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GLOSSARY
Abbreviation | Meaning
Bau Business as Usual
BESS Battery Energy Storage System
Cl Customer Interruptions
CML Customers Minutes Lost
DER Distributed Energy Resources
DG Distributed Generation
DNO Distribution Network Operator
DSG Diesel Synchronous Generator
EMS Energy Management System
FCWT Full Converter Wind Turbine
FRT Fault Ride Through
HV High Voltage - voltage levels classified as HV are 11kV & 6.6kV
s Interruptions Incentive Scheme
K" Initial symmetrical short-circuit current
LV Low Voltage - voltage levels less than 1kV AC or 1.5kV DC
PLL Phase Locked Loop
PMCB Pole Mounted Circuit Breaker
RaaS Resilience as a Service
SHEPD Scottish Hydro Electric Power Distribution
Sko Initial symmetrical short-circuit power
SSEN Scottish and Southern Electricity Networks
THD Total Harmonic Distortion
TOV Temporary Over-Voltage
TS Time Setting
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EXECUTIVE SUMMARY

The Scottish and Southern Electricity Networks (SSEN) Resilience as a Service (RaaS) innovation
project seeks to improve the reliability and availability of distribution networks in remote locations
through services procured from a third party owned Battery Energy Storage System (BESS). The

RaaS concept has the potential to provide black start capability and enable islanded operation of the

local electricity network during power interruptions. Thi s wi Il i mprove custom
reduce Customer Interruptions and Customers Minutes Lost (CIs/CMLs) [1].

The RaaS project will demonstrate the integration of a BESS and associated Energy Management
System( EMS) at a site on SSENOG6s Scottish Hydro EI ¢
network, with Drynoch primary substation selected as the potential trial site [2].

The network modelling studies undertaken by WSP for the RaaS project intend to evaluate and
analyse the general technical requirements and challenges associated with the implementation of the
RaaS scheme. The studies include assessments of steady state performance and dynamic stability,
transient inrush current phenomena and black start requirements, and earthing and fault protection
studies. In addition to the Drynoch site, Kinloch and Mallaig are also assessed to provide a wider
perspective relevant to future roll out of the RaaS scheme.

This report (Deliverable D1.3) documents a series of studies undertaken to technically assess the
RaaS scheme. The report presents the results from modelling of the RaaS scheme implemented on
the Drynoch and Kinloch distribution networks, with the studies for the Mallaig network reported in a
separate appendix*.

Steady state and detailed transient models of the Drynoch, Kinloch, and Mallaig networks have been
developed and validated for different study types, including load flow, fault levels, and transient studies
to assess frequency and voltage stability. Specifically, this report presents the steady state and
dynamic stability assessments of the Drynoch and Kinloch sites when a 3MW BESS is connected to
each site. The studies undertaken are based on model requirements and Test Cases stipulated in
WSP project deliverables D1.2 [3] and D2.2 [3][4].

This report builds on D1.2 and provides detailed simulation results from the Drynoch and Kinloch
steady state and dynamic performance assessments. The scope of the studies includes:

A Steady state load flow studies for both normal Grid Following (i.e. grid-connected) mode and
Grid Forming (i.e. islanded operation) mode. The load flow studies were used to check for thermal
overloads and ensure that the sites voltages are within acceptable limits when the BESS is
connected to the system.

1 The Raas$ project plan includes development of detailed designs for the Drynoch and Kinloch sites, with the Mallaig site
studied to provide additional information to the project engineering team which will support the development of a scheme
suitable for replication across further sites under BaU

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution
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For the islanded mode two cases have been considered:
9 the customers are supplied by the BESS only

9 the Drynoch customers are supplied by a combination of the BESS and local distributed
generation (DG)

A Short circuit studies to assess the impact of implementing the BESS scheme on the prospective
fault levels for each of the selected sites. This analysis quantifies the impact of the BESS short
circuit fault current contributions both for normal grid-connected operation and for islanded network
operation. During normal grid-connected mode, the studies identify the increase in fault current
magnitude observed throughout the network. Whilst, during islanded operation, the assessment
determines if the fault levels are adequate to ensure effective operation of the associated protection
schemes.

A Transient and dynamic stability studies to assess the stability performance and robustness for
each selected site under the following operational scenarios:

o0 Transitioning to islanded operation without interruption (fault ride through capability) after
a network fault (BESS only and BESS with DER).

0 Adapting islanded operation (supplied by the third-party BESS), including incorporation of
a temporary diesel generator.

0 Transitioning from islanded (i.e. Grid Forming) operation mode back to grid connected (i.e.
Grid Following) mode.

o0 Extending islanded operation through the temporary connection of a diesel generator.
0 Exploring BESS charging via a diesel generator during islanded network operation.

The key outcomes of the simulation studies (based on the assumptions related to the generic BESS
model defined in discussion with SSEN and reported in Deliverable D1.2 and D2.2) are summarised
as follows:

1. Under steady state operation:

A In general, through the load flow studies, the selected BESS (i.e. 3MW battery rating) can maintain
the Drynoch and Kinloch networks supply during islanded operation. With this size of BESS, all key
steady state operational parameters such as thermal limits and voltages at different buses will be
within the statutory limits.

A During islanded operation the defined generic 3MW BESS can provide voltage levels very close to
that of grid-connected operation.

A For the Drynoch distribution network, feeder 12 demand can be fully supplied from the local DG
connected to the network (two existing wind turbines with 0.63 MVA generation capacity and a
small hydro with 0.1MW generation capacity), and any excess of power can be fed to feeder 11.

A During grid-connected operation, the BESS can provide support to the grid as an extra source of
supply. This include reactive power support to improve the voltage performance of the network and
active power support to meet a certain amount of local demand and reduce any thermal stress that
may happen on the 33/11kV transformers of the primary substations in the future.

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution
Networks WSP
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2. Under a fault situation:

A The results for the generic BESS model assessed indicate that the BESS provides relatively slow
response fault currents (i.e. 300ms), constrained by the controllersécurrent limiter.

A During fault operations, the duration of the BESS fault current contribution is limited by the BESS
3MW transformer thermal withstand capability. In the studies, a 3MW transformer is interfaced to
the 5SMW BESS converter. The short circuit rating of the BESS transformer is 2p.u for 3s, and for
the BESS converter is assumed to be 1.2p.u. of the converter rating (i.e. 6MVA).

A According to the implemented generic 3MW BESS model, in islanded operation, the BESS can
recover seamlessly from a transient three-phase fault: no disconnection is required, allowing
continuous supply to customers and fast recovery to stable operation.

3. Under dynamic disturbance:

A Inislanded operation, the defined BESS model can adapt rapidly to any change in customer loads,
and this includes large load disconnections (e.g. IMW).

A In islanded operation, the BESS can ensure that the network frequency and local voltages are
within the statutory limits. The 3MW BESS can also provide voltage and frequency reference values
during a large load disconnection, with the DG supporting network supply.

A In islanded operation, the BESS can adapt flawlessly to any load change during DG disconnection
(i.e. pick up the associated increase in load).

4. During transition operation:

A The simulated generic BESS can achieve successful and seamless transition from Grid Following
to Grid Forming operation mode. The BESS can rapidly pick up all the network loads when the
main grid supply is disconnected. According to the simulation studies and based on the
assumptions related to the used generic BESS model, the optimal time for the BESS control
transition should be between 20ms and 100ms to allow fast synchronisation with the main grid,
supplying voltage and frequency reference to the DGs during islanded operation with limited
magnitude and duration of voltage sags.

5. During islanded operation supplied by the BESS with a despatched diesel generator:

A It is possible to extend the duration of islanded operation by operating a diesel generator with the
BESS. In this case, the BESS establishes a control mode transition, from Grid Forming (i.e. BESS
provides the frequency and voltage references) to Grid Following (i.e. the diesel generator is used
as a reference), in order to minimise the control dynamic interactions between the BESS and the
diesel. The transition delay between the two modes is expected to be less than 20ms.

A It is possible to operate the BESS and the diesel generator in parallel, in the circumstance of the
networks with lower loading (i.e. LMW). This scenario was considered to test the capability of diesel
generator to supply certain proportion of load (e.g. up to 40% of demand) and at the same time
allow charging of the BESS. The simulation results have demonstrated stable operation when the
BESS operates in Grid Forming mode with a diesel generator on a 1MW reduced load. The
islanded network is formed by a 2MW diesel generator (sufficient to supply the 1MW reduced load
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of Drynoch and at the same time charging the BESS at 0.75MW/s). The BESS is then capable of
changing from charging to exporting power mode without affecting the level of supply to customers.

In summary, the defined 3MW generic BESS model has demonstrated the feasibility of fully supplying
the Drynoch and Kinloch networks when the main grid is disconnected due to a fault. Secure and
stable operation of the formed islanded networks is achievable through the delivery of fast BESS
converter control responses to deal with sudden loading changes and transient fault operations. It is
also possible to extend the duration of the islanded operation with the incorporation of a diesel
generator to supplement power supply and allowing flexible operation between the diesel generator
and the BESS. The BESS control transition and transfer to islanded mode can be seamless, further
the BESS can support the network during mild or severe transients. However, further investigations
are required to investigate aspects associated with protection schemes: i.e. key protection
considerations such as selectivity, sensitivity, and discrimination during different stages of dynamic
and transient events. This assessment will be conducted as part of RaaS SWPA4.

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution
Networks WSP
Project No.: 70078595-006 October 2021
SSEN
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PROJECT OVERVIEW

11

1.2

The Resilience as a Service (RaaS) innovation project aims to enhance network resilience and
security of supply in remote areas through services procured from a third party owned Battery Energy
Storage System (BESS). The proposed scheme would re-establish the supply in the event of an
outage, and allow local renewable energy assets to continue exporting power, until the Distribution
Network Operator (DNO) can restore the network to conventional operation [1]. By developing this
innovative energy solution, which combines energy storage, local renewables, smart grid controls,
flexibility services and new commercial models, RaaS will improve security of supply for customers by
reducing network outages.

BACKGROUND

The RaaS project will evaluate the technical feasibility and financial viability of the RaaS concept. This
includes detailed evaluation of the technical aspects of the scheme to understand the potential
interactions with existing network assets, and to determine the suitability of using a BESS to enable
stable islanded operation in the event of grid disconnection, to provide black start capability, and to
perform smooth transition to normal operation when the grid supply is restored.

The project aims to demonstrate the integration of a BESS and associated Energy Management

system (EMS) ata site on SSEN6s Scottish Hydro El ectr iltkVvRiawer

network, with Drynoch primary substation selected as the potential trial site [2].
WSP has been appointed to deliver three of S S E Ntéchnical work packages, as follows:

SSEN Work Package 1 (SWP1) - To undertake detailed modelling and technical feasibility studies
and determine the general technical requirements associated with implementation of the RaaS
concept.

SSEN Work Package 2 (SWP2) - To conduct modelling and simulation studies to evaluate potential
inrush currents and transients which could be experienced during the RaaS black start sequences
and determine the technical feasibility of RaaS black start functionality.

SSEN Work Package 4 (SWP4) - To investigate the impact of RaaS scheme implementation on the
performance of the distribution network protection and control schemes and provide recommendations
on the schemesosettings and design.

SCOPE OF THE REPORT

This D1.3 report forms part of RaaS SWP1 and assesses the technical capability of the RaaS Scheme
to demonstrate and evaluate its technical impact on the operation of the Drynoch and Kinloch
networks. The document presents the modelling approach and assumptions used, equipment data
applied, modelling refinement and enhancement activities, results of the simulation studies, and initial
findings and technical recommendations.

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution

Networks WSP
Project No.: 70078595-006 October 2021
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The following simulation studies are included in the D1.3 report:
A Power flow analysis
A Fault characterisation and fault levels studies

A Transients studies and system stability analysis

REPORT STRUCTURE

The report is structured as follows:

A Overview of sites selected for assessment (Section 2);

A Scope of simulation cases and summary of the test networks for the Drynoch and Kinloch sites

(Section 3);

A Description of the model refinement and enhancement process for the Drynoch and Kinloch sites

(Section 4);
A Simulation analysis and results for the Drynoch and Kinloch networks (Section 5);

A Concluding results and recommendations (Section 6).

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution

Networks
Project No.: 70078595-006
SSEN
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OVERVIEW OF THE SITES SELECTED FOR RAAS
ASSESSMENT

Five locations were shortlisted as potential trial sites by SSEN and E.ON, as shown on the map in
Figure 2-1 and detailed in [2]. In consultation with SSEN, three of these sites have been put forward
for modelling assessment - Drynoch, Kinloch and Mallaig. The distribution network selected for
potential demonstration of a RaaS scheme is Drynoch, while feasibility studies will also be performed
for Kinloch and Mallaig sites. Each of these sites have unique attributes and features relevant to
demonstrating the potential benefits of RaaS and delivery within project timeframes and budget, as
follows:

A Drynoch has a good level of distributed generation (DG) (around 0.73 MVA), and the current
Incentive Interruption Scheme (IIS) figures (Cls/CMLSs) indicate that customers would benefit from
a RaaS scheme, further, there is sufficient space within the substation compound for installing the
BESS unit (although this will not be the case for Business as Usual (BaU) application of RaaS,
location within the substation is pragmatic for the trial to support project delivery and ongoing
appraisal of the demonstration scheme.

A Kinloch has high ISS figures, and relatively long overhead lines.

A Mallaig has high ISS figures, high number of faults, and good level of DG (0.8 MVA).

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution

Networks WSP
Project No.: 70078595-006 October 2021
SSEN Page 10 of 68



\\\I)

Figure 2-1 - Selected site locations in relation to Glasgow (marked in red) 1) Drynoch; 2) Kinloch;
3) Kishorn Hill; 4) Lochinver; 5) Mallaig [2]

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution
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3 TEST NETWORKS AND SCOPE OF SIMULATION TEST CASES
This section describes the test cases used to create the test model for evaluating the feasibility of
RaaS application at the Drynoch and Kinloch sites.

3.1 SCOPE OF THE SIMULATION STUDIES

The simulation studies and analysis undertaken assess the technical capability of the RaaS Scheme
and evaluate its technical impact on the operation of the selected SSEN networks (i.e. Drynoch,
Kinloch and Mallaig).

This report presents the assessment of the Drynoch and Kinloch sites2. The Mallaig network model
has also been developed and studied, and the studies are presented in a separate document
(referenced as Appendix 70078595-010) [5]. The work comprises detailed steady state and dynamic
studies of the selected sites under different operational mode (i.e. grid-connected and islanding).

In consultation with SSEN, a set of Test Cases has been developed and used for studies of load flow,
fault levels, network stability and transients. The defined Test Cases are detailed in the &RaaS Test
Cases for SWP1, SWP2, and SWP46document with reference 70078595-005 [6], and are designed
to cover the following:

Power Flow Analysis

Load flow simulation studies have been carried out for the selected distribution networks under
different loading conditions. The key objective of the load flow studies is to evaluate the impact of the
RaaS scheme on the networks 8teady state performance. This included evaluation of the impact of
BESS integration on the real power flows, the voltage profiles, and the thermal capacity of the
networks. The study outcomes are used to identify the impact of the BESS on steady state power flow
performance during both grid-connected and islanded operation. Any operational issues or violations
in the key operating parameters that were identified through the steady-state studies have been
documented and remedial measures to mitigate such issues have been proposed.

Fault Level Studies

Fault characterisation and fault level studies have been conducted to quantify the impact of fault
contributions under various short circuit locations. The assessment of fault level contributions takes
account of contributions from the main supply grid, DG and BESS, during both grid-connected and
islanded network operation. Fault level studies will support the design and coordination of effective
operation of the associated protection schemes under the range of different network conditions.

2 The Raas project plan includes development of detailed designs for the Drynoch and Kinloch sites, with the Mallaig site
studied to provide additional information to the project engineering team which will support the development of a scheme
suitable for replication across further sites under BaU.

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution
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Transient and System Dynamic Stability Analysis

Transient and dynamic stability performance studies have been undertaken for the selected test cases
during the following operational scenarios:

A BESS islanded network fault ride through i RaaS response during and after a transient three-
phase fault to supply the network via the BESS with seamless continuity of customer supply.

A Adapted islanded operation i incorporation of temporary diesel for extending the duration of
islanded operation beyond that possible with just the BESS capacity.

A Loss of DG i adaptation of BESS output in the event that the local DG sources are disconnected
during islanded network operation.

A Partial customer loss i adaptation of BESS output when a proportion of customers are
disconnected in islanded network operation.

A On the event of a sudden main grid supply disconnection, when a transition from grid-connected
to islanded network occurs and, the BESS seamlessly changes from Grid Following to Grid Forming
controller operation mode to supply customer loads.

A Parallel BESS operation with diesel generator in islanded network operationi to enable the BESS
to operate in all four quadrants (i.e. import/export MW, inject/absorb MVar, and a combination of
these) with the temporary diesel maintaining the battery state of charge.

The capability of the RaaS scheme to change from islanded operation back to conventional network
operation is assessed and reported in the project deliverable D2.3 [7].

TEST NETWORK DESCRIPTION

The Test Networks used for the studies of this report represent the SSEN Drynoch and Kinloch 11kV
distribution networks.

Drynoch 33/11kV primary substation supplies customers via two main 11kV radial feeders with
multiple secondary transformers to step down the voltage to 0.4kV (three-phase system) and 0.46kV
(split-phase system). The network also hosts three DG units (two existing, one planned) which are
connected to the radial network between Drynoch and Dunvegan. A simplified schematic layout of the
Drynoch network representing the application of RaaS is provided in Figure 3-1.

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution

Networks WSP
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Figure 3-1 - Simplified schematic layout of SSEN Drynoch site

At Kinloch, the 33/11kV primary substation supplies all customers via a single 11kV radial feeder
which has multiple step-down transformers 0.4kV (three-phase system) and 0.46kV (split-phase
system). Figure 3-2 shows a simplified schematic layout of the Kinloch network representing the
application of RaasS.
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Figure 3-2 - Simplified schematic layout of SSEN Kinloch site
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TEST CASES SUMMARY

In consultation with SSEN, a set of Test Cases has been developed and used to undertake effective
load flow studies, fault level studies and transient and stability studies of the RaaS scheme
implemented to the SSEN Drynoch and Kinloch distribution networks. These are summarised in the
subsection below.

LOAD FLOW STUDIES

The load flow studies have included two load scaling factors, s=1 (equivalent to 1.57MW of demand)
and s=0.65 (equivalent to 1IMW of demand). A total of ten network operational settings (i.e. variations
of network configuration) are considered for Drynoch and six for Kinloch. The power sources
combinations considered for the sites are as follows:

A Main grid supply - Drynoch and Kinloch networks

A Main grid supply with DG - Drynoch network only

A BESS with main grid supply - Drynoch and Kinloch networks
A BESS with main grid supply and DG - Drynoch network only
A BESS only - Drynoch and Kinloch networks

FAULT CHARACTERISATION AND FAULT LEVEL STUDIES

For fault characterisation and fault levels test cases, two approaches are considered for evaluating
the short circuit fault levels. These have included IEC 60909 methodologies for short-circuit calculation
and time-domain simulations [8]. The grid-connected network studies use the DIgSILENT short-circuit
calculation tool (IEC 60909), whilst a number of time domain simulations have been used to identify
the short circuit levels and fault characterisation when the networks are operated in an islanded mode.
The two combinations of power sources used for the grid-connected fault level studies are:

A Main grid supply - Drynoch and Kinloch networks
A BESS with main grid supply - Drynoch and Kinloch networks

For the islanded scenarios, ten fault locations are considered for the Drynoch site and seven fault
locations are assessed for Kinloch. The combinations of power sources considered are as follows:

A BESS with main grid supply and DG - Drynoch network only
A BESS only - Drynoch and Kinloch networks

TRANSIENT AND SYSTEM STABILITY STUDIES

These cases involve the assessment of transients and system stability, to ensure stable operation
during fast network disturbances and alterations. The selected cases for the transient and dynamic
stability studies include the following:

Network Model Development and Validation for RaaS Feasibility Studies - Drynoch and Kinloch Distribution
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A Fault ride through with voltage sags of 25%, 50% and 100% - Drynoch and Kinloch networks
A Trip of large load - Drynoch and Kinloch networks
A Trip of DG - Drynoch network only

A BESS transition from Grid Following to Grid Forming operation after tripping the main grid supply -
Drynoch and Kinloch networks

A Transition from BESS to diesel-based supply, extending the duration of islanded operation -
Drynoch and Kinloch networks

ASSUMPTIONS AND SOURCE OF DATA
MODEL DATA COLLATION

Most of the data implemented into the DIgSILENT PowerFactory test network models has been
provided by SSEN. Open source typical data has also been used for any missing parameters from
SSENsSGOSINCAL model. The data used for the modelling is as follows:

A Network layout and configuration (provided via SINCAL model)
A Short circuit levels for grid incomer (provided via SINCAL model)

A Cable lengths and positive and zero sequence parameters - positive sequence values have been
extracted from the SSEN SINCAL model

Note: These values have been checked against publicly available data provide by Northern
Powergrid (NPG) [9]. In our models, both positive and zero sequence parameters, and R/R0 and
X/X0 ratios are of similar magnitude (the model does have higher positive and zero sequence
values, and ratios, however they are within the normal range e.g. X/XO0 for overhead line is normally
within in the range between 3 to 5).

A Transformer capacity and parameters (extracted from the SSEN SINCAL model)

A Low voltage loading (assumed based on information provided by SSEN - a scaling factor will be
employed in some instances and will be highlighted when this is the case)

A Protection scheme information, relay settings and fuse ratings (provided by SSEN)

A Data on DG connected to the network (e.g. type, size and location of each generator) (provided via
SINCAL model)

MODEL ASSUMPTIONS

The following assumptions have been considered during the model development and subsequent
simulation studies:

A All LV customer loads are modelled as a lumped demand.
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A DG units have been modelled as an aggregated source based on the modelling data imported from
in the original SSEN SINCAL model.

A A 2MW generic diesel generator model (aggregation of 2x1 MVA assets) has been developed for
modelling as a temporary source together with the BESS.

A The worst-case scenario for energisation currents is based upon residual flux levels of phase A:
0.5 p.u., phase B: 0.5 p.u, and phase C: -1p.u.

A The inrush current capacity and limitations are determined from the RaaS FEED report provided
by SSEN [10].

A Thetwo-phase secondary substationsé transformers
provide a relatively balanced 11kV network.

A The operation delay between each PMCB, including communication dispatch delay and operation
validation is set to 1s.

For the BESS, as the specific system to be implemented has not yet been selected, no detailed
information is available with regard to hardware implementation, control systems, and station design,
the following assumptions have been considered:

A The model is based on controlled voltage sources (i.e. not a detailed semiconductor switching
model), thus the lower level control Pulse-Width Modulation (PWM) is not required.

A The battery has been modelled as an ideal DC source and interfaced to the AC grid via a DC/AC
converter, and therefore voltage drops due to battery non-linearities during the power transfer have
not been considered.

A The converter controller operates at 20kHz sampling frequency.

A The switch between operational modes (Grid Forming and Grid Following) is considered with a
variety of delays - Oms, 20ms, 100ms, 1s, 5s.

A To compensate for the limited information upon the BESS design characteristics, the BESS control
model has been developed to cover a range of operational responses, to reflect different potential
control and hardware implementations.
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DEVELOPMENT OF THE DRYNOCH AND KINLOCH TEST
NETWORK MODELS

4.1

4.2

4.3

43.1

This section describes the process of developing the PowerFactory models for the Drynoch and
Kinloch test networks. Three key activities were undertaken - conversion, refinement and
enhancement - as described below.

MODEL CONVERSION

SINCAL models of the Drynoch and Kinloch networks were provided by SSEN and the first stage was
to convert these into DIgSILENT PowerFactory models. The automated import was partially
successful however a number of elements, particularly split-phase transformers, were not imported
due to differences in the software. In order to address this issue, representative models of the missing
element types were developed.

MODEL REFINEMENT

Once the network layout and equipment parameters were implemented into the PowerFactory model,
the next step was to refine the model so that the operational scenarios closely mirrored those of the
equivalent SINCAL model, thus allowing a fair assessment for comparative validation and subsequent
studies.

For steady state simulations the main areas of refinement included integrating updated fault infeed
parameters from the upstream network and tuning each of the 11kV/0.4kV transformers tap setting to
maintain similar LV voltages to that of the SINCAL model, in line with correspondence from SSEN.

MODEL ENHANCEMENT

The subsections below describe the model enhancements required. Two main complications were
experienced during the model creation process - as previously mentioned, importing of split-phase
transformers was not successful, subsequently phase selection/rebalancing was necessary to closely
balance the loading on each phase. Two further considerations were related to modelling of the BESS
and modelling of the connected DG.

MODELLING TWO-PHASE SYSTEMS

The distribution network has a combination of three-phase system components and two-phase
components. As some of the two-phase assets were not imported when the conversion to
PowerFactory was undertaken, a generic split-phase transformer type was developed in
PowerFactory, updated with the relevant transformer parameters, and manually implemented within
the test network model. With regards to phase balancing, the two-phase system components have
replicated the balancing employed in the SINCAL model. For overhead lines and cables, the data has
been taken from the SINCAL model, and for transformers, the data has provided by SSEN separately.

The split-phase secondary transformer model was developed to reflect the transformer equivalent
circuit shown in Figure 4-1. The transformer primary (11kV) side is modelled as one winding and its
terminals are connected to two phases of the 11kV three-phase nodes. The secondary side is
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modelled as two windings with 180 degrees phase angle between the phase voltages. The mid-point
(neutral) is connected to the earth. This model configuration will ensure that the phase voltages on
the secondary side will be classed as (250-0-250V) or 500V phase-to-phase voltage. The
PowerFactory split-phase transformer layout is illustrated in Figure 4-2.

11 kV 250-0-250 V

Figure 4-1 - Equivalent circuit of split-phase secondary transformer model

Figure 4-2 - DIgSILENT PowerFactory split-phase transformer model layout

MODELLING OF THE RAAS BESS CONTROL SYSTEM BEHAVIOUR

This section provides a description of the BESS control model developed for this work, which can
provide regulation in Grid Forming and Grid Following operating modes as voltage source and current
source, respectively. The measurements considered for both modes of operation are active and
reactive power values, the RMS grid voltage, and the grid frequency.

Grid Following mode

In Grid Following mode, the outer controller sets the reference values for the inner controller. This is
achieved by measuring the AC voltages and currents to sustain desirable converter operation
regarding active, reactive power, voltage magnitudes, and frequency angle.
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In Grid Following mode, there is also the capability of reducing fault current contributions in addition
to providing negative sequence currents during unbalanced conditions. The frequency and the voltage
phase angle must be detected at the BESS converter connection point to synchronise the conversion
and control system with the grid.

This action is performed by the Phase Locked Loop (PLL). The positive and negative sequence
components are extracted through a-b-c to d-q transformation, fed with the sign of the angle from the
PLL as shown in Figure 4-3. The two reference currents are inputs for the current controller, and the
current controllers are identical for both positive and negative sequences.

Positive-negative current controller
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dg "mj
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)
+6

| I +
\ S Y
?‘"‘j.(!('—. abe lff

5 i+
15,00 — " >

+4
Vs
J.ac dy e
——

Phase lock loop

U ac|abe
—»
dyg

Figure 4-3 - Grid Following model block diagram

The reference set-points for the positive d-g sequence current controller were determined from the
set of outer controllers. The reference for the d component of the current controller can be set
according to the real power extraction or the output of a frequency/power droop controller, shown in
Figure 4-4(a).

The reference for the g component can be set according to the RMS voltage values, the reactive
power or a voltage/reactive power droop controller is shown in Figure 4-4(b). Figure 4-5 shows the
ability of the BESS to provide power reference according to the charging or discharging operation.
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Figure 4-4 - Outer level controller (a) Power controller with frequency support, (b) Reactive power
and grid voltage controller
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Figure 4-5 - Outer level control response
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The reference set-points for the negative d-q sequence current controller can vary according to the
scheme or the operators éequirement. The BESS can withstand various internal imbalances, as the
sizing of either voltage or currents during AC unbalance is covered by the current thermal limits and
voltage insulations threshold.

As a result, the scheme that is followed is used to balance the AC-side converter currents which is
crucial for the safety of the AC grid. Consequently, both components of the negative sequence current
are suppressed to zero with the reference equal to zero. Figure 4-6 shows the ability of the BESS to
provide negative sequence currents to balance the currents during an unbalanced AC fault.
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Figure 4-6 - Response of negative sequence controller during unbalance operation

In order to reduce any potential overloading, the current references are limited. The limited current
references are compared to the calculated current reference. The scheme of limiting the reference
currents depends on the application of the BESS. Figure 4-7 provides an illustrative example of how

the BESS station limits the current fault contribution during a symmetrical three-phase fault.
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Figure 4-7 - Current limitation during three-phase fault
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4.3.2.2 Grid Forming mode

The converter can produce its own AC voltage waveform independent of the AC system. The
converter can be connected to an AC system with passive load or with asynchronous generation (e.g.
Wind Turbines). Grid Forming operation dictates the angle reference from a fixed frequency reference.

In this case the converter directly controls the AC voltage magnitude according to a fixed frequency
(oscillator) as shown in Figure 4-8, without being able to control the active power extraction. Figure 4-
9 shows the ability of the BESS station in Grid Forming mode to set the grid voltage on an islanded
system with only loads, achieving a black start operation. Figure 4-10 shows the ability of the BESS
station in Grid Forming mode to limit the currents during a symmetrical three-phase fault, on an
islanded network with passive loads.

AC voltage

=
Uac PI > dq i
-7 > u,'rlj
I 00— / abe
CAC y

Oscillator
N

Figure 4-8 - Grid Forming controller
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Figure 4-9 - Establishment of voltage on Grid Forming controller
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Figure 4-10 - The effect of current limiter during a symmetrical three-phase fault on Grid Forming
controller
In conclusion, the overall functionalities of the BESS system are as follows:
Grid Following mode:

A Active power control with frequency support and, either reactive power or AC voltage control (P-f
droop and Q or U); where P is the real power, f is the electrical frequency, Q is reactive power,
and U is AC voltage

A Active current limiter

A Negative sequence controller for unbalanced grid operation and asymmetrical faults (single and
phase-to-phase faults).

Grid Forming mode:

A AC voltage with frequency control (V/f);
A Black start operation;

A Current limitation; and,

A Islanded operation.

Transition:

A Ability to swap modes between Grid Following and Grid Forming operation according to the grid
condition (main grid, islanded network BESS only, and islanded network with diesel generator).
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MODELLING OF DIESEL SYNCHRONOUS GENERATOR

The Diesel Synchronous Generator (DSG) model is connected to the BESS 11kV busbar for providing
inertia, voltage, and frequency support during black start, islanded network operation and energisation
processes. The DSG operates temporary to improve the response of transient phenomena. A high-
level illustration DSG controller is shown in Figure 4-11.

Pe, Q, Ifd, Vt, Tt

AVR |
GEN

GOV ™
Pe, W, cos¢, Sn

Figure 4-11 - Synchronous Machine model

MODELLING OF DISTRIBUTED GENERATION CONNECTED TO EACH SITE

The Kinloch network does not contain any DG, while at Drynoch there are two wind generators and
one small hydro scheme connected to the radial network between Drynoch substation and Dunvegan.

The three sources of distributed generation (DG) within the Drynoch network have been modelled as
aggregated sources. SSEN has stated that the wind generators are Type 4. Consequently, each
generator was modelled as a synchronous generator interfaced to the distribution network via a full
back to back converter and an equivalent step-up transformer.

The controller model applied for a Type 4 wind generator is shown in Figure 4-12. This is a typical
controller for a Full Converter Wind Turbine (FCWT), which is provided within the PowerFactory model
Library [11].
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Figure 4-12 - Layout of the control scheme used for the Full Converter Wind Turbine DG model

As can be seen in Figure 4-12, the controller contains similar functional blocks to that of the BESS
controller. However, the settings for the controller are in line with that employed by a Type 4
generator. The DG controllers have been tuned and have demonstrated a stable operation of both
DG units connected to the Drynoch site.

MODELLING OF HV FEEDERS

As set out in RaaS SWP1 D1.2 fRaaS Sites Review and Technical Modelling Requirementso[6], a
frequency-dependent line model has also been developed and applied to the network HV feeders.
Full frequency-dependent line models are normally required to simulate transient studies. However,
with comparison to Pl-section line, there was no major difference b et ween t he t wo
performance, primarily due to the relatively short lengths of the feeders on the network. Secondly,
there are a number of two-phase circuits on the network and Pl sections can be used for two-phase
systems, unlike the frequency-dependent model type which can be implemented only to the three-
phase system.

Therefore, all the two-phase feeders of the developed Test Network model have been modelled as
Pl-section, and the three-phase feeders as frequency-dependent.
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FAULT LEVE LS CALCULATION METHODOLOGY
GRID CONNECTED NETWORK

In order to provide accurate fault level calculations for grid connected networks with a BESS
implemented, it is necessary to enhance the operation of the model. The methodology for enhancing
the fault level calculations comprised a combination of EMT simulations. The following steps were

undertaken:

1. Performing an EMT simulation - initially an EMT simulation was performed including all the
assets. As shown in Figure 4-13, various BESS schemes have various responses according

to the fault type.

2. Quantifying current fault levels. This included extracting data from the EMT simulations such
as peak fault current, fault decay, initial power, etc.

3. Implementing short circuit current data back into PowerFactory and performing a static short-
circuit simulation - using the data extracted from the BESS model, the initial symmetrical short-
circuit current, and steady state contributions are updated. Comparative results with the EMT
simulation are shown in Table 4-1.

Using this methodology, the EMT and IEC 60909 are shown to have good agreement, providing an
accurate and fast solution for fault level calculations.
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Figure 4-13 - BESS EMT fault level responses (a) Three-phase fault, (b) Two-phase fault, (c) Single

phase fault

Table 4-1 - Fault level calculation comparison

Fault IEC 60909 o

3-phase
fault

2-phase
fault

1-phase
fault

Ip (KA) 254kA 256 kA
Ib (kA) 1.32kA  1.34KA
Ip (kKA) 1.99kA  2.04 kA
Ib (kA) 1.12kA  1.1kA

Ip(KA) 275kA  2.73KA
Ib (kA) 1.74kA  171kA

0.78%
1.49%
2.45%
1.8%

0.73 %
1.75%
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ISLANDED NETWORK

In islanded network operation, the BESS operating in Grid Forming mode is equivalent to a voltage
source. The incorporation of IEC 60909 in PowerFactory, however, does not provide accurate results
for Grid Forming converters. This is in part due to the implementation of the converters as a current
source, and in part due to the mo d e ihabilgy to calculate aspects of the network energised by the
BESS. As a result, distant locations will not observe accurate voltage variation during faults.
Consequently, the characteristics of islanded fault levels have been calculated only via EMT
simulations.

The BESS fault current response is shown in Figure 4-14, and it is described by a time dx to reach
the maximum fault current contribution id. The fault response is determined by the fault distance,
BESS controller response, and fault limiter setting.

i

dx

time

Figure 4-14 - BESS fault current response.

Figure 4-15 and Figure 4-16, show the representative nodes for the EMT fault levels calculations in
islanded Drynoch and Kinloch networks respectively. In addition, Figure 4-17 and Figure 4-18 show
illustrations of the current fault levels and BESS fault response in islanded operation for the Drynoch
and Kinloch networks, respectively.
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Figure 4-16 - Representative nodes for fault level calculations on the Kinloch network
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5 SIMULATION ANALYSIS AND RESULTS
5.1 LOAD FLOW STUDIES
5.1.1 TEST CASE 1: DRYNOCH LOAD FLOW STUDIES

Grid-Connected Operation Mode

Figure 5-1 to Figure 5-13 show the resultant load flow heatmaps of Drynoch network under various
network supply configurations. As illustrated in these figures, no significant variation on the voltage
and power levels are observed as feeders 11 and 12 are supplied either from the main grid, or via the
main grid and the BESS. As shown in Figure 5-9 and Figure 5-12, by incorporating the DG into the
network, feeder 12 has improved voltage levels and load flow results, however feeder 11 does not
experience any significant change. The power generation from the three DG sources are sufficient to
supply feeder 12, while there is excess of power that can be distributed towards feeder 11. The BESS,
during the grid-connected operation, may exchange power between the Drynoch network and the
main grid, providing a flexible source in case of supply shortage from the main grid.

Islanded network Operation Mode

For islanded network operation, shown in Figure 5-10 and Figure 5-12, the customers experience
similar voltage levels and power distribution to that of the networks in grid-connected operation, shown
in Figure 5-1 to Figure 5-9.

The overall power flow distribution among the feeders and supply sources is shown in Table 5-1 and
Table 5-2. Also, in all cases when the demand is reduced from full load (1.8MW) to 1MW the voltage
levels are subjected to improvement.
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Figure 5-2 - Drynoch voltage heatmap with main grid supply at 1MW load
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Figure 5-4 - Drynoch voltage heatmap with main grid and 0 MW BESS supply at 1MW load
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Figure 5-6 - Drynoch voltage heatmap with main grid and 1 MW BESS supply at 1MW load
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Figure 5-8 - Drynoch voltage heatmap with main grid, 0 MW BESS and DG supply at 1MW load.
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Figure 5-10 - Drynoch voltage heatmap with BESS at full load.
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Figure 5-12 - Drynoch voltage heatmap with BESS and DG supply
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Figure 5-13 - Drynoch voltage heatmap with BESS and DG supply at 1MW load.
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Table 5-1 - Drynoch loading distribution at full load.
GRID +OMW  GRID +1.6MW GRID +OMW GRID +1.6MW

BESS BESS BESS+DG  BESS+DG o> DG

P Q Q
iw] | vad | P nvag | opwg | ovan | powg | van | e | vad | ewg | van | g | kvang
~ . i [ 10832 353.9 | 1083 | 353.9 | 1083 | 353.9 | 1083 | 353.9 | 1083 ] 353.9 | 1084 | 352.3 | 1083 | 353.8
S o | 4832 | 2345 | 483.2 | 234.6 | 483.2| 234.6 | -247 | 4447 | 247 | 444.7 | 249 | 333 | 4832 | 234.6

Ma'gr‘?gpp'y 1566.4 | 688.3 | 1566 | 638.4 | -33.6 | 672.6 | 835.8| 8485 | -764 | 882.7| 0 0 0 0
BESS 0 0 0 499 | 1600 | 84.16 | 0 | 49.98 | 1600| 84.16 | 834.1 | 686.5 | 1566 | 588.4

GRID +OMW  GRID +1.6MW  GRID +OMW
BESS BESS BESS+DG

Feeder 11
Feeder 12

Main supply
grid
BESS
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TEST CASE 2: KINLOCH LOAD FLOW STUDIES

Grid-Connected Operation Mode

Figure 5-14 to Figure 5-21 show the resultant load flow heatmaps of Kinloch network under various
network supply configurations. In the grid-connected network, customers experience the same voltage
levels whether the Kinloch network is supplied via the main grid or via the main grid with the BESS.

Islanded network Operation Mode

In islanded network operation, the BESS is capable of supplying identical power and voltage levels to
that during grid-connected network operation, as shown in Figure 5-20. The demand reduction from
full load (1.8MW) to 1MW has improved the HV 11kV voltage levels. The overall power flow distribution
in Kinloch network is shown in Table 5-3 and Table 5-4.

S

If'irgure 5-16 - Kinloch voltage heatmap with main grid and 0 MW BESS supply at full load.
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Figure 5-21 - Kinloch voltage heatmap with BESS at 1MW load.

Table 5-3 - Kinloch loading distribution at full load.
GRD GRID +OMWBESS GRID +1.8MW BES! BESS Location

PkW] QIkVA] P[kW] QI[KVA] P[kW] QI[kVA] P[kW] Q [KVAI]

Feeder 1800 900 1800 900 1800 900 1900 900
main 1800 900 1800 1000 0 1100 0 0
supply grid
BESS 0 0 0 -100 1800 -200 1900 900

Table 5-4 - Kinloch loading distribution at 1MW load.
GRD GRID +OMW BESS GRID +1.8MW BES! BESS Location

Pkw] QI[kVAr] P[kw] QI[kVAr] P[kw] QI[kVAr] P[kw] Q [kVAr]

Feeder 1000 800 1000 600 1000 900 1000 900
main 1000 800 1000 700 0 1100 0 0
supply grid
BESS 0 0 0 -100 1800 -100 1000 900

FAULT LEVELS
TEST CASE 3: DRYNOCH ISLANDED FAULT LEVEL STUDIES

Table 5-5 shows the Drynoch islanded network fault current levels and responses according to Figure
4-15. The further the fault is from the BESS, the fault level is reduced, however the fault level response
is slower as the fault impedance increases. It is worth noting that in certain nodes, e.g. N108 and
N634, fault levels are reduced where the BESS does not reach the fault current limits, as these nodes
are far from the BESS. During these remote fault cases, the BESS experiences reduced voltage sag,
allowing operation on the voltage capabilities of the BESS. As a result, the current limits are not
reached. The BESS can provide a maximum fault level currents 1.2p.u. for up to 2s, at which the
transformers6thermal capacity is reached.
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Table 5-5 - Drynoch EMT short-circuit fault current responses

Grid connected Islanded network

N84 3.272 2.237 0.458 1.2 0.045
N108 0.580 0.296 0.289 1.071 0.167
N458 1.474 0.761 0.420 1.2 0.061
N540 0.950 0.486 0.384 1.2 0.076
N634 0.588 0.301 0.288 1.027 0.136
N149 2.229 1.322 0.440 1.2 0.045
N349 1.185 0.638 0.393 1.2 0.061
N353 0.984 0.524 0.388 1.2 0.076
N234 0.894 0.474 0.375 1.2 0.076

TEST CASE 4: KINLOCH FAULT LEVEL STUDIES

Table 5-6 shows the Kinloch islanded network fault current levels and responses according to Figure
4-16. Similarly, to the Drynoch network, the further the fault is from the BESS, the fault level is reduced,
and the fault level response is slower as the fault impedance increases.

Table 5-6 1 Kinloch EMT short-circuit fault current responses

Grid connected Islanded network

N915 2.523 1.508 0.454 1.2 0.025
N907 2.243 1.298 0.454 1.2 0.026
N874 1.063 0.573 0.417 1.2 0.041
N861 1.004 0.538 0.413 1.2 0.044
N843 0.936 0.500 0.407 1.2 0.047
N813 0.781 0.413 0.389 1.2 0.063
N788 0.741 0.392 0.383 1.2 0.07
N1516  0.676 0.355 0.368 1.2 0.092

TRANSIENT AND SYSTEM DYNAMIC STABILITY ANALYSIS

TEST CASE 5: DRYNOCH FAULT RIDE TRHOUGH TRANSIENT STUDIES

This section shows the fault ride through (FRT) capability of the BESS in Drynoch islanded network.
Figure 5-22 to

Figure 5-25 illustrate a temporary three-phase symmetrical fault at primary bus bar with voltage sag
of 100%, 50% and 25%. In all cases the fault event appears at t=1s, and it is cleared after 0.5s. The
BESS maximum fault level contribution is determined by the current limiter, and it can reach 1.2 p.u.
of the 5MW converter current capability or 2 p.u. of the 3MW transformer current capability, IRMS fault
max = 545.45A, according to the FEED report [10]. The severity of the fault affects the BESS time
response in providing the IRMS fault max, which is 0.03s, 0.045s and 0.062s for 100%, 50% and 25%
voltage sag respectively. At the moment of the fault (t=1s), similar frequency transients appear in all
cases which are limited by the converter response. Along the whole duration of the fault, the converter
can limit the fault current without requiring the BESS to disconnect. The duration of the BESS providing
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fault current, is determined by the transformer and network thermal withstand which is 2p.u. for 2s. At
t=1.5s the fault is cleared, and the converter is recovered to the pre-fault operation (with the
assumption that no customers or loads disconnected during the fault). Ov e r ¢ u rofrappnokirbase
3p.u. (2.3kA peak) magnitudes, and ov er v o | df agpedngate 1.25p.u. (19.45kV peak)
magnitudes are observed for all fault cases, on the 11kV busbar. After clearing the fault at t=1.5s , for
approximately 0.4s the controller is saturated and a prolonged overvoltage of approximately 7.5%
appears, until the controller settles to the nominal value of 1p.u. Regardless of the severity of the
three-phase fault, the BESS can withstand the fault and can provide a successful FRT with
instantaneous power recovery with a temporary settling event.
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Figure 5-22 - Drynoch primary bus bar three phase fault ride through with 100% voltage sag.
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Figure 5-23 - Drynoch primary bus bar three phase fault ride through with 50% voltage sag.
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Figure 5-24 - Drynoch primary bus bar three phase fault ride through with 25% voltage sag.

TEST CASE 6: KINLOCH FAULT RIDE TRHOUGH TRANSIENT STUDIES
This section shows the FRT capability of the BESS in Kinloch islanded network.

Figure 5-25 to Figure 5-27 illustrate a temporary three-phase symmetrical fault at primary busbar with
voltage sag of 100%, 50% and 25%. Overall the BESS FRT event in Kinloch is similar to that of
Drynoch. The fault event appears at t=1s, and it is cleared after 0.5s. The severity of the fault affects
the BESS time response to provide the IRMS fault max, which is 0.026s, 0.041s and 0.055s for 100%,
50% and 25% voltage sag respectively. When the fault appears and is cleared, large frequency events
are observed as the network voltage collapses and recovers. At t=1.5s the fault is cleared, and the
converter is recovered to the pre-fault operation (with the assumption that no customers or loads
disconnected during the fault). The recovery overvoltage® and overcurrent® are similar to that of
Drynoch with approximate magnitudes 3p.u., and 1.2.pu. of overcurrent® and overvoltage®
respectively. After clearing the fault at t=1.5s and for approximately 0.2s the controller is still saturated
and a prolonged overvoltage of approximately 13% is observed, until the controller settles to the
nominal value of 1p.u.
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Figure 5-25 - Kinloch primary bus bar three phase fault ride through with 100% voltage sag.
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Figure 5-26 - Kinloch primary bus bar three phase fault ride through with 50% voltage sag.
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Figure 5-27 - Kinloch primary bus bar three phase fault ride through with 25% voltage sag.

TEST CASE 7: TRIP OF LARGE L OAD IN DRYNOCH ISLANDED NETWORK

This case provides information for transient event during a sudden disconnection of the feeder 11 load
in Drynoch islanded network. Figure 5-28 shows the trip of feeder 11 load when the Drynoch network
is supplied only by the BESS without the contribution from the DGs. At t=1.5s the feeder is
disconnected, with BESS adapting immediately to the new power demand. A 1.25p.u. TOV develops
for 50ms, while a severe transient frequency is observed until it settles to nominal frequency after
approximately 150ms. Subsequent to the disconnection of feeder 11, the network voltage is
unbalanced as the single and two-phase loads in feeder 12 are not distributed equally among the
three phases.

Figure 5-29 shows the disconnection of feeder 11 when the network is supplied from BESS and DG.
As feeder 11 is disconnected, the installed DG is sufficient to supply feeder 12, and thus the BESS
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accepts the remaining power influx from the DGs: 245kW (5% of the BESS converter capacity).
Although the BESS does not provide any power towards the network, it sets the network frequency
and the DGs may continue to operate, assuming that the transient frequency event at t=1.5s does not
trip the DGs, as the frequency transient last less than 0.5s which is the time delay for ROCOF settings
of 1Hz/s according to G99 (G59).
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Figure 5-28 - Trip of feeder 11 in Drynoch islanded network without the DG connected
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Figure 5-29 - Trip of feeder 11 in Drynoch islanded network with the DG connected

TEST CASE 8: TRIP OF LARGE LOAD IN KINLOCH ISLANDED NETWORK

This case shows the transient event during the disconnection of a large portion of Kinloch network
during islanded operation. Figure 5-30 shows at t=1s the disconnection of the network at Switch 3
according to Figure 4-16. The BESS responds rapidly to the load demand. A short frequency and
voltage transient are observed, with the voltage settling 70ms after the load disconnection. Similar to
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