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Glossary

ABSD Air Break Switch Disonnector

CB Circuit Breaker

DECC Department of Energy and Climate Change
ESS Energy Storage System

GFP Ground Fault Protection

GS Grounding Switch

MD Maximum Demand

PCC Point of Common Coupling

PCS Power Conversion System

PWM Pulse Width Modulation

REDT Renewable Energy Dynamics Technology
RZ Resilient Network

RZ1 Resilient Network Zone 1

RZ2 Resilient Network Zone 2

SEF Sensitive Earth Fault

SHEPD Scottish Hydro Electric Power Distribution
SoC State of Charge

UPS Uninterruptible power supply

VPP Virtual Power Plant

VRFB Vanadium Redox Flow Battery

VSC Voltage Source Converter

WT123 Wind Turbines 1, 2 and 3

WT4 Wind Turbine 4
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EXECUTIVE SUMMARY

Significant advancements in the operation and control of renewables-based networks have created
strong incentives for various research, development and trial projects in many countries at different
voltage levels.

In Gigha, there are four wind turbines that are connected to the 11 kV network resulting in renewable
generation with the potential capacity to supply the entire network when wind is available.
Additionally, Renewable Energy Dynamics Technology Ltd (REDT) has been awarded a contract from
the Department of Energy and Climate Change (DECC) to build and install a Vanadium Redox Flow
Battery (VRFB) Energy Storage System (ESS) to demonstrate the technology over a period of one year.
The objective of the demonstration is to enable higher utilisation of the wind power on Gigha and to
show that energy is still available at times of low wind through the application of storage.

Scottish Hydro Electric Power Distribution (SHEPD), the network operator for Gigha, appointed
Smarter Grid Solutions to investigate the feasibility of expanding the demonstration scope. The aim of
this expansion is to achieve a higher utilisation of wind power, in addition to other customer benefits,
by enabling continuous connectivity of renewable generation when the Gigha microgrid is electrically
islanded.

This report explores, analyses and evaluates the solutions that can potentially enable the islanded
operation of the Gigha microgrid in the most cost effective way.

It was found that the availability of the battery and wind turbines provides enhancement of security
of supply during islanded operation. However, at low wind and high demand periods, the capacity of
the battery is not sufficient to sustain the entire Gigha system as a single islanded microgrid. It is
proposed that the Gigha network be split into two resilient zones; this can be achieved with pole
mounted switchgear, and will maintain the stability of the microgrid and keep customers connected.
The pole mounted switchgear units can be coordinated by a microgrid controller, providing stable and
secure operation to the specified resilient zone. The network can be split into resilient zones for a
maximum of 18 hours, after which period a portable SHEPD diesel generator is required to supply the
entire island. It is proposed that at this point the local generation, including a Scottish Water standby
generator, operate in parallel with the SHEPD portable diesel generator. The functional objective of
this arrangement is to maximise the use of wind power and minimise the use of the diesel generator.
It remains to be established if collaboration with Scottish Water is feasible — as the primary
requirement of their generator is to support the island water treatment works.

The use of the Scottish Water diesel generator is advantageous for short to medium term grid outages
to extend the time period that the islanded microgrid can operate in low wind conditions with the
support of the battery. Knowledge of the statistical average time of grid outages, average wind power,
and battery state of charge can be used to determine the trigger for operation of the standby
generator.

For long term grid outages with low wind conditions, the portable generator is essential to ensure that
the entire Gigha network remains supplied. The parallel operation of the portable generator, local
generation, and battery is feasible, economically beneficial, and environmentally beneficial, especially
with a coordinated control that prioritises the generation from wind, and minimises the power
requirement from the portable diesel generator.

A microgrid controller implementing droop control is proposed, which will give priority to the wind
generators to supply the islanded microgrid as long as the resource is available. In the event of high
wind availability and low load, the battery will be floating or charging, and a curtailment signal will be
sent to the wind turbines in order that their output be reduced to match the load and battery demand.
In case of high load and low wind availability, the battery will discharge at a sufficient rate that its

200374 03D Page 8 of 41 10/12/2015
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export, combined with the export of the wind generators, matches the load. If the battery capacity is
insufficient to meet the load demand in such a case, a resilient zone will be disconnected to decrease
the demand.

Upgrades of the microgrid switchgear are essential for islanded operation. The islanding switch (pole
mounted circuit breaker) located at Pole 6, or Achamhinish, is assumed to be automated with a
communication link to the microgrid controller. It is also assumed that this system will feature a
synchronisation check and voltage measurement at both sides so that safe transition from grid-
connected to islanded operation and vice versa may be achieved. An additional circuit breaker is
required at Pole 13 as a zone forming switch which will be used to connect or disconnect the second
resilient zone in case of high wind and low wind conditions respectively. Under-frequency and over-
frequency settings will be utilised for this operation either locally at the circuit breaker or remotely at
the microgrid controller.

In case of faults at any location during islanded operation, the local generation will disconnect first as
its embedded power electronics converters are unable to tolerate fault currents. Consequently,
additional fault allocation and isolation schemes need to be implemented to safely clear the islanded
microgrid of faults. Ground fault detection schemes are proposed for implementation at an automated
grounding switch. To establish a grounding system, the transformer connecting the battery and wind
turbines will need to be replaced by a transformer with a neutral point either at the HV or LV side.
Alternatively a grounding transformer can be installed for this purpose.

Ideally during islanded operation the steady state reliability and power quality requirements of the
microgrid can be fulfilled by connecting the battery and the wind turbines to the network. However as
evident from the power electronics converter specifications for connecting the battery to the grid, and
by SHEPD correspondence with the converter manufacturer, the battery system is not capable of
islanded-operation functions. For allowing this mode of operation, either a replacement of this
converter is required, or alternatively an additional converter (power conditioning system) needs to
be connected between the battery and wind turbines and the islanded grid. Either way, the converter
at the front end to the microgrid must be capable of per-phase active and reactive power control so
that typical distribution system load imbalances do not lead to microgrid system instability.

In conclusion, a reliable islanded operation of the Gigha network is feasible with additional
investment required for a microgrid controller, replacement of battery converter or an additional
power conditioning system, an additional automated circuit breaker, an additional earthing
transformer and earthing switch, communication interconnectivity and protection setting/scheme
upgrades.
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2. INTRODUCTION

In this chapter an overview of the Gigha microgrid and the scope of this study are provided. The general
requirements and desirable features for creating a fully functional microgrid are discussed.

2.1. Scope

The island of Gigha is connected to the utility grid through a submarine cable of 35 mm? and thermal
rating of 2.75 MVA. A simplified schematic of the network is shown in Figure 1.

There are three Vestas V27 wind turbines (WT123) installed to the south of the island with a total
export capacity of 675 kW (225 kW each) and an operating power factor range of 0.95 lagging to 0.85
leading. These wind turbines are fully monitored and directly coupled (induction generator) turbines.
In most cases they have capacitor banks installed at the connection point to the grid so that the
requirement for reactive power from the grid is reduced. The exact arrangement and operational
condition of these turbines has not been available during this study.

A fourth wind turbine (WT4) with a capacity of 330 kW is also geographically located at the south of
Gigha, at the same location as WT123. WT4 is an Enercon E33 wind turbine with full power electronics
connection to the grid. The output power of WT4 is constrained to 225 kW to overcome voltage rise
at the Point of Common Coupling (PCC). All wind turbines are connected through a 2.8 km long cable
to the connection point (P11A) that is close to the grid infeed point (about 1 km).

P20

Portable \:
generator @ 1
Standby 91

P1 : P3 generator

-\_LIZT_[ 50
Grid infeed be 71 40

(:::)—I—\ P13 P18 P21 P36
—E};T\l RENNEERENERE

41 200 25 100200 150 50 16 50 91 100 25 141 100

Cable
ESS —(: :)
P11A M,
\ Air break switch disconnector
WT2

E Pole mounted circuit breaker
ESS: Energy storage system '_® WT1
Px: pole x

WT: wind turbine

All ratings are transformer ratings in kVA

Figure 1. Simplified schematic of the Gigha network

A RVFB ESS will be installed later this year at the same connection point and physical location as WT4.
The battery will enable WT4 to generate to its full capacity, with the excess power that is not to be
exported to the grid charging the battery. The battery will discharge during low wind conditions. WT4
and the battery can be considered as a single power plant during grid-connected operation of the
microgrid. In order to do this, the power electronics used to connect the battery to the grid needs to
be replaced with or supported by a unit that can provide a voltage source able to operate with extreme
unbalance. In some cases it will need to absorb power on one phase and produce power on the
remaining two phases in order to balance the supply and demand in the microgrid.
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The Scottish Water standby diesel generator is located in the north of the island. A connection point is
available at P2 for a portable generator with a capacity of 500 kW. The portable generator is normally
dispatched to the island in case of a long term outage at the grid infeed due to an upstream fault or a
planned outage on the incoming circuit.

Currently, if the main grid infeed is lost the island’s energy resources are not allowed to export into
the islanded grid (the Scottish Water standby generator provides power to their water treatment
works only). In the future however, with the battery connected, there is a means for energising the
microgrid in islanded operation. The aim of this study is to explore, analyse and evaluate the solutions
that can enable islanded operation in the most cost effective way.

2.2. General requirements and features

The general operational requirements and the required features of the additional switchgear that
should be considered for creating an islanded microgrid are discussed below.

2.2.1. Steady state supply reliability

When considering steady-state operation in reliability calculations it is assumed that if stable steady-
state operation is possible then the source is reliable.

It is assumed here that steady-state operation is possible when the following two criteria are fulfilled:

e The total load does not exceed the capacity of the island’s generation units. This holds for
active as well as reactive loads. The generators maximum capacity limits for active and reactive
power can be derived from the current rating of their grid connections. For renewable
generators, such as wind, the active power limit is also dependent on the availability of the
energy source. Maintaining the energy balance is the foundation for managing frequency
within limits.

e The voltage remains within acceptable limits for all loads. Undervoltage limits are likely to be
the main limitation, but overvoltages could appear under certain conditions. The voltage
criterion is only of importance for extended microgrids. When the microgrid is limited to local
loads, it can be assumed that the voltage controller is able to keep the voltage within
acceptable limits whenever active and reactive power is balanced.

As wind is an intermittent energy source, when wind generation is a main source of power it will be
necessary to have the ability to split the Gigha network into smaller zones order to fulfil the criteria
and achieve an energy balance. Resilient network zones have been defined to meet this requirement.

The first resilient network zone (RZ1) is the basic network zone, formed automatically in case of a grid
outage. Additional resilient network zones can be formed if communications is established with
generation plant to indicate the availability of energy to meet load demand in that zone. These network
zones may also be disconnected when energy supply is insufficient to sustain their connection. This
control will only be enabled during islanded operation.

2.2.2.Power quality

The power quality requirements during islanded operation will be similar to those under grid-
connected operation. Note here that the grid connection code compliance does not apply in this case
as the main grid is disconnected during islanded operation, and more stringent supply requirements
are expected.

SHEPD expects a maximum of 5% total harmonic distortion of the voltage at all load conditions,
including conditions where one phase is importing power and two phases are exporting power.

200374 03D Page 11 of 41 10/12/2015
© 2015 Smarter Grid Solutions Ltd. CONFIDENTIAL



Scottish Hydro Electric Power Distribution (SHEPD)

S m G r er Isle of Gigha Microgrid

grl solutions Gigha Islanded Operation

If the energy source during islanded operation is not capable of providing the same level of power
quality, additional power quality improvement measures must be considered.

2.2.3. Islanding switchgear technology

For discrete (also referred to as open) mode transition, the islanding switchgear comprises mainly
electromechanical components. This is the most cost effective technology for non-mission-critical-
microgrids.

A discrete transition from grid-connected to islanded is considered in this study, as shown in Figure 2.

A complete grid disconnection occurs due to main grid voltage loss and the first resilient network zone
(RZ) is formed using the islanding switchgear. Finally the islanded energy sources, referred to in this
study as the Virtual Power Plant or VPP, connect to the RZ to energise it.

Grid outage
* Mains grid voltage loss

|
Main grid disconnection
* Mains circuit breaker opens

I
RZs forming
* Islanding switchgear operation
* RZisland-protection schemes
\___ active

il N

!

/ RZs energisation
* VPP connection

* VPP island-protection schemes
\___active

Figure 2. Open transition from grid-connected to islanded operation

For the transition from islanded to grid-connected, continuous (or closed) transition can be achieved
if the generation is equipped with a synchronisation scheme. The synchronisation scheme should be
able to apply a phase jump and an increase or decrease in the frequency of the islanded microgrid as
required to synchronise the output voltage with the recovered grid infeed voltage, and hence allow
for the synchronisation across the islanding Circuit Breaker (CB). When the synchronisation check of
the main islanding CB is successful, it will initiate closing of the CB. This is shown in Figure 3 by the logic
flow to the right.

Otherwise, an open mode transition is considered for this operation, as shown in Figure 3 by the logic
flow to the left. In this case the VPP disconnects on grid recovery and connects back to an energised
grid after the connection of the grid infeed is established.
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Grid recovery
Mains grid voltage recovery

/\

[ VPP disconnection }[ VPP synchronisation

!
Grid connectlon } Grid connection }

Parallel operation
VPP reconnectlon }

\/

[ Reconnection of full network }

Figure 3. Transition from islanded to grid-connected operation, considering closed transition (right
path) or open transition (left path)

2.2.4.1sland fault detection and isolation

During islanded operation, the same safety and operational considerations need to be ensured as for
the grid-connected system.

During islanded operation, the island switchgear shall either isolate a part of the grid in case of a fault
or disconnect the whole microgrid to ensure safety.

Earthing considerations shall be taken into account to achieve:

e Ease of detection of island faults;
e Security of supply for customers and maintenance personnel; and
e Minimum impact on the requirements of protection equipment.

2.3. Conclusions

In this chapter, general operational requirements and required features of the islanding switchgear
have been discussed.

The supply reliability requirements are general requirements that apply for any power source
connecting to a network. The reliability is measured in general terms by achieving steady state stability
of the network. Two criteria have been set out to determine the supply reliability.

Additional to the steady state reliability, the power quality of the islanding power supply shall be
similar to the power quality of the main-grid supply. If the energy source during islanded operation is
not capable of providing the same level of power quality, additional power quality improvement
measures must be considered.

Finally, the islanding switchgear that will be considered in this study shall achieve a discrete transition
from grid-connected to islanded operation and vice versa. Consequently, only electromechanical
switchgear will be considered, along with the required protection schemes and earthing
considerations.
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3. STEADY STATE RELIABILITY

In this chapter the steady state reliability of the islanding power supply is investigated. The steady state
reliability is determined if the power supply is operationally stable. The control and design aspects are
also discussed to determine the stability of the power supply.

3.1. Local generation
Available local generation that can potentially contribute to islanded operation is outlined below.
3.1.1.Energy Storage System (ESS)

A VRFB will be installed in Gigha later this year. An example battery is shown in Figure 4. The VRFB
system will be housed in containers on an engineered base with an earthing grid, which will be
constructed adjacent to the existing wind farm in the south west of Gigha.

There will be seven containers, each housing one VRFB installation and one service unit container,
which will house various interface and control items.

The battery capacity is 1.6 MWh, enough for about 15 hours of islanded network supply with a
maximum discharge power of 105 kW.

The VRFB will be connected to the 11 kV network through a DC/AC 415 V Voltage Source Converter
(VSC) and a delta/star grounded, dry 125 kVA transformer!. This connection is referred to as the Power
Conversion System (PCS). The PCS is connected to the 11kV using a star/delta 400 V/11 kV
transformer.

There are limited details on the specific technology of the PCS. However as noted in Section 2.1 and
substantiated in Appendix C it appears that the PCS is not suitable for an islanding application and
there is a requirement for an additional power electronics unit to support islanded operation.

Figure 4. Example VRFB with 7 electrolyte tanks and one service container housing the controls

More details about the battery technology and discussion on power quality are provided in Appendix
A.

3.1.2.Wind Turbine 4 (WT4)

This wind turbine is connected at P11A. It is a full power electronics interfaced Enercon E33 turbine.
The associated power curve is shown in Figure 5.

! Source: Elpower spec for Gigha system PCS.
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As this wind turbine is utilising a power electronic converter for connecting to the grid, some
degradation in power quality is expected, as with the ESS, during islanded operation.

Although that the maximum available power output from WT4 is 330 kW, during grid-connected
operation a power production limit of 225 kW applies. The energy spill during high wind (>9 ms™)
periods has a maximum of 105 kW and will be used to charge the battery. This energy will then be fed
back to the grid during low wind (<7.5 ms™) periods.

3.1.2.1.VRFB Charge

When WT4 is capable of generating energy in excess of the 225 kW power production limit, and the
VRFB ESS has storage capacity available, a signal will be sent to the wind turbine and energy will be
imported in order to charge the VRFB with the excess power.

This is intended to be the primary mode of operation and will allow the wind turbine to export
unconstrained. The excess power that the ESS needs to be able to balance is 105 kW, but the battery
is able to charge with a maximum of 123.5 kW2,

3.1.2.2.VRFB Discharge
In case of low-wind and the VRFB is charged, stored energy can be exported to the microgrid.

During grid-connected operation, the decision whether to export stored energy or not will require the
island community to investigate the peak/off peak tariffs effectively allowing them to operate an
arbitrage import/export system. Also, a targeted optimum State of Charge (SoC) value can be used to
determine the duration of the discharge operation.

3.1.3. Wind turbines 1, 2 and 3 (WT123)

There are three additional wind turbines with collective capacity of 675 kW (225 kW each). The power
curve of a single wind turbine is shown in Figure 5.

These wind turbines are not connected to the ESS. Additionally, they are directly coupled (induction
generators) turbines with limited controllability.

These wind turbines can be included in islanded operation on the basis that:

1. Acommunication linkis in place between the ESS controller and the wind turbines’ controllers.

2. Asthese wind turbines are direct-coupled, and only controlled using their mechanical systems,
they will only experience on/off control during islanded operation. Their power contribution
to the islanded operation will be especially important during light wind and high load
conditions; an operational condition which may occur about 25% to 40% of the time.

3.1.4.The Virtual Power Plant (VPP)

The combination of the wind farm (the four wind turbines) and the ESS is referred to as a Virtual Power
Plant (VPP).

During grid-connected operation, the VPP controller measures the output power of WT4 (or all four
wind turbines assuming the connectivity is established) and provides a control signal for the ESS
converter to set its current reference signal to either charge or discharge the battery so that the output
power of the VPP is limited to 225 kW. The function of this controller is further discussed in Section
3.4.1.

2 Source: PCS Unit For Gigha Rev 2 EIPower Option — 27.08.15
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Figure 5. Wind turbine power curves?

3.1.5. Scottish Water standby generator

There is a standby generator, with a capacity of 75 kVA, connected at the water works (P3) owned by
Scottish Water, and there is potential for an agreement to be reached allowing this generator to
contribute to an islanded microgrid. It can be assumed that this generator will increase the reliability
of supply during islanded operation.

There is currently no agreement set in place for SHEPD to use this generator to support the network.
For the network operator to use equipment owned by another legal entity, ground breaking innovative
agreements will need to be put in place.

For this generator to be utilised, the following needs to be established:

e A communication link with the ESS to achieve coordination between the renewable resources
to maximise use of renewable generation and minimise use of diesel generators.

e Control upgrades, as the standby generator will start and operate in parallel operation rather
than in standby operation.

3.1.6.The portable generator

A 500 kW portable generator will be brought to the island in case of long term grid outages. The
capacity of this generator is enough to power the whole Gigha microgrid, but priority will be given to
the renewable generators and the ESS if the capacity exists.

The portable generator can be set to operate at a low load of approximately 50 kW at 50 Hz and use
the VPP to supply the additional load. If the VPP capacity is lower than the additional load, the
frequency will fall and the diesel generator will pick up the slack. When spare power becomes available
from the VPP (assuming that it first charges the battery up), the contribution from the diesel generator
can be adjusted downwards.

A communication link needs to be established for the coordinated control between the microgrid
controller and the portable generator.

3 The orange curve represents one of the three Vestas turbines denoted by WT123.
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3.2. Load variations

3.2.1.Per-phase variations

Typically, both per-phase real and reactive power varies independently in distribution networks. The
difference in power demand per-phase during islanded operation requires a power supply that is
capable of providing a decoupled per-phase power control.

As described above in Section 3.1.1, the PCS of the battery is not suited for islanded operation. The
difference in per-phase power demand in islanded operation would result in PCS DC-link voltage
oscillations which, depending on the level of imbalance, could potentially trigger the converter
protection and trip the battery.

To overcome this limitation and enable islanded operation, two solutions are proposed:

1. Replace the PCS with a converter that can support both grid-connected and islanded
operation. This is the ideal solution, however it is understood that this is not a valid option as
the converter has already been built and is being tested, as is evident from the
correspondence with the manufacturer (email copied in Appendix C); or

2. Install an additional converter that balances the load on the three phases as described in
Appendix D. This option incurs high costs as it is a bespoke system, and would also require
available space for additional street furniture.

3.2.2.Net variations

Net load variations will impact upon the duration of the power supply from the VPP during islanded
operation. Load and wind generation profiles will need to be obtained in order to determine the
expected duration of the islanded operation.

An estimated combined demand and wind generation profile during grid connection is shown in Figure
6. The data is scaled from Tangy wind farm and a feeder out of Campbeltown to a scale of 950 kW for
the wind turbines and 350 kW for the Gigha Maximum Demand (MD).

The estimate of 350 kW, as advised by SHEPD, came from comparison with measured figures from
similar islands in Orkney:

e Eday 120 customers 0.23 MW MD

e Rousay 215 customers 0.38 kW MD

e Shapinsay 203 customers 0.46 MW MD
e Stronsay 214 customers 0.48 MW MD

Gigha has 135 customers so a MD of 350 kW represents an average of 2.6 kW per customer, while the
islands in Orkney range from 1.76 kW to 2.25 kW. The over-estimation of the demand at this stage is
preferable so that worst case scenarios can be analysed.

A further rough estimation of the load allocation at different areas based on the number of customers
has been carried out as shown in Figure 7. This MD estimation is used to demonstrate the concept of
splitting a microgrid into resilient zones and the proposed zones switching.
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Figure 7. Maximum demand estimation for Gigha

3.3. Resilient zones (R2)

To provide stable operation with a varying load demand and generation, a microgrid can be split into
multiple resilient zones.

To split the microgrid, pole mounted islanding switchgear is considered in this study.

In simple terms, the islanding switchgear comprises an optional manual by-pass disconnector and
automated circuit breakers in series with isolators. The manual bypass disconnector is an auxiliary
element and is not discussed further in this report.

Poles with existing manual isolators are natural locations for additional switchgear upgrades, where
the existing isolator can be used in series with circuit breakers to provide safety for equipment and
personnel. The microgrid switchgear is further discussed in Chapter 4.

For Gigha, two resilient zones are proposed as described below.
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3.3.1.Resilient Zone 1 (RZ1)
The allocation of RZ1 has been based on:

e An electrical area that includes available local generation and controls; and
e An electrical area with maximum demand that is within the battery capacity; as this is the
fallback operational zone that will be connected even in case of low wind generation.

RZ1 is shown in Figure 8 covering the North of Gigha, with an estimated maximum demand of
123.5 kW. This can be supplied by the battery only with 7 VRFB stages in circuit as from the battery
specifications.

Should discussions with Scottish Water not permit the integration of their standby generator into the
network, resilient zone performance would be adversely affected.

3.3.2.Resilient Zone 2 (RZ2)

Considering the available local generation, RZ2 will cover the rest of Gigha network as shown in Figure
8. Thisis equivalent to about 226.5 kW maximum demand. Using the estimated generation production,
the average production during the month of July, for example, is 228.43 kW. This is obtained from an
average wind speed of around 8.5 ms™, regarding the wind generation profile shown in Figure 5. This
results in a high probability that the available wind generation and storage will be enough to supply
both RZ1 and RZ2.
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Figure 8. Estimated RZ1 and RZ2
3.3.3.Resilient zones switching

If multiple zones apply (two zones only in the case of Gigha microgrid), staggered connection and
disconnection of resilient network zones will be required to ensure stability and security of the network
as shown in Figure 9. The frequency variations at selected points can be used to trigger the RZs
switching. For Gigha, the microgrid controller is proposed to implement the control required to switch
RZ2 on and off as discussed below in Section 3.4.2.
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Figure 9. Staggered connection and disconnection of resilient zones

3.4. Operational concepts

3.4.1. Grid-connected operation of ESS

A function diagram of the combination of battery and WT4 (or all wind turbines if connectivity is
established) is shown in Figure 10.

If the wind generation is higher than 225 kW this will result in positive excess power or APg hence
negative Pgar or battery charging current order.

If the available battery capacity is lower than that required for the charging, a power limit signal Plimit
will be sent to WT4 controller.

In cases where Puying is lower than 225 kW, APg will be zero, resulting in a floating battery. An additional
controller can be added in this case to discharge the battery during these low wind conditions. This
controller is not shown in Figure 10, as the cost function of this controller may vary widely and may
include many metrics depending on the operational objective of the battery.

thit

ESS controller

P AP
WT4 G
WT4 > PI —D—t Max charge current Saturation
i, @SoC
PDU[

f 225kw
'PBatl CQ B "

Figure 10. Function diagram of WT4 and battery during grid-connected operation

3.4.2.Islanded operation

A functional diagram of the wind farm (WTs 1, 2, 3, and 4) and battery is shown in Figure 11 during
islanded mode of operation.
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Figure 11. Functional diagram of the wind farm and battery in case of islanded operation

In this control scheme, a frequency variation resulting from the variable demand and generation will
produce a proportional power value P, using a gain kpi referred to as a droop gain.

In the case where wind generation is higher than the load or (Pwina — Pi is a positive value), the battery
power or Pgat Will be zero. Hence the total power generation of Pg = Pwing, resulting in a positive value
of AP, that will initiate the “wind power curtailment” controller that produces the power set-point
value of Poders to the wind turbines. This controller can determine the power set-point depending on
the power generation data from the wind turbines and the available control of the wind turbines. It is
anticipated for the case in Gigha that it will be possible to control WT123 in an On/Off or discrete
manner while WT4 power can be controlled across the full range of its power capacity.

In case of the demand exceeding the wind generation, or a negative value of (Pwing — P1), a positive
value of Pgar Will result in the issuing of an order for the battery to discharge.

In case of the wind generation with a maximum available battery power lower than the demand, a
second reverse droop loop is assumed resulting in a A that is then compared to an operation limit
for both RZ1 and RZ2. A lower limit of the frequency variation Aw; is assumed for allowing both RZ1
and RZ2 connected in the islanded microgrid. If the frequency variation is lower than Aw,, RZ2 will get
disconnected leaving only RZ1 in the islanded microgrid. A further decrease below A®,, meaning that
the available generation is much lower than RZ1 demand, will disconnect RZ1 and hence the microgrid
will experience a complete outage.

It has to be noted that intermittent or rapid fluctuations of grid frequencies may cause serious damage
to the wind turbines WT123. Steady variations within +1/-3 Hz are specified for safe operation of these
wind turbines®. This can be used to determine a safe frequency and response time range for the droop
controller design.

This proposed controller gives priority to the wind power to supply the islanded microgrid. It is
discussed further regarding the worst case operational scenarios below.

3.5. Operational scenarios

The following operational scenarios can be considered:

e (Case1- Low wind scenarios

4 General specification, Vestas V27-225kW, 50Hz Windturbine with Tubular/Lattice Tower, Item no.: 941129,
Vestas 13 Jan 1994, version 1.2.0.24.
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e (Case 2 — High wind scenarios

These cases are discussed below from the islanded operation point of view using the estimated wind
generation and demand example shown in Figure 6.

3.6. Case 1-Low wind scenarios

If the main grid outage occurs during a low-wind day, the only available generation sources will be the
battery, the Scottish Water standby generator (if agreement reached) and the SHEPD portable
generator.

The estimated load and wind generation daily profile is shown in Figure 12, which describes point (a)
in Figure 6. In this scenario, as the wind generation is much lower than the load, only RZ1 will be
supplied in islanded operation using the battery in case of short term grid outages for instance from
point a to point b. It is assumed that the battery has enough capacity to supply the demand during this
period.

The standby generator can be utilised during this period to extend the battery capacity. A set duration
of expected short term outages (as provided by the network operator) can be implemented in a cost
function to initiate the parallel operation of the standby generator.

In case of long term outages, time > b in Figure 12, a portable generator is connected and hence
allowing for the connection of NRZ2 so that the whole Gigha demand can be supplied.
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Figure 12. Outage during low wind day. Active zone refers to the islanded network area

3.7. Case 2 - High wind scenarios

If the main grid outage occurs during a high-wind day, wind generation curtailment will need to be
carried out to stabilise the islanded microgrid. Both RZ1 and RZ2 will be supplied at all times by the
wind generation only, regarding the proposed controller in Figure 11.

The estimated load and wind generation day profile is shown in Figure 13.
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Assuming a main grid outage at point a, the following scenario can occur until the portable generator
is dispatched:

e From point a to b; the battery energises the islanded microgrid then supplies the full islanded
demand.

e From point b to c; as the demand increases above the maximum power available from the
battery, RZ2 disconnects from the islanded network and the battery supplies only RZ1.

e From c to d; as the demand decreases RZ2 connects back to the islanded microgrid with the
battery supply.

e Points d to f repeat the scenario from b to d.

e As the wind generation exceeds the total maximum demand at point f, the battery is floating
or charging (depending on its state of charge) while the full islanded microgrid is supplied soley
by wind energy (with curtailment as proposed in Figure 11) until the demand increases above
the available wind power at point g.

e From gto h, both the battery and the wind turbines supply the full islanded microgrid.

e The scenario from h to i is similar to f to g; where the wind power supplies the full islanded
microgrid.

Note here that there is no need to connect either the standby generator or the portable generator in
this case.
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Figure 13. Outage during high wind day

3.8. Conclusions

In this chapter, Gigha microgrid options for islanded operation have been investigated. During islanded
operation, the combination of the wind turbines and the ESS (referred to as VPP) will provide power
to customers located in a defined resilient zone. The VPP controller measures the input power from
the wind turbines and provides a control signal for the ESS converter to set its current reference signal
to either charge or discharge the battery.

Pole mounted islanding switchgear is considered in this study to achieve a discrete transition from
grid-connected to islanded operation and vice versa. The islanding switchgear comprises two basic
elements; an isolator and an automated circuit breaker.
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The steady state reliability of the VPP is fulfilled, yet the power quality can be an issue. Both the ESS
and WT4 can be interconnected to the grid through power electronics converters that are normally
designed on the basis that a strong utility grid exists.

During islanded operation in particular, the load imbalance between the three phases would result in
three phase voltage variations and DC-link voltage oscillations that, depending on the level of
imbalance, can trigger the protection of the power electronics converters and trip the battery.

Any power electronics device installed will require control of voltage harmonics. Ideally, the PCS of the
battery would be replaced by a converter that supports both grid-connected and islanded operation.
Another possible option is to install an additional multi-level converter that can provide both voltage
control and load balancing. The latter option would be a bespoke system that will require a
comparatively high investment and long lead time.

Finally, the operational controllers of the ESS and the wind turbines have been discussed under both
grid-connected and islanded operation. The proposed controllers give priority to wind power for the
supply of the islanded microgrid under low wind and high wind scenarios. In the first scenario, the
standby generator can be utilised to extend the battery capacity as wind generation is much lower
than the load. In the second scenario, there is no need to connect either the standby generator or the
portable generator as the wind generation is high with a need for curtailment to stabilise the islanded
microgrid. It is important to highlight that the ESS may need to supply reactive power to WT123.
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4. FUNCTIONAL REQUIREMENTS OF SWITCHGEAR

The assumed sequence for the transition from grid-connected to islanded operation and vice versa has
been introduced in Chapter 3. This sequence can be carried out by automated electromechanical
switchgear. The functional requirements for the switchgear is further discussed in this chapter for the
Gigha microgrid RZ1 and RZ2.

4.1. Islanding switch

This is a normally closed switch that connects the islanded microgrid to the main grid infeed. It detects
the voltage loss on the mains side and opens, then sends a status signal to the microgrid controller. If
the mains voltage is recovered, the islanding switch will reclose if:

e The voltage on the microgrid side is lost in case of open transition; or

e Synchronisation is achieved between the mains and the microgrid, in case of closed transition.

Voltage measurement at both sides of this switch is then required for reconnecting the microgrid back
to the main grid.

This switch will be used both as a point of isolation and fault interruption. A breaker in series with an
isolator, as shown in Figure 14, is proposed to fulfil the functional requirements and comply with
distribution safety rules.

g Pole mounted circuit breaker

\  Air break switch disconnector

Islanding switch

Figure 14. An islanding switch

For all Gigha microgrid cases, the islanding switch is located at Pole 6 or Achambhinish. At this location
there is an existing Air Break Switch Disconnector (ABSD). This ABSD may be automated or manually
opened prior to any work being carried out according to the EHS normal procedures. An additional
circuit breaker will however need to be utilised to fulfil the functional requirements of this switch.

The preferred CB for SHEPD, the Nulec U-series autorecloser, can be utilised for this switch. This
breaker has the following relevant features that need to be utilised to fulfil the functional
requirements:

e Current and voltage measurements at source side;

e Voltage measurement at load side;

e Synchronisation check;

e Ethernet communication port (RS232,RS485);

e Implementation of DNP3 and other protocols; and

e Programmable functions that can be used to implement line protection to cover fault scenarios

on the island.
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4.2. Zone forming switch

This switch lies at the edges of the RZs. It is a normally closed switch. It detects the voltage loss and
opens, then sends a signal to the microgrid controller. It stays open until a communications signal is
received requiring a close operation. This switch shall be used as a point of isolation. Additionally, it
will switch on or off in case of under or over frequency. Hence it can be implemented as a breaker in
series with an isolator.

In the Gigha microgrid, the switch at Pole 13 (Gigha Church) is a zone forming switch.

For automating an existing ABSD, certain makes may have motorised actuators and communications
equipment that enables remote control via radio links and can be retrofitted to the existing switch.
Additionally, an uninterruptible power supply (UPS) arrangement will need to be established for the
continuous operation of this switch. The specific data sheet or supplier of these switches will need to
be consulted for the upgrades.

This switch may change status only on receipt of a communications signal from the microgrid controller
or it may be programmed with the switching as a function of the change in frequency to implement
the RZs switching function described previously in Figure 11.

4.3. VPP switch

This switch connects the VPP energy sources to the network. With reference to the overall VPP
schematic shown in Figure 15°, this switch is the 11 kV HV breaker at the main transformer substation
referred to here as VPPCB. This is a normally closed switch and it opens on the loss of grid voltage.

The VPP controller initiates the black-start sequence on grid-voltage loss, and once the sequence is
established it sends a communication signal to the island forming switches and the VPPCB to form the
islanded microgrid. The VPPCB closes on receipt of a close request from the VPP controller.

This switch will mainly operate on faults during islanded operation, either using the overcurrent
settings if sufficient fault current exists or according to an “open” request signal from the VPP
controller. It may be implemented using a circuit breaker, which is powered from the VPP.

4.4. Microgrid controller

The microgrid controller can be provided as an integral part of the VPP controller. Alternatively, it can
be provided as a retrofit solution on a physically independent platform. In the latter case, the
interconnection through communication channels to the VPP controller and the microgrid switchgear
needs to be established. The microgrid controller can be physically located at the “service unit”
building, with reference to Figure 15.

> Source: 150715 SLD Overall RTELC 0029 Rev 1 - 15.07.15
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Figure 15. VPP overall schematic, VPPCB added

4.5. Conclusions

In this chapter, the functional requirements for the islanding switch, zone forming switch and VPP
switch are described. These switches are normally closed, however their status may change when
either voltage loss or a fault is detected. These switches are used as a point of isolation and/or fault
interruption. The logic of the switchgears is coordinated with the microgrid controller providing the
required energy to a specific resilient zone.
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5. ISLAND FAULTS DETECTION AND ISOLATION

Successful fault detection and isolation during islanded operation is a primary requirement. This
chapter provides an overview of the protection schemes that need to be considered for providing the
same level of protection in the islanded network as for the grid-connected network.

5.1. Fault levels

Typically converter based equipment does not tolerate currents higher than about 1.5 pu of its rating
and it would normally disconnect from the grid through overcurrent tripping of its local protection.

Low impedance short circuit faults triggering the overcurrent protection of the PCS can be isolated
using the VPPCB, which is assumed to disconnect both the battery and the wind turbines.

While high impedance faults in the ungrounded islanded microgrid may not cause a battery outage or
instant equipment damage, and the continuity of supply is ensured, the longer it remains the greater
the likelihood of other ground faults occurring on the remaining phases, resulting in higher system
voltage/insulation stresses. This eventually results in degradation of the insulation system over time.
Additionally non-detected ground faults may introduce safety hazards to grid users or maintenance
personnel. Earthing and ground fault detection schemes are required to ensure that high impedance
faults would result in the disconnection of local generation.

5.2. Earthing

The existence of an earthing point and a grounding system for microgrids is important for detecting
ground faults as discussed above.

As the VPP’s main transformer connection is star on the LV side and delta on the HV side, as shown in
Figure 15, a neutral point needs to be created. Two options are feasible to provide a neutral point:

e Replacing the existing transformer with one that provides a star grounded connection on
either the LV or the HV side, as for the example shown in Figure 16.

e Installing an additional earthing transformer. Either a transformer connected in star/broken
delta or a zigzag transformer can be utilised for establishing a ground circuit as shown in Figure
17. The grounding impedance (R in Figure 17(a)) is a design parameter that is dependent on
the required system performance and protection settings. A zigzag grounding transformer is
assumed at the VPP substation as shown in Figure 18 as an example.

A Grounding Switch (GS) is assumed to isolate the earthing point during grid-connected operation to
avoid the creation of a grounding loop and impact the protection settings.

During islanded operation the GS will be connected; enabling Ground Fault Protection (GFP) so that
high impedance faults during islanded operation can be detected and isolated.
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Figure 16. An example 11/0.4 kV transformer replacement to provide a neutral point for grounding

vvvl

"1
T

(a) Star/broken delta grounding transformer (b) Zigzag grounding transformer

Figure 17. Example grounding transformers for delta ungrounded systems®

6Source: R. Belts, | Peacock and W. Vilcheck, “Application Considerations for High Resistance Ground Retrofits in
Pulp and Paper Mills”, IEEE pulp and paper technical conference, 2000.
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Figure 18. Example of additional grounding transformer installed at the VPP substation

5.3. Microgrid protection schemes

5.3.1. Loss of mains voltage

The main protection that triggers the islanding operation is voltage loss which can be detected using
voltage sensors; a trigger threshold (less than 50% of nominal line voltage is recommended in some
literature) and an islanding algorithm.

No time delay is implemented after the detection to trigger the islanding algorithm. The islanding
algorithm will account for voltage dip ride-through requirement of the grid, where a time delay will
apply to ensure that short duration voltage dips (mostly within 180 seconds) do not result in
unnecessary islanding.

This protection is to be implemented at the islanding switch and the VPPCB.
5.3.2. Overcurrent and Ground Fault Protection (GFP)

Overcurrent protection is normally implemented by power electronics converters so that they can
disconnect at the occurrence of grid faults, as discussed in Section 5.1.

With high impedance faults, earth currents would be detected using a GFP as discussed in Section 5.2.
Sensitive Earth Fault (SEF) protection can also be deployed to detect high impedance faults.

GFP can be implemented to trigger the VPPCB to disconnect the battery and wind turbines.
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5.3.3. ESS protection

The ESS complies with G59, hence a G59/3 relay will be utilised. The relay shall monitor and protect
against:

e Overvoltage;

e Undervoltage;

e Over frequency;

e Under frequency;

e Vector shift/ROCOF’; and
e Loss of mains power®.

The G59 relay needs to activate the VPPCB in order to disconnect from the public supply in case of a
triggering event, e.g. loss of mains power.

Further considerations, especially regarding ROCOF and under or over frequency settings, are required
during islanded operation in order to implement, for example, the droop control functions.

Additional dedicated relays may need to be implemented and activated during islanded operation to
allow for the proposed control functions outlined in Figure 11.

The reconnection to an islanded microgrid will need to be accounted for in the design of the control
and protection of the ESS controller.

5.4. Conclusions

In this chapter, fault detection and isolation during islanded operation has been explored. Additional
protection schemes that are required to fulfil distribution safety rules are also discussed.

As converter based equipment does not feed fault currents, an islanded microgrid low-impedance fault
will trigger the overcurrent protections resulting in disconnection of the VPP. For high impedance
faults, ground fault protection is assumed necessary to identify and isolate the fault. Establishing a
grounding system during islanded operation. Two options have been discussed, either replacing the
exiting transformer of the VPP with one that provides a star grounded connection or installing an
additional earthing transformer. A ground switch is to be utilised in either case to isolate the grouding
circuit in case of grid-connected mode of operation.

7 The Vector shift/ROCOF need to be taken out of service when operating as the source of the island network.
8 The Loss of mains power need to be taken out of service when operating as the source of the island network.

200374 03D Page 31 of 41 10/12/2015
© 2015 Smarter Grid Solutions Ltd. CONFIDENTIAL



Scottish Hydro Electric Power Distribution (SHEPD)

S m G r er Isle of Gigha Microgrid

grl solutions Gigha Islanded Operation

6. CONCLUSIONS

Enhanced reliable island operation of part of the distribution network requires extra investment. The
level of investment needed depends strongly on the increase in reliability that needs to be achieved.
Examples of islanding switchgear are: remote-controlled disconnectors, additional load-switches and
circuit breakers, automatic load-shedding schemes, hybrid and full solid state switches and active
network management schemes.

In this study the feasibility of reliable islanded operation of the Gigha network, with a minimum level
of investment and satisfying steady state reliability and power quality requirements, has been carried
out. Pre-specified RZs operating in a microgrid and using existing local generation provide the energy
security for customers on the island when the grid infeed is disconnected.

It has been shown in this study that the operation of the Gigha network as an islanded microgrid is
feasible using existing wind power generation and the battery, however the investment required will
be considerable.

Two upgrade options have are proposed and are summarised in Table 1. It is expected that Option 1
will require less investment than Option 2.

Option 1 is illustrated in Figure 19. This Option will require replacement of both the battery converter
and the connecting transformer. It is evident that these replacements cannot be accommodated at
this stage as the battery solution is due for commissioning by end of 2015 or early in 2016.

Option 2 requires a bespoke converter system and is expected to require considerable investment and
a long lead time for delivery.

Table 1. Options for Gigha upgrades for islanded operation

Option 1 Option 2

Replacing the power electronics associated with Installing additional converter between the

the battery with a unit suitable for bi-directional = battery/wind turbines and the islanded load.

operation and per-phase control. This converter should be capable of per-phase
control for load balancing and voltage support.

Replacing the transformer connecting the ' An earthing transformer is required at the
battery/wind turbines with a transformer that connection point of the battery/wind turbines to
provides a neutral point to establish a grounding | establish a grounding system, and allow for
system, and allow for ground fault protection. ground fault protection.

An automated grounding switch is required at the neutral of the transformer connecting the
battery/wind turbines to the microgrid. This switch should be equipped with a ground fault
detection scheme to detect high impedance faults.

Additional circuit breaker is required (at Pole 13) to split the microgrid into two RZs. This will allow
some customers to be connected in the extreme case of main grid outage at time of low wind
generation and high demand. The RZ in close proximity to the local generation will continue to be
supplied while the zones far from the local generation will be disconnected. This breaker is
automated and connected to the microgrid controller.

A microgrid controller with communication links to the battery, all wind turbines, islanding
switchgear, the portable generator and the standby generator is required. A droop controller has
been proposed so that the same battery current control during grid-connected operation is
applicable during islanded operation. Frequency variations are utilised to determine the amount of
power generation that shall feed the load. The proposed controller gives priority to wind generation;
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Option 1 Option 2 ‘

meaning that if there is enough wind power to supply the load, the battery will be either be floating
or charging. This microgrid controller can be physically separate, or control upgrades can be
implemented on the PCS controller platform.

Upgrade of protection settings to allow for islanded system protection as the fault levels are lower
than those during grid-connected operation. Additionally, all island switchgear will need to be
automated and interconnected with the microgrid controller. A synchronisation check function
needs to be considered for the islanding CB (at Pole 6) so that safe connection and disconnection
from the main grid is achieved.

Gigha North OHL

P6 Pole mounted automated
mlal  breaker in series with
isolator
Grid infeed / /
P11A
@#_# /| Battery and wind farm

P13

Communication links

1..".'.'.’.'.?.'.......--’-‘-‘-‘-‘-»--;‘ --------- Y peeseseascniosiiis ]"‘;’:;TT'.‘,l?"I

\

Figure 19. Summary of minimum upgrades required for islanded operation. Upgrades are marked
inred
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7. APPENDICES

7.1. Appendix A — Battery Technology
7.1.1.The battery

A VRFB best suits stationary and grid islanded applications, but has not benefited from the surge in
investment seen for technologies that suit electric vehicle and mobile consumer goods, due to the
slower market dynamics of the electric grid.

The technology supports the storage of large quantities of electrochemical energy at a distance from
the working electrodes and is suited to applications which demand several hours of reliable power.

Storage capacity is increased by the addition of extra liquid electrolyte containment vessels and
electrolyte, avoiding the need for more electrode material. The output specification and the capacity
specification can be designed independently.

An additional attraction of the technology is that it should provide many years of deep cycle service
without encountering significant ageing.

Test results carried out for a 6 MW redox flow battery® have shown the response time for reversing
operation from charge to discharges is about 60 ms to reach 63% of the target value, and 170 ms to
reach 90% of target value.

As an open transition is considered in this study, this response time is deemed fulfilling of the
operational requirements for the islanded microgrid.

7.1.2.The Power Conversion System (PCS)

The ESS will be connected to the Gigha 11 kV network through a DC/AC 415 V VSC and a delta to star
grounded 400 V/11 kV transformer®®. This connection is referred to as the PCS. A schematic of the
system is shown in Figure 20.

iBan | to Load
(\ /ﬁ | /

o Luiiﬁ e

monitor - ' *

-cell ! " flow of eleclrolyte
Pump

Figure 20. Schematic of battery and PCS!'2,

9 Source: T. Shibata et al., “Redox Flow Batteries for the Stable Supply of Renewable Energy,” SEI Technology
review, number 76, April 2013, pp. 14-22.

10 Source: Elpower spec for Gigha system PCS.

11 Source: T. Shibata et al., “Redox Flow Batteries for the Stable Supply of Renewable Energy,” SEI Technology
review, number 76, April 2013, pp. 14-22.

12 Note the additional monitoring cell used for calculating the SoC, also note the inherent equalised SoC for all
battery cells. One tank is shown for simplicity, conventionally two tanks and associated pumps are implemented;
one for charged and one for discharged electrolyte.
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7.2. Appendix B — Steady state stability and power quality
7.2.1.Steady state stability

To investigate the reliability of the VPP, the steady state stability is further analysed by evaluating the
PQ characteristics of the VSC (PCS) considering the simplified diagram shown in Figure 21. As shown in
the figure, the VSCis connected to the network through a filter inductance Xs (neglecting the resistance
and filter capacitance).

The VSC is assumed to be of two-levels and of Pulse Width Modulated (PWM) type, as these are the
most commonly utilised converters for grid-connected applications.

Grid  Vypp X; V. VPP

O+ ——t()

Figure 21. VSC connection to the network

The power flow equations, assuming lossless filter, can be read as:

VVier .
Rep = CX—VPPSW‘ 9 (7-1)
f
_VVZPP VVPPV
= + £Coso
Quee X, X, (7-2)

where V; and Vvpp are the amplitudes of the sending-end voltage and receiving-end voltage
respectively, and Xt is the impedance of the filter.

Calculating 6 form (7-1) and substituting in (7-2), the following equation results:

2 2
V2 ) \VHRY,
QVPP +05 |+ PVPP =| = -
( X, X, (7-3)
~V,2 VYV,
Equation (7-3) represents circles with centre YPP_ 0 | and radius of ——F

f f

These circles represent the power supply (VPP) capability, with varying voltages and filter impedances.

Using 400 V as the base voltage and 400 kVA as the base power, the production capability curves of
the VPP are shown in Figure 22 for V¢ = 1.02 pu, different values of the filter inductance and voltage
amplitudes at the connection point. From the figure it can be seen that a small filter increases the
production capability of the VSC.
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Figure 22. Power production capability curves of the VPP

For Pioad = 0.6 pu (240 kW) a small filter with a terminal voltage less than 1 pu will result in a reactive
power capability of more than 0.2 pu. As the voltage drops along the feeder however, a terminal
voltage of 1 pu will be required. This will limit the reactive power capability of the VPP and less active
and reactive power will be available for larger filters.

7.2.2.Power quality

Although the steady state reliability is ensured from the above analysis, a small filter inductance may
result in degraded power quality. A larger filter will result in better power quality yet reduced active
and reactive power capabilities (and higher losses).

A simplified example Simulink model, shown in Figure 23, is simulated to show the impact of the filter
inductance on the power quality. The model is also shown in Figure 24 as a simplified schematic.
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Figure 24. Schematic of the Simulink model

The load power is assumed to be 0.6 pu, and two filter values of 0.16 pu and 0.78 pu are tested. The
power output at P11A is shown in Figure 25 for the two filter values respectively. It can be seen that
the power oscillations are increased with the smaller filter, while they are decreased with the larger
filter. The power average is also about half load (0.3 pu) with the larger filter.
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Figure 25. Example Load power with two filter values

The analysis here concludes that a VSC designed for grid-connected operation will result in degraded

power quality during islanded operation, in spite of its capability of fulfilling the steady state reliability
requirement.

It is recommended that islanded operation is considered at the design stage of the PCS. As this is not
a feasible option at this stage (as evident by Appendix C), the recommended option is to use a multi-
level converter technology and/or apply active harmonic cancellation controls as retrofit.
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7.3. Appendix C — Email from ELPower delivering the PCS
From: Giuseppe Sauli [mailto:g.sauli@elpower.it]

Sent: 29 October 2015 16:16

To: Lee, Martin

Subject: R: Gigha power electronics

Dear Mr. Lee,
thank you very much for your mail.

The specification was for a 3 phase converter working in a grid following way so at this stage is not
possible for us to change the configuration. The converter is already under test in our facility.

The converter is a 3 phase without neutral so it’s not possible to have the same working in a grid
forming configuration.

From our side we can provide systems with three single phase configuration and neutral connection
accordingly to the parameters / working mode you have described but it’ll not be possible on this
specific cabinet.

Please don’t hesitate to contact me for any further clarification.
Kind regards.

Giuseppe Sauli
Sales Department

Area Manager

Elpower S.R.L.

Via Beggiato, 23

36025 Noventa Vicentina (VI)
Italy

Tel: +39 0444 787882

Fax: +39 0444 787758

Mob: +39 329 8838349
email: g.sauli@elpower.it

Skype: gsauliAD
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7.4. Appendix D — Example load balancing power electronics converter

A star or delta connected modular multi-level STATCOM, as shown in Figure 26, can be utilised for load
balancing.

Each phase cluster will be rated for the grid voltage (11 kV), while the number of cells is determined
depending on the level of the load imbalance that must be compensated for and the size of the
capacitance per cell.

In general terms, the converter controls the number of cells connected in each cluster to produce the
required grid voltage, and controls the direction of the current flowing through the capacitor in the
connected cells so that either a charge, (power consumption) or a discharge (power generation), is
achieved to fulfil the power requested for balancing per phase. The control also decides on the
duration of the charge or discharge and selects which cell to be inserted or blocked, so that the average
voltage of the cells’ capacitors varies within set limits.

v
L —t 1
3 é 3
3 3 3
N IR L L
R 51012
HIE it
L 1 P — . 1 o £
1 cell T é_ é_ - cell T _gl_ %
' - L
L ) L cell L
cell T |— o I
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(@) ®)

Figure 26. Modular multi-level STATCOM (a) star connected, (b) delta connected

Experimental results for a 10 kW prototype®® of a 3-cells per-phase STATCOM, as shown in Figure 27,
shows the possibility of reducing the power output of a single cell to about 25% of its full power rating
(as shown for cell 1 for phase u). It can be seen in Figure 27 that in the last 50 s of the experiment, the
active power for phases w and v was 2.5 kW while active power for phase u was 2.25 kW.

A full power STATCOM would provide a wider load balancing margin as it would comprise a higher
number of cells.

The possible STATCOM connection for Gigha is shown in Figure 28.

13| Maharjan, T Yamagishi and H Akagi, “Active Power Control of Individual Converter Cells for a battery Energy
Storage System Based on Multilevel Cascade PWM Converter,” IEEE Transaction on Power Electronics, Vol. 27,
No. 3, March 2012.
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Figure 27. 3-cells per phase STATCOM
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Figure 28. Connection of a load balancing STATCOM
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