: Residential network 2
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Residential Network 3
Parameters:
-

341 residential ICPs

-

6 non-residential ICPs

-

2.18 kW per ICP

LV Cable: 2 m
Max current; 435 A
R: 0.095 X: 0.068

Representative
Residential
LV Feeder 3
Orion New
Zealand

LV O/H Line: 151 m
Max Current: 310 A
R: 0.265, X: 0.268

LV O/H Line: 159 m
Max Current: 310 A
R: 0.265, X: 0.268
LV O/H Line: 28.55 m
Max Current: 300 A
R: 0.233 X: 0.252

Total: 84, 3 Non-residential loads

1 Non-residential

Total: 47
LV O/H Line: 170.49 m
Max Current: 300 A
R: 0.233 X: 0.252

Average Load
per ICP: 2.18
kW, 0.33 kVA
LV Cable: 4.36 m
Max current; 435 A
R: 0.095 X: 0.068

Total loads:
347 (341+6)
11 kV

LV O/H Line: 70m
Max Current: 514 A
R: 0.243 X: 0.271

LV Cable: 25 m
Max current; 114 A
R: 0.727 X: 0.081

LV O/H Line: 20m
Max Current: 514 A
R: 0.243 X: 0.271

LV Cable: 5 m
Max current; 435 A
R: 0.095 X: 0.068

LV Cable: 23 m
Max current; 114 A
R: 0.727 X: 0.081

LV Cable: 42 m
Max current; 363 A
R: 0.153 X: 0.071

LV O/H Line: 21m
Max Current: 514 A
R: 0.243 X: 0.271

400 V

750
kVA

LV O/H Line: 15.38m
Max Current: 310 A
R, X: Unknown

LV O/H Line: 105 m
Max Current: 514 A
R: 0.243 X: 0.271

LV O/H Line: 96.02 m
Max Current: 310 A
R: 0.265, X: 0.268

LV O/H Line: 34 m
Max Current: 310 A
R: 0.265, X: 0.268

LV O/H Line: 15.96 m
Max Current: 160 A
R: 0.685 X: 0.302

Fuse
1 Nonresidential

Total: 49

LV O/H Line: 34 m
Max Current: 310 A
R: 0.265, X: 0.268

1 Nonresidential

LV Cable: 40.59 m
Max current; 265 A
R: 0.164 X: 0.072
LV Cable: 2.09 m
Max current; 108 A
R:, X:, Unknown

LV O/H Line: 10.86 m
Max Current: 160 A
R: 0.685 X: 0.302
LV Cable: 12.06 m
Max current; 435 A
R: 0.095 X: 0.068

LV O/H Line: 76.39 m
Max Current: 514 A
R: 0.243 X: 0.271

LV O/H Line: 60 m
Max Current: 310 A
R: 0.265, X: 0.268

Total: 22

LV O/H Line: 28.59 m
Max Current: 310 A
R: 0.265, X: 0.268

LV O/H Line: 171.21 m
Max Current: 310 A
R: 0.265, X: 0.268

LV Cable: 36 m
Max current; 265 A
R: 0.164 X: 0.072

Total: 53

Figure 0-6: Residential network 3
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Commercial Network 1 (Fault Analysis)

Figure 0-7: Fault location for Orion representative commercial network 1
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The following formulas and values were used for the calculation of single-line to ground faults
and three phase faults.
𝑰"𝒌𝟑 =
𝑰"𝒌𝟐 =

𝑽𝒏

11

𝑽𝒏
|𝒁𝟏 +𝒁𝟐 |

12

√𝟑.|𝒁𝟏 |

𝑰"𝑬𝟐𝑬 =

Where
Vn is
"
𝐼𝑘3
is
"
𝐼𝑘2 is
"
𝐼𝐸2𝐸
is
"
𝐼𝑘1 is
Z1 is
Z2 is
Z0 is

𝑰"𝒌𝟏 =

√𝟑.𝑽𝒏
𝒁
|𝒁𝟏 +𝒁𝟎 +𝒁𝟎 𝟏 |

√𝟑.𝑽𝒏
|𝒁𝟎 +𝒁𝟏 +𝒁𝟐 |

𝒁𝟐

13
14

Nominal Line to line voltage
Initial short circuit current for a three phase fault
Initial short circuit current for a Line to Line fault
Initial short circuit current for a Line to Line to ground fault
Initial short circuit current for a Single Line to ground fault
Equivalent positive sequence grid impedance
Equivalent negative sequence grid impedance
Equivalent zero sequence grid impedance

As the configuration of the cable is not available, it was assumed that the impedance values
provided for the lines in the characteristic networks is positive sequence impedance, and all the
three phase calculations have been done with the same assumption. The zero sequence
impedance, due to lack of information was assumed to be 0.57+0.97J ohms/km. All the above
formulas do not include Zf (fault impedance/Arc fault resistance), but was considered 0 ohms for
obtaining the values in Table 5-4.
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Table 0-1: Arc fault resistance and cases of sympathetic tripping for Orion representative Commercial network 1,
Single line to ground fault

5KVA of IES, 1KVA ICP load (Fault location 1)
Percentage
AFR
Feeder A trip time
ICP with IES
(ohms)
80
0.1
Does not operate
0.2
303.18
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
90

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

Feeder B trip
time
0.31

Feeder
trip time
526.33

9.19
Does not operate
Does not operate
Does not operate
Does not operate

3.19
8.85
38.23
210.13
2813.27
2994.16

Does not operate
Does not operate
Does not operate
Does not operate
Does not operate
Does not operate

C

Feeder D
trip time
6.45

Flag

9.77
0.42
13.90
88.87
214.71
357.19

0.57
0.03
0.73
2.34
3.94
5.10

s
s
s
s
s
s

1706.92
1211.76
971.27
834.15
745.65
684.16

492.79
610.88
710.03
792.31
860.60
917.58

5.92
6.51
6.94
7.27
7.52
7.73

s
s
s
s
s
s

Does not operate
Does not operate
Does not operate
Does not operate
Does not operate
Does not operate

639.10
604.75
577.74
555.96
538.04
523.04

965.48
1006.11
1041.46
1072.84
1100.73
1125.58

7.89
8.02
8.14
8.23
8.31
8.38

s
s
s
s
s
s

260.40
77.57
4.96
3.18
81.33

0.04
0.33
4.86
18.88
48.13

267.92
79.68
4.84
3.21
85.00

13.34
4.17
0.32
0.21
2.25

-

277.53
470.57
607.88
697.14
754.84
792.87

398.32
4968.85
3011.79
2238.71
1848.97
1620.68

294.16
500.63
645.90
738.96
798.17
836.56

4.59
5.92
6.63
7.04
7.29
7.45

s
s
s
s
s
s

818.58
836.39
849.00
858.10
864.77
869.71

1473.01
1370.60
1295.85
1239.11
1194.70
1159.05

862.06
879.39
891.41
899.88
905.92
910.26

7.55
7.62
7.67
7.71
7.74
7.76

s
s
s
s
s
s

873.42

1129.87

913.41

7.77

s

-

s
s
s
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100

1.8
1.9

876.22
878.35

1105.55
1085.00

915.68
917.31

7.78
7.79

s
s

0
0.1
0.2
0.3
0.4
0.5

41.78
10.96
0.97
7.59
73.87

0.04
0.36
2.96
16.16
61.45

42.92
11.18
0.95
7.69
76.65

18.68
3.49
0.07
0.45
2.11

s
s
s

197.53
328.32
442.76
535.28
608.43
666.31

608.25
737.25
489.44
387.35
332.49
298.44

206.60
344.78
465.36
562.33
638.56
698.55

3.84
5.00
5.76
6.27
6.64
6.91

s
s
s
s
s
s

603.18
529.70
478.26
440.43
411.53
388.78

275.30
258.57
245.94
236.06
228.14
221.64

613.59
539.27
487.19
448.85
419.53
396.44

7.11
7.27
7.39
7.49
7.58
7.65

s
s
s
s
s
s

370.44
355.35
342.73

216.21
211.62
207.68

377.82
362.49
349.67

7.71
7.76
7.80

s
s
s

0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1.8
1.9
s = sympathetic tripping
Note: Feeder D was found to be most problematic, given that there was only one ICP connected to
it. Even if that feeder is ignored, sympathetic tripping happens on other feeders.

Table 0-2: Fault levels and network properties for faults at end of longest feeder, Single line to ground fault

Residential network 1
Residential network 2
Residential network 3
Commercial network 1
Commercial network 2

Fault MVA
at last ICP
point
0.194
0.211
0.247
0.456
2.032

Equivalent grid
impedance
(pos/neg) (ohms)
0.21+0.11j
0.22+0.11j
0.1+0.11j
0.05+0.07j
0.001+0.02j

Equivalent grid
impedance
(zero)(ohms)
0.23+0.39j
0.18+0.31j
0.22+0.38j
0.1+0.19j
0.01+0.04j

Initial
short
circuit current
Ikss
810.29 A
880.21 A
1028.8 A
1904 A
8484 A

Table 0-3: OCR and fuse 1 operation times for various AFR ohms, Passive network with no ICP PV, residential
network 1, Single line to ground fault

AFR Ohms

Fault location last ICP point

Fault Location 400/230 V distribution

OCR operation
time (s)

OCR operation
time (s)

Fuse 1
operation time

Fuse 1 operation
time (s), rated 315 A
75

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate

(s), rated 315 A
0.39
0.93
2.03
4.05
7.52
12.95
20.96
32.98
51.35
80.39
127.37

0.63
7.65
48.29
348.02
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate

Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate

Table 0-4: OCR Fuse 1 operation time for different percentage of ICP with 5 KVA of IES connected, residential
network 1 (4.2 kVA of connected load), Single line to ground fault

Fault location last ICP point

Fault Location 400 V distribution

1 OCR operation time Fuse 1 operation time
OCR operation time Fuse
operation
(s)
(s)
(s), rated 315 A
time
(s),
d
10% penetration on Feeder A
AFR
Ohms

0.00

Does not Operate

0.46

0.64

Does not Operate

0.10

Does not Operate

1.24

8.31

Does not Operate

0.20

Does not Operate

3.02

64.41

Does not Operate

0.30

Does not Operate

6.85

Does not Operate

Does not Operate

0.40

Does not Operate

14.30

Does not Operate

Does not Operate

0.50

Does not Operate

28.01

Does not Operate

Does not Operate

0.60

Does not Operate

55.18

Does not Operate

Does not Operate

0.70

Does not Operate

115.44

Does not Operate

Does not Operate

0.80

Does not Operate

251.07

Does not Operate

Does not Operate

0.90

Does not Operate

548.16

Does not Operate

Does not Operate

1.00

Does not Operate

1298.55

Does not Operate

Does not Operate

30% penetration on Feeder A
0.00

Does not Operate

0.59

0.64

Does not Operate

0.10

Does not Operate

1.88

9.52

Does not Operate

0.20

Does not Operate

5.75

113.82

Does not Operate

0.30

Does not Operate

16.69

Does not Operate

Does not Operate

0.40

Does not Operate

48.81

Does not Operate

Does not Operate

0.50

Does not Operate

183.38

Does not Operate

Does not Operate

0.60

Does not Operate

888.06

Does not Operate

Does not Operate

0.70

Does not Operate

Does

not Does not Operate

Does not Operate
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0.80

Does not Operate

Does

not Does not Operate

Does not Operate

0.90

Does not Operate

Does

not Does not Operate

Does not Operate

1.00

Does not Operate

Does

not Does not Operate

Does not Operate

50% PV on Feeder A
0.00

Does not Operate

0.67

0.63

1302.07

0.10

Does not Operate

2.51

10.94

1112.08

0.20

Does not Operate

9.56

250.16

1029.73

0.30

Does not Operate

36.63

Does not Operate

890.89

0.40

Does not Operate

121.55

Does not Operate

697.24

0.50

Does not Operate

85.38

Does not Operate

477.09

0.60

Does not Operate

827.62

Does not Operate

362.57

0.70

Does not Operate

2685.43

Does not Operate

563.35

0.80

Does not Operate

2524.84

Does not Operate

692.25

0.90

Does not Operate

2118.46

Does not Operate

769.45

1.00

Does not Operate

1845.42

Does not Operate

818.29

70% PV entire network
0.00

Does not Operate

0.66

0.63

168.84

0.10

Does not Operate

2.33

12.62

118.20

0.20

Does not Operate

7.72

Does not Operate

66.27

0.30

Does not Operate

32.37

Does not Operate

30.30

0.40

Does not Operate

140.85

Does not Operate

70.85

0.50

Does not Operate

334.60

Does not Operate

198.57

0.60

Does not Operate

424.10

Does not Operate

283.19

0.70

Does not Operate

459.68

Does not Operate

322.88

0.80

Does not Operate

475.43

Does not Operate

343.49

0.90

Does not Operate

483.31

Does not Operate

358.39

1.00

Does not Operate

487.69

Does not Operate

369.60

90% PV entire network
0.00

Does not Operate

0.67

0.63

101.23

0.10

Does not Operate

2.30

14.42

52.99

0.20

Does not Operate

7.86

Does not Operate

8.49

0.30

Does not Operate

60.79

Does not Operate

59.40

0.40

Does not Operate

300.47

Does not Operate

227.92

0.50

Does not Operate

411.79

Does not Operate

286.72

0.60

Does not Operate

482.35

Does not Operate

308.85

0.70

Does not Operate

529.44

Does not Operate

322.85
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0.80

Does not Operate

516.90

Does not Operate

332.43

0.90

Does not Operate

480.58

Does not Operate

339.36

1.00

Does not Operate

455.13

Does not Operate

344.60

100% PV entire network
0.00

Does not Operate

0.66

0.62

169.19

0.10

Does not Operate

2.31

15.82

97.48

0.20

Does not Operate

10.75

Does not Operate

20.28

0.30

Does not Operate

66.18

Does not Operate

218.14

0.40

Does not Operate

317.85

Does not Operate

307.83

0.50

Does not Operate

374.63

Does not Operate

349.68

0.60

Does not Operate

405.37

Does not Operate

373.71

0.70

Does not Operate

424.27

Does not Operate

389.10

0.80

Does not Operate

437.11

Does not Operate

399.76

0.90

Does not Operate

446.50

Does not Operate

407.55

1.00

Does not Operate

453.72

Does not Operate
413.48
* Shaded line – Either insensitive or
unacceptable operation time

Table 0-5: OCR and fuse 1 operation times for various AFR ohms, Orion residential network 3 (5 kVA of rated IES 1
kVA of connected load), Single line to ground fault

Fault location last ICP point
Passive Network
AFR Ohms
OCR operation
Fuse 1 operation
time (s)
time (s), rated 400 A
0.00
19.64
0.34
0.10
28.15
0.77
0.20
39.89
1.69
0.30
53.65
3.30
0.40
68.50
5.83
0.50
83.74
9.45
0.60
96.04
14.20
0.70
107.52
20.21
0.80
118.58
27.68
0.90
129.17
36.83
1.00
139.29
47.88
50% ICP with connected IES
0.0
29.4
0.1
65.4
0.2
136.8
0.3
137.8

0.5
1.7
7.2
29.2

Fault Location 400 V distribution
OCR operation
time (s)
0.03
5.47
14.36
25.33
37.38
49.89
62.45
74.82
86.84
98.43
109.55

Fuse 1 operation
time (s), rated 400 A
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate
Does not Operate

0.0
18.5
136.9
138.0

Does not Operate
2666.6
2735.3
3970.4
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0.4
0.5
0.6
0.7
0.8
0.9
1.0

138.4
138.7
138.9
138.9
139.0
139.0
139.0

161.9
2437.9
Does not operate
Does not operate
Does not operate
Does not operate
Does not operate

138.3
138.4
138.5
138.5
138.6
138.6
138.6

4521.4
4802.3
4967.9
5075.9
5151.5
5207.3
5250.0

100% ICP with connected IES
0
6.71
0.67
0.03
6.53
0.1
6.95
4.65
6.94
8.53
0.2
6.95
7.14
6.94
9.22
0.3
6.95
7.92
6.94
9.47
0.4
6.95
8.40
6.94
9.59
0.5
6.95
8.72
6.94
9.66
0.6
6.95
8.95
6.94
9.71
0.7
6.95
9.12
6.95
9.74
0.8
6.95
9.25
6.95
9.77
0.9
6.95
9.36
6.95
9.79
1
6.95
9.44
6.95
9.80
* Shaded line – Either insensitive or unacceptable operation time
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