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Glossary

ANM Active network management

RoCoF Rate of change of frequency

SHEPD Scottish Hydro Power Distribution

Wils Western Isles
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EXECUTIVE SUMMARY

The Western Isles have a significant penetration of renewable resources; especially from wind. The
capacity of wind generation already installed potentially offers the opportunity for islanded operation
of Western Isles network with reduced contribution from the installed conventional (diesel)
generators. However, due to the intermittent nature of wind energy, maintaining the stability of the
network at all times is a significant challenge that needs to be fully analysed and any additional stability
measures be considered.

In this study the potential risk of islanding the isles of Lewis and Harris microgrids due to overloading
the subsea cable is first assessed. This situation may arise at periods of low wind and maximum load.
Studying the historical data of wind generation profile indicated that there are indeed periods of low
wind where the wind power generation was very low. Additionally, historical power flow data
indicated that the maximum load during peak lopping periods may lead to cable overloading; were
these periods to coincide with the low wind generation periods.

Furthermore, fault/maintenance occurring on the subsea cable could result in cable going out of
service. This islanding situation could result in lack of energy on the isles of Lewis and Harris at periods
of low wind and maximum load and a consequent instability incidents.

To ensure the security of supply of the isles of Lewis and Harris at all times, an automatic sequential
load shedding scheme is recommended. This scheme would disconnect a part of the microgrid for a
short time that allows for the dispatch of the back-up generation at the Battery Point substation. This
scheme would potentially prevent cable tripping due to overloading and additionally stabilise the
microgrid during the transition period from grid connected mode to islanded mode in case of upstream
fault or cable outage for maintenance.

During islanded mode of operation, the possibility of large wind generators supplying the islanded
Western Isles has been studied. The study considered three cases: Isles of Lewis/Harris in isolation,
Isles of Uist in isolation and both Lewis/Harris and Uist interconnected. The frequency responses of
the microgrids for minimum load (worst-case) and average load scenarios are analysed when applying
a loss-of-generator disturbance. The frequency responses were analysed for all scenarios with and
without wind generation. A comparison between all scenario and SHEPD operational requirements
envelope for the frequency was carried out to assess the dynamic stability of the microgrid for all
scenarios.

It was found that all scenarios were not compliant with SHEPD frequency response requirement. The
microgrids cannot currently cope with wind power generation while in isolated mode. However, there
are solutions that could allow wind power contribution to the islanded microgrids. It is recommended
that an active network management (ANM) scheme be implemented to allow large wind generators
connection during islanded mode, at a first step. It is expected that even higher penetration of wind
generation would be possible were the ANM scheme combined with wind turbines providing synthetic
interia to the isolated microgrids in a similar manner to conventional generators.
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2. INTRODUCTION

2.1. Background

The Western Isles (WIs) microgrids are connected to the main land network through two 33kV subsea
cables; one subsea cable supplying the Isles of Lewis and Harris to the north, and the second cable
supplying the Isles of Uist to the south. A simplified 33kV network schematic and geographical view is
shown in Figure 1.

The capacity of wind generation already installed on the WIs potentially offers the opportunity for high
wind generation contribution during the islanded operation of WIs microgrid; hence reducing the
required contribution from conventional diesel generators. This would consequently improve the
resiliency and reduce the carbon footprint of the microgrids.

However, due to the intermittent nature of wind energy, maintaining the stability of the network at all
times is a significant challenge that needs to be fully analysed and any additional stability measures be
considered.

— Represents 132/275 circuit

~ Represents 33 kV circuit
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Figure 1. Overview of 33kV Western Isles network.

2.2. Objectives
The objectives of this study are:

e To assess the security of supply of the isles of Lewis and Harris with the high wind penetration.
e To provide recommendations on improving the security of supply.
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e To evaluate the potential contribution of wind generation to supply an islanded microgrid in
case of the isles of Lewis and Harris, the isles of Uist and the interconnected WiIs.

e To provide recommendations on methodologies to increase the wind contribution to the
islanded microgrids.

2.3. Methodology
2.3.1. Historical power flow data

To assess the security of supply of the isles of Lewis and Harris, historical power flow data were
provided by SHEPD. A non-comprehensive list of these data is given below.
e Netimport/export data for Lewis/Harris in 10 minute time intervals
0 January-June 2015
e Real and Reactive Power for cables in 10 minute time intervals
0 April 2010-April 2015
e Diesel generator monthly fuel consumption
e Arnish generation export in 10 minute time intervals
O April 2010-April 2015
e Loch Carnan (Uist) wind farm export in 10 minute time intervals
0 April 2013-April 2015
e Load and wind data at Loch Carnan (Uist) in 10 minute time intervals
0 November 2014-October 2015
e Battery Point generator export in 10 minute time intervals
0 April 2010-April 2015

The historical data were analysed to estimate the maximum load and evaluate the likelihood of cable
tripping due to the coincidence of maximum load and minimum wind generation.
More details are discussed in Chapter 3.

2.3.2.Dynamic simulation

Western Isles 33kV network power flow model was provided (by SHEPD) in PSS/e version 33. The
model was validated through the conduction of a power flow analysis and cross-check with SHEPD that
the results were within the operational margins. More details about the model validation are provided
in Appendix 6.2.

Then, the model of Lewis and Harris and Uist was isolated from the remaining network and a new
power flow validation was conducted.

Dynamic models were then created to run the study operational scenarios and apply the defined
disturbance. The description of the dynamic models used is given in Appendix 6.1.

More details are discussed in Chapter 4.
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3. OPERATION OF THE ISLES OF LEWIS AND HARRIS

3.1. Introduction

To analyse the Isles of Lewis and Harris microgrid reliability during islanded operation, high-level power
flow analysis is performed using the historical data.

The security of the Isles of Lewis and Harris microgrid is discussed in this chapter regarding the worst
case scenario, where low wind periods coincide with maximum load periods. During this operational
condition the subsea cable may become overloaded, resulting in an islanding condition.

To determine the likelihood of this operational condition, the load profile is extracted from the
available historical data for the year 2015 to determine the number of hours the load exceeds the
maximum loading capacity of the cable.

This chapter concludes by recommending a scheme that would potentially improve the security of
supply of the Isles of Lewis and Harris microgrid.

3.2. Historical data selection
The historical power flow data period is selected so that:

e All power flow data for different parts of the microgrid are available.
e The major wind parks are commissioned and in production.

Using historical profiles of active and reactive power flows across the subsea cable connecting the
islands to the mainland, the loads on the islands were initially estimated using the following
expression:

Estimated Load (MW) = — Power flow through the Cable (MW) + Generation on the Island (MW);

assuming positive power represents an import to the islands and negative power represents an export
from the islands.

The total generation on the islands is presented in Table 1.

Table 1: Distributed Generation on the Isles of Lewis and Harris

Type of Generation Total Installed Capacity (MW)

Wind 31.425
Hydro 1.9
CHP 0.15
Small Renewables 1.5
PV 0.473
Total 35.448

A historical wind profile obtained from a wind farm on the Stornoway was used to model the total
wind output generation on the Isles of Lewis and Harris.

In addition, a historical PV profile was used to model the total small scale PV output generation.

The generation output from Hydro, CHP and Small Scale Renewables were assumed at their maximum
installed capacities.
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Figure 2 illustrates the real power flow on the subsea cable and total wind output from April 2014 to
April 2015. It shows that there are low wind periods that have occurred during January and February
2015. The periods with zero active power flow represents the duration when the subsea cable was out
of service.

The Real Power flow on the subsea cable and total wind output on the Island
April 2014 - April 2015
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Figure 2: Active power flow on subsea cable (positive is import to the islands and negative is export
to the main land) and total wind output.

A further set of data was used for further investigation during the year 2015 below.

3.3. Peak load during 2015

The period selected for deeper investigation includes the peak lopping period during 2015. During peak
load, Arnish diesel generators are automatically dispatched for peak lopping.

By subtracting both diesel and renewables generation from the subsea cable power flow data, the
maximum estimated load which would have had to be supplied by the cable is 31 MW and occurred in
December 2015. Estimated peak load values during the whole year of 2015 are listed in Table 2.

Table 2: Peak Load and Lopping in 2015.

Oct Nov Dec

Peak load | 24,5 | 27.6 | 30.8 | 22 21.3 | 20.2 [ 20.3 | 189 [ 216 | 25.1 | 28.6 | 31
(Mw)
Hours peak | 8 16 23 0 0 0 0 0 0 8 84 245
lopping
Hours 160 0 0 0 0 82 0 0 0 0 0 0
islanded
Generation 1085 | 1018 | 570 | 66 2 282 |0 0 0 0 8 134
Arnish MWh
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Table 2 also indicates the months where the maximum load condition occurred during an
interconnected network operation or during islanded operation.

Figure 3 illustrates the duration (in hours) of islanded operation, peak lopping and peak load in each
month during 2015.

With the 23.4 MVA maximum loading limit of the subsea cable, it seems that a cable overloading
condition would have occurred during the months of Feb, March, October, November and December
in 2015 (if the wind generators were not producing power) resulting in tripping the cable.

Peak lopping and island running Lewis and Harris in 2015
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Figure 3: Peak lopping and islanded operation of Lewis and Harris (2015)

3.4. Recommendations

To avoid cable tripping due to overloading during low wind periods, an automatic load shedding
scheme can be implemented.

Figure 4 illustrates the Battery Point substation which can be used to facilitate demand shedding and
avoid cable tripping and the consequent islanding condition.

The following is recommended for feeder disconnection:

e To disconnect the highlighted two feeders (feeder NO. 009 and 060) at Battery Point which
results in disconnection of = 6.5 MW of demand.

e This ensures the flows through the subsea cable is kept below 23.4MW when the load on the
island is at its maximum (i.e. 31MW).

e Sequential inter-tripping of the feeders will ensure the subsea cable is not overloaded.

e This is just an example, SHEPD can choose to trip any other pair of feeders or combination of
feeders for demand shedding demanding on the profile of the downstream loads.
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e

BATTERY POINT

Figure 4: Example of feeder disconnection at Battery Point Substation.

3.5. Conclusions

The analysis of the historical power flow data through the subsea cable connecting Lewis and Harris to
the main land has showed that there is a likely condition when a maximum load may occur resulting
in overloaded cable and a consequent cable tripping. To avoid this condition, automatic load shedding
scheme is recommended to temporarily decrease the load and avoid the loss of supply to the whole
Lewis/Harris microgrid.
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4. FREQUENCY RESPONSE OF ISLANDED MICROGRIDS

4.1. Introduction

To assess the possibility of wind power penetration during the islanded operation of Lewis/Harris and
Uist, individually and interconnected, the frequency responses using the worst case scenarios are
analysed.

The worst case scenario conditions occur due to the outage of a big diesel generator during islanded
operation with minimum load. During this condition, the frequency response of the islanded microgrid
is tested and measured against SHEPD’s operational requirement.

The analysis is also extended to test average load conditions to determine any additional opportunities
for wind generation participating in an islanded microgrid operation.

This chapter concludes with recommendations for schemes that can potentially provide better
opportunities for the wind generators to supply an islanded microgrid.

4.2. Methodology and metrics for assessing the frequency response
The following cases have been considered:

e The two islands are isolated from the main grid
0 Isles of Lewis and Harris microgrid is islanded
0 Isles of Uist microgrid is islanded
e Lewis and Harris interconnected to Uist but in isolation from the main grid

The following steps have been carried out for each case:

e Power flow convergence is checked

e Dynamic model is created and tuned

e A disturbance is applied at minimum load conditions through the outage of a conventional
(diesel) generation unit with the largest power output

e The frequency response is checked

The three frequency stability metrics as specified by SHEPD’s operational rules are:

e  Minimum frequency is 48.8 Hz

e Maximum rate of Change of Frequency (RoCoF) measured over a 500 ms time period is 0.4
Hz/s

e Minimum steady-state frequency is 49.61 Hz

The requirements envelop for the frequency response is shown in Figure 5.
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Figure 5. Requirement-envelop for system frequency-response.

4.3. Studied scenarios
The scenarios for the frequency response study are summarised in Table 3.

All scenarios apply a loss-of-generation disturbance. The largest generation has been selected for all
scenarios, but for the scenario of Isles of Uist islanding with minimum load and with wind generation
of 0.5 MW. In this scenario, the slack generator produced extra power to compensate for network
losses to keep the voltage within the operational limits. Hence it outranked the generator that was
selected to trip in all other scenarios. The slack generator output was 1 MW, whilst the selected
tripping generator was 0.9 MW. As the difference in power generation is not very high, the latter
generator was tripped in this scenario to be consistent with all other scenarios.

The minimum load and average load values have been obtained from the historical data analysis as
described in Section 3.2.

Table 3. Scenarios for frequency response study.

Scenarios Lewis and Harris ‘ Isles of Uist
Minimum load without | | Load 4.46 MW Load 2.4 MW
wind generation Diesel 4 units Diesel 3 Units

Disturbance: loss of 1.4 MW | Disturbance: loss of 0.9 MW

generation generation
Minimum load with || Load 4.46 Mw Load 2.4 MW
wind generation Diesel 3 Units Diesel 3 Units
Wind 1 MW Wind 0.5 MW

Disturbance: loss of 1.3 MW | Disturbance: loss of 0.9 MW

generation generation
Average load with wind | | Load 15 MW Load 5.4 MW
generation Diesel 7 Units Diesel 1 Unit
200330 04A Page 15 of 27 11/03/2016
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Scenarios Lewis and Harris Isles of Uist

Wind 2.1

Disturbance: loss of 2.1 MW | Disturbance: loss of 1.5 MW

generation generation
Average load with wind | | Load 20.4 MW
generation for the two | | Diesel 12 Units
islands interconnected Wind 2.1 MW

Disturbance: Loss of 2.1 MW generation

4.4. Isles of Lewis and Harris
4.4.1. Minimum Load with and without wind generation

The following two scenarios are tested with a minimum load of 4.46 MW for the isles of Lewis and
Harris:

e Four diesel generators supplying the islanded network with no wind generation; and

e Three diesel generators in addition to 1 MW wind generation are supplying the islanded
network.

The system frequency response is shown in Figure 6 for the two scenarios.

——System Frequency - No wind System Frequency - 1MW wind —Requirement
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Figure 6. Lewis and Harris frequency response with minimum load; Red curve: requirement, blue
curve: diesel generation only, green curve: both diesel and wind generation.

It can be noted that:

e Frequency response in a diesel only dispatch is already below the operational requirements.

e Oscillations on frequency response increase as wind replaces diesel.

e With the shift towards more wind turbines and lower number of diesel units, the frequency
response will gradually get worse.
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Figure 7 shows the frequency metrics on the frequency response curves for the requirements envelop
and for the two tested operational scenarios. These are summarised in Table 4. It can be noted here
that both these scenarios fail the frequency response requirement with the applied disturbance,
requiring additional measures to ensure the system stability at all conditions.

——System Frequency - No wind System Frequency - 1IMW wind —Requirement

0.42 Hz

NS

49.6

IS
&
S

1.1Hz

Frequency (Hz)

5 s &
& &5 &
PO

o

>

I

N

=

@

Y
&
~

Time (s)

Figure 7. Lewis and Harris frequency response with minimum load; frequency measurement
metrics.

Table 4. Lewis/Harris summary results for minimum load.

Minimum Steady-

Minimum Maximum RoCoF

Scenario Frequency (Hz) (Hz/s) state frequency
(Hz)
Requirements 48.8 0.4 49.61
Without wind 49.9 - Pass 2.1 - Fail 49.58 - Fail
With 1 MW wind 49.3 - Fail 2.8 - Fail 49.25 - Fail

4.4.2. Average load with wind generation

A 15 MW load and 2.1 MW wind power generation are assumed in this operational scenario to examine
if there is some wind capacity that can be integrated during islanded operation.

The frequency response curve and metrics are shown in Figure 8. The frequency response metrics for
both the requirements and this scenario are listed in Table 5.

There is much more reserve capacity than theoretically needed in this case to compensate the loss of
the largest generator. However, removing one diesel unit from the dispatched units lead to a violation
of the RoCoF requirement, and a consequent tripping of the wind generator. The additional number
of diesel generators connected do not provide the inertia and dynamic response needed to hold the
system operated within the requirements.
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Figure 8. Lewis and Harris frequency response with average load.

Table 5. Lewis and Harris frequency response metrics for average load.

Minimum Steady-

Scenario pllllEL b EETITTL A1 state frequenc
Frequency (Hz) (Hz/s) 9 y
(Hz)
Requirements 48.8 04 49.61
15 MW load / 2.1 | 49.6 - Pass 0.6 Hz/s - Fail 0.23 Hz - Pass
MW wind

4.5. Isles of Uist
4.5.1. Minimum load with and without wind power

The frequency response curves and metrics for these two scenarios are shown in Figure 9. The
frequency response metrics are also listed in Table 6 along with the corresponding requirements.

It can be noted that the magnitude of the power loss due to the applied disturbance is smaller than
the case for Lewis/Harris and so the initial frequency drop is also smaller. Yet, these two scenarios are
also not compliant with the frequency response requirements.
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Figure 9. Isles of Uist frequency response; Red curve: requirement, blue curve: without wind
power, and green curve: with wind power generation.

Table 6. Isles of Uist frequency response metrics with minimum load.

Minimum . Minimum steady-
. Maximum RoCoF
Scenario frequency (48.8 (Hz/s) state frequency
Hz) (Hz)
Requirment 48.8 0.4 49.61
Withou wind 49.2 - Pass 1.5 - Fail 49.69 - Pass
With 0.9 MW wind | 48.9 - Pass 1.8 - Fail 49.39 - Fail

4.5.2. Average load

A 5.4 MW load and 0.9 MW wind power operational scenario is tested. The frequency response curves
and metrics are shown in Figure 10.

It can be noted that:

e To control frequency within the requirements no wind generation could be included in the
dispatch for this scenario.
e Generally, RoCoF criterion is the most difficult to meet in the Isle of Uist
e Ascenario with even a low percentage of wind generation is not possible since:
0 Even with lower wind power export adding an extra diesel unit will be required
0 The economical minimum export value of the added diesel unit would be sufficient to
feed all the load

0 Hence, there is no hosting capacity for wind considering the existing requirements
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Figure 10. Isles of Uist frequency response for average load; red curve: requirement, blue curve:
with 0.9 MW wind power generation.

Table 7. Isles of Uists frequency response metrics with average load.

Minimum steady-

Scenario Minimum Maximum RoCoF state frequenc
frequency (Hz) (Hz/s) 9 y
(Hz)
Requirements 48.8 04 49.61
5.4 MW load and 0.9 | 49.13 - Pass 1.48 - Fail 49.53 - Fail
MW wind

4.6. Interconnected Isles of Lewis/Harris and Uist

In this scenario, 20.4 MW load and 2.1 MW wind are assumed during an interconnected island

operation. The frequency response for this scenario is very similar to Lewis and Harris with average
load conditions.

Due to the increased load (20.4 MW) with the two islands are being operated together it is easier to
guarantee enough reserve and a greater diesel generation dispatch to meet RoCoF requirements.

RoCoF in this case is almost within the limits of the requirements, yet the system needs to be operated
with some margin.

The frequency response curves and metrics are shown in Figure 11. The frequency response metrics
are also listed in Table 8.

200330 04A Page 20 of 27 11/03/2016
© 2016 Smarter Grid Solutions Ltd. CONFIDENTIAL



Scottish Hydro Electric Power Distribution (SHEPD)

SmO r er Western Isles Microgrid
grlQsolutions

—System Frequency ——Requirement

0.23 Hz I 0.42 Hz/s

Frequency (Hz)
a
2

Time (s)

Figure 11. Interconnected isles frequency response for average load; red curve: requirement, blue
curve: 20.4 MW load and 2.1 MW wind generation.

Table 8. Interconnected isles frequency response metrics with average load.

Minimum Maximum RoCoF ITE) ST

Scenario Frequency (Hz) (Hz/s) state frequency
(Hz)
Requirements 48.8 04 49.61
20.4 MW load / 2.1 | 49.77 - Pass 0.42 - Fail 49.88 - Pass
MW wind

4.7. Conclusions

This chapter has provided the analysis of the dynamic operation of the islanded microgrid of the
Western Isles. The frequency response has been examined for different operational scenarios for three
cases; the islanded operation of the Isles of Lewis and Harris, the islanded operation of the Isles of Uist
and the islanded operation of the interconnected isles.

The compliance of all scenarios with the frequency response requirements has been tested in order to
determine the possibility of wind generation contribution during islanded operation, applying a loss-
of-generation disturbance.

It has been found that all scenarios are not compliant with the frequency response requirement, as
described in more details below.

4.7.1.Minimum load scenarios

e Inthese cases the most difficult operational situation was modelled to quantify if and how
much intermittent wind power generation can be connected.

e Frequency excursions were significant in minimum load conditions and an event such as
the tripping of the largest diesel generation unit would lead to further tripping of wind
generation if in operation.
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e To improve the system dynamic response, a generation dispatch that includes diesel
generators operating below their economical and environmental minimum would have
had to be considered for the two islands. This however is considered as an invalid option
considering the general requirements for network operators to decrease the carbon
emission of electricity generation.

e Duringislanded operation, the system cannot allow the connection of any wind generation
based on the current operation rules and SHEPD’s frequency response requirements.

4.7.2. Average load scenarios

e These scenarios have explored average loading conditions
0 For Lewis and Harris an average load of 15 MW was considered and for Uist 5.4
MW load was considered.
0 When the two system are operated together the two load values were combined
increasing the system size
e When in Isolation
0 Lewis and Harris still have issues ensuring the RoCoF requirements are met
0 A very low wind generation output (certainly below 1MW or even lower) might
have been possible if further scenarios had been studied
0 For Uist, a generation dispatch with wind cannot be safely operated
e When the two islands were operated together the greater load and sharing of generation
resources eases system operation
0 12 diesel units were dispatched in this case leading to a high reserve level
0 The RoCoF requirement was nearly met
0 The limiting factor was then the RoCoF
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Operation of the Isles of Lewis and Harris microgrid

The analysis of the supply security of the Lewis and Harris microgrid, using the historical data for the
year 2015, has shown that there is a likely situation where the microgrid is at its peak load during low
wind conditions leading to an overloaded subsea cable and a consequent cable tripping.

It has been recommended that an automatic load shedding scheme is implemented in order to
temporarily disconnect some selected feeders until the backup generators start up and then connect
back these feeders. The automatic load shedding scheme can also ensure the security of supply on the
islands during periods of the subsea cable outage due to a fault or scheduled maintenance.

5.2. Frequency response during islanded operation

The frequency response during islanded operation using the worst case scenarios has been analysed
to assess the possibility of wind generators connecting during islanded operation of Lewis/Harris and
Uist, individually and interconnected. The scenarios that have been studied and a summary of the
corresponding results are listed in Table 9.

The table shows that all scenarios result in non-compliance with SHEPD's operational requirements for
frequency response.

Itis recommended that an active network management (ANM) scheme be implemented to allow large
wind generator connection during islanded mode.Wind generation output with an ANM scheme could
be dynamically curtailed. This would allow minimizing the periods of preventive curtailment and adjust
its value to meet real time conditions for hosting more DG than today.

Additionally, if the wind turbines have synthetic inertia and frequency response capability, the ANM
scheme would allow ensuring that the system operation would not be endangered at any point in time
by periodically testing the individual wind turbines. The ANM scheme can send a set-point to increase
the wind turbine output value for a small time period and bring it back to the original value a few
seconds after.

The combination of these two applications of the ANM scheme would certainly increase system
hosting capacity.

It is further recommended that SHEPD may conduct further studies to:

e Quantify the benefits of having such a system in operation
e Quantify the energy not spilled due to operational constraints

Table 9. Summary table for the frequency response study.

Scenarios Lewis and Harris Isles of Uist
Minimum Load 4.46 MW Load 2.4 MW
load without Diesel 4 units Diesel 3 Units
wind
generation . . . .
Disturbance: loss of 1.4 MW generation | Disturbance: loss of 0.9 MW generation
Minimu Maximu Minimu Minimu Maximu Minimu
Scenario Fre(::enc m RoCoF . md Scenario freqnt:enc m RoCoF . md
eaay- steaaqy-
v (H2) (Hz/s) Stat;’ v (H2) (Hz/s) statg’
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Scenarios Lewis and Harris Isles of Uist
frequenc frequenc
y (Hz) y (Hz)
Requiremen . 0.4
ts Req“'s""e"t 48.8 0.4 49.61
Without 49.9 - | 2.1-Fail 49.58 -
wind Pass Fail Withou 49.2 - | 1.5-Fail 49.69 -
wind Pass Pass
Minimum Load 4.46 MW Load 2.4 MW
load with Diesel 3 Units Diesel 3 Units
wind Wind 1 MW Wind 0.5 MW
generation
Disturbance: loss of 1.3 MW generation | Disturbance: loss of 0.9 MW generation
Minimu Minimu
Minimu Maximu . md Minimu Maximu . md
Scenario m m RoCoF eady- Scenario m m RoCoF steady-
Frequenc (Hz/s) state frequenc (Hz/s) state
y (Hz) frequenc y (Hz) frequenc
y (Hz) y (Hz)
Requiremen | 48.8 0.4 49.61 Requirment 48.8 0.4 49.61
ts s
With 1 MW | 49.3 - Fail | 2.8 - Fail 49.25 - With 0.9 | 489 - | 1.8 -Fail 49.39 -
wind Fail MW wind Pass Fail
Average load Load 15 MW Load 5.4 MW
with wind Diesel 7 Units Diesel 1 Unit
generation Wind 2.1 MW Wind 0.9 MW
Disturbance: loss of 2.1 MW generation | Disturbance: loss of 1.5 MW generation
Minimu Minimu
Scenario m RoCoF A/ Scenario m RoCoF Y
Frequenc (Hz/s) state frequenc (Hz/s) state
y (Hz) frequenc y (Hz) frequenc
y (Hz) y (Hz)
Requiremen | 48.8 0.4 49.61 Requiremen | 48.8 0.4 49.61
ts ts
15 MW load | 49.6 - | 0.6 Hz/s- | 0.23 Hz - 5.4 MW load | 49.13 - | 1.48-Fail | 49.53 -
/ 2.1 MW | Pass Fail Pass and 0.9 MW | Pass Fail
wind wind
Average load Load 20.4 MW
with wind Diesel 12 Units
generation Wind 2.1 MW
for the two
islands Disturbance: Loss of 2.1 MW generation
interconnect
ed Scenario Minimum Maximum RoCoF Minimum steady-
Frequency (Hz) (Hz/s) state frequency (Hz)
Requirements 48.8 0.4 49.61
20.4 MW load / 2.1 MW | 49.77 - Pass 0.42 - Fail 49.88 - Pass
wind
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6. APPENDICES

6.1. Dynamic models

The dynamic models used for representing all the elements in the system were taken from the PSS/E
dynamic model library!. Please refer to this manual for additional information on the models. The
model parameters were set according to the data collected and to assumptions that were validated
with SHEPD.

The selected model for synchronous generators was GENROU (Round Rotor Generator Model) and the
parameters are as follows:

Tdo T"do Tgqo T'qo H, D, Speed Xd Xq Xd Xq X"d=X"q XI S(1.0) | S(1.2)
(>0)  (>0) (>0)  (>0) | Inertia damping

(sec) (sec) (sec) (sec)

6 0.04 0.5 0.08 2 0.1 1.777 | 1.611 | 0.307 | 0.403 | Equal to | 0.242 | 0.1 0.4
machine
reactance
value in the
model
provided by
SSE and
therefore
machine
specific.

The governor model used was TGOV1 (Steam Turbine-Governor) with the following settings:

VMAX VMIN T2

0.04 0.3 1.2 0.2 0.5 1 0.7

The exciter model used was IEEET1 (IEEE Type 1 Excitation System):

TE KF TF(>0)(sec
(>0)(sec )

0 40 | 0.04 |73 73 (1 0.8 00 |1 0 24 0035 | 4. |047

The wind turbines were modelled using a commonly used induction generator model (CIMTR3). This
allows studying the response of wind generation without frequency response capability. The model
was set as follows:

T (sec) T’ (sec) Inertia,H X X” | Xi | E1 | S(E1) E; S(E;) Switch | SYN-POW

1 PSS®E 33.0 Model Library, May 2011, Siemens Power Technologies International
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0.846 0 2.5 3.92710.1773 100|010 (003 |12]0.179|0 Pmax

The D-VAR models were implemented using fixed shunt elements as voltage stability was not the core
objective in this study. In the case of Stornoway, the low loaded HV cable was set out of service to
facilitate voltage control.

6.2. Validation of the simulation model

For validation of the overall modelling approach, additional results are provided on the Lewis/Harris
simulation under minimum load and some dispatched wind power capacity.

Figure 12 shows the active power of the three diesel units in operation and the wind generator
response. When Diesel 3 trips off at 2 s, the remaining diesel generators compensate for its loss by
increasing their power. The wind turbine active power when faced with such conditions suffers a series
of evanescent fluctuations, but because mechanically the machine does not react to frequency
deviations it stabilizes to the original power value as expected.

Diesel 1 Diesel 2 Diesel 3 Wind

= N
n [N} n

Electric Power (MW)
=

0.5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (s)

Figure 12. Lewis/Harris diesel and wind generation output power.

Figure 13 presents the detail of the response of one of the diesel units. It shows that the electrical
power rises steeply after the disturbance and the mechanical power lagging behind. To follow the
electrical power the rotors of diesel units convert speed into power leading to the initial system
frequency drop. Then, the machine governor injects more fuel into the generator and brings back
frequency to a value close to nominal. The final tuning of frequency to nominal needs to be performed
by secondary controllers.

200330 04A Page 26 of 27 11/03/2016
© 2016 Smarter Grid Solutions Ltd. CONFIDENTIAL



Scottish Hydro Electric Power Distribution (SHEPD)

SmO r er Western Isles Microgrid
grlQsolutions

Electrical Mechanical
1.9

1.8

1.7

1.6

1.5

Power (MW)

14

1.3

1.2
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (s)

Figure 13. Electrical and mechanical powers of diesel generator.

Finally, Figure 14 shows how the disturbance impacted the voltage in two 11kV buses. Because of the
loss of the diesel unit there is a fluctuation in the voltage profile that gets corrected by the exciter
systems of the remaining synchronous units. The verified voltage excursions were within the
permissible band for safe operation.
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Figure 14. Voltage profile during disturbance.
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