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About FAN

Electricity and electrification are seen as the significant enablers for decarbonisation of our nation.
The Future Architecture of the Network (FAN) | Te Whatunga Hiko programme aspires to meet the
challenges the electrical power system will face as we journey towards sustainable
decarbonisation.

Our vision is to provide an infrastructure paradigm through a hybrid AC-DC transmission and
distribution system that meets the needs of tomorrow’s efficient, low-carbon, reliable and resilient
electrical power system.

With a brief unconstrained by the present technical and economic limitations, and a horizon of
2050 and beyond, the programme is ambitious in its goals to deliver significant knowledge and
capability development; transition pathways; new technologies; and input into design processes,
standards and regulations.

Funded as part of the New Zealand Government’s Strategic Science Investment Fund (SSIF) on
Advanced Energy Technology Platformme (AETP), the research team is investigating what the
future electrical power system might look like. The main hypothesis is that high penetration of DC
transmission and distribution (conveyance) into the AC grid will provide many benefits to transition
to a low-carbon power system. The major research challenge is to determine the future
architecture, topology and a transition pathway.
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Executive summary

The shift towards modernised power systems, driven by congestion management
and energy transition efforts, has increased reliance on power electronic
converter-dominated networks, leading to greater complexity. As the push for net-
zero and sustainable energy goals grows, future systems are expected to further
depend on converters, demanding advanced tools for effective management. In
response, the Ministry of Business, Innovation and Employment (MBIE) of New
Zealand sponsors the "Future Architecture of Low-Carbon Networks" (FAN)
project, with Work Stream One (WS1) focused on developing simulation tools for
hybrid AC-DC networks. This report explores the FAN power-flow tool's features
and capabilities through two case studies: simulating the North Island power
system for renewable energy network development and examining a
benchmarking test system by the International Council on Large Electric Systems
(CIGRE). These studies illustrate the tool's effectiveness in addressing evolving
power system complexities.
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1 Introduction

The evolution of conventional power systems into modernised counterparts,
influenced by congestion management and energy transition initiatives, has led to
a notable shift towards power electronic converter-dominated networks. This
transformation has given rise to increasingly complex power systems. As efforts
towards achieving net-zero and sustainable energy goals intensify, future power
systems are poised to become even more reliant on power electronic converters,
resulting in heightened complexity. Consequently, there is a recognized need for
advanced tools and methodologies to effectively manage the growing intricacies
of power system operations and enhance overall visibility, as emphasized in [1].

In alignment with this necessity, the Ministry of Business, Innovation and
Employment (MBIE) of New Zealand has sponsored the "Future Architecture of
Low-Carbon Networks" project, abbreviated as the FAN project. Comprising five
distinct work streams, Work Stream One (WS1) is particularly focused on crafting
advanced simulation tools for forthcoming hybrid AC-DC networks. In this report,
the WS1 team aims to delve into one of these steady-state tools: the FAN power-
flow tool, elucidating its features, capabilities, and showcasing its efficacy through
case studies.

Two specific case studies are considered to illustrate the utility of the FAN power-
flow tool. The first case study revolves around simulating the North Island power
system for an application involving the development of renewable energy
networks. The second case study involves examining one of the benchmarking
test systems established by the International Council on Large Electric Systems
(CIGRE) for hybrid AC-DC power systems.

1.1 Background

In general, power-flow analysis is a vital simulation tool in the planning, design,
and operation of power systems. It plays a crucial role in examining the technical
viability of future network configurations, particularly those heavily reliant on
power electronic interface converters, as part of the decarbonization effort through
renewable energy integration, electric vehicles, and multi-terminal DC grids.
Before delving into the transient behaviour of future networks, comprehending
their steady-state operation is imperative. Power-flow analysis stands as a
foundational tool for understanding steady-state conditions and is slated to be a
primary focus under the objectives of Work Stream One (WS1) within the FAN
project.

Today, the widespread adoption of inverter-based energy resources and battery
storage systems emphasizes the importance of using Electromagnetic Transients
(EMT)-like simulation as a vital tool for control, protection, and planning studies
[2]. However, EMT-like tools operate with zero initial conditions and aim to achieve
desired steady state operation. When dealing with systems containing electrical
machines and power electronic equipment, reaching steady state may require
excessively long simulation runs or may even be unattainable. To address this
challenge and enhance simulation efficiency, proper initialization of the EMT-like
tool is necessary. A method of initialisation is developed through a power-flow
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tool. Employing a multi-phase unbalanced hybrid AC-DC solution is essential to
maintain consistency with the network topology and data, and to initialize the
time-domain network accurately.

1.2 Literature Review

Power-flow methods for hybrid AC-DC systems are divided into two primary
categories: sequential and unified methods. Sequential methods employ the
existing AC power-flow method alongside a custom power-flow method for the DC
system. These two solvers work sequentially, where the DC system is solved first,
followed by the update of AC equivalents, and then the solution for the AC system.
This procedure is repeated until convergence is achieved. In contrast, the unified
method solves the AC-DC power-flow equations simultaneously.

Sequential hybrid AC-DC power-flow methods for transmission systems are
documented in [3][4], while the unified methods are discussed in references
[51[6][7]1[8]. Reference [9] provide insights into sequential power-flow methods,
whereas references [10] [11] explore unified methods for distribution networks.
These references offer a comprehensive overview of the methodologies and
techniques in integrating the complexities of AC and DC components within power
systems.

1.3 Challenges

AC-DC power-flow analysis methods for transmission and distribution systems
may face the following difficulties:

Application limitation: Every power-flow approach devised to analyse particular
aspects of electrical networks relies on specific assumptions, such as network
symmetry, balance, radial configuration, or weak meshing. Consequently, the
existing power-flow methods are tailored to represent only specific types of
electrical networks.

Non-Generic: Power-flow solution techniques for transmission systems are not
directly applicable to distribution networks and vice versa.

Non-Integrated: None of the power-flow methods incorporate both transmission
and distribution systems together, which is crucial for modern power systems
where collaboration between transmission and distribution network operators is
essential for modern power system planning and operation.

Convergence issue: Specifically, sequential AC-DC power-flow methods
encounter convergence difficulties because of decoupled nature of the problem
formulation.

Initialization in the time-domain: Current power-flow solutions lack the
necessary level of detail to properly initialize time-domain network equations. For
instance, balanced power-flow algorithms are unable to adequately initialize
unbalanced networks for transient simulation.

1.4 Solutions
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A majority of novel AC-DC power-flow techniques have been validated using the
steady-state solutions from transient simulation tools such as PSCAD/EMTDC,
PSPICE, EMTP-RV, and MATLAB/SIMULINK. These transient simulation tools can
represent any arbitrary network topology. Furthermore, transmission and
distribution system components can be precisely represented by these tools.
Additionally, actual values such as Ohms, Henry, Faraday, Volts, and Amperes are
used by these tools with a circuit-based formulation. References [12][13] have
used transient simulation tools approach to develop a unique power-flow methods
for AC systems and address the difficulties faced by existing techniques.

As part of Work Stream One (WS1) in the FAN project, which is focused on
developing simulation tools for future hybrid AC-DC systems, the research team
has embarked on creating a unique and integrated AC-DC power-flow method.
This inquiry considers whether the capabilities of transient simulation through
circuit-based formulations could transform the approach to AC-DC power-flow
solutions. The objective of this method is to provide a comprehensive
representation that encompasses a wide range of voltage levels, from low-voltage
(LV) grids to ultra-high-voltage (UHV) systems, in a unified manner.

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
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2 FAN Power-flow Tool

After reviewing existing and published AC-DC power-flow methods and
considering the specific requirements of future hybrid AC-DC power systems, the
FAN WS1 research team has created a multi-phase hybrid AC-DC unbalanced
power-flow simulation tool. This tool aims to be able to evaluate the technical
feasibility of various AC-DC network topologies under steady state operations. This
section of the report will discuss the features and capabilities of this tool.

2.1 Features

The characteristics of the FAN power-flow tool are elucidated by contrasting the
attributes of different power-flow methods, as summarised in Figure 2.1. The
green boxes in Figure 2.1 represent the selected features. Their advantages are
discussed subsequently.
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Figure 2.1: Review of AC-DC power-flow methods based on solution method attributes

Problem formulation: The process of formulating power-flow problems can take
two approaches, expressing them in terms of either power or current equations.
When using current equation formulation, it is noted that most elements in the
Jacobian matrix remain constant due to the use of linear equations for non-
injecting buses. Conversely, power equation formulations are nonlinear for non-
injecting buses. Therefore, the computational burden is significantly reduced with
current equation-based formulations when forming the Jacobian matrix.

Constraint Definition: Power-flow constraints can be represented either as
network node constraints or network component constraints. Limitations
associated with node constraints include the representation of phase-to-phase
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loads, delta-connected loads, delta-connected generators, and arbitrary
connections of power system components, as node constraints are formulated for
positive sequence component network representation. Consequently, utilizing
node constraints in multi-phase power-flow programs would impose severe
limitations and lead to incorrect conclusions, such as the distribution of negative
sequence currents resulting from phase-to-phase loads. These constraints can be
effectively addressed by adopting branch constraints approach. This approach,
which considers power-flow constraints as properties of network components,
allows for the representation of equipment connections and unbalanced effects.

Frame of reference: The formulation of power-flow problems can be approached
either through a sequence or phase frame of reference. Three-phase power-flow
programs based on sequence components are more computationally efficient
when compared to those based on the phase frame of reference. However, the
phase frame of reference allows for easier modelling of asymmetric network
topologies in multi-phase systems, a task not feasible with the sequence frame of
reference. For example, it is impossible to decouple un-transposed transmission
lines using the sequence frame of reference. With the advancements in
computational facilities today, along with the utilization of system partitioning
techniques and parallel programming algorithms, opting for the phase frame of
reference becomes viable to solve power-flow problems and alleviate
computational burdens.

Network Analysis Technique: Nodal analysis is a highly efficient method for
solving intricate electrical circuits, traditionally employed for its effectiveness.
However, classical nodal analysis faces several limitations:

e It struggles to incorporate voltage sources, except for voltage-controlled
dependent current sources, and dependent sources in a straightforward
manner, necessitating various algorithms for transformation.

e The adaptation of ideal voltage sources, switches, and transformers to fit
within classical nodal analysis is not possible.

e The use of transformation algorithms may lead to a loss of information due
to a reduction in the number of topologically connected nodes.

e Non-standard pre and post procedures can be confusing and frustrating,
requiring extensive experience to master.

To address these limitations, the classical nodal analysis approach evolved into
Modified Nodal Analysis (MNA) in the mid-1970s. Initially applied in the
development of simulation tools such as SPICE and PSPICE for analysing electronic
circuits, MNA later found application in power system network analysis and
simulation. However, its usage in power system analysis is predominantly seen in
EMT-type tools, and there is a growing need for its application in the development
of unified power-flow programs for modern power systems with power electronic
converters.

The advantages of the MNA approach include:

e Accommodating all linear circuit elements, both passive and active, as well
as ideal and non-ideal independent and dependent sources, without the
need for extensive pre and post-processing.
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e Facilitating the partitioning of large systems, simplifying the application of
parallel processing algorithms to drastically reduce execution time.

e Easily accommodating average models of power electronic converters for
steady-state and dynamic analysis within the MNA framework.

Coordinate system: The power-flow problem can be addressed using either polar
or rectangular coordinates to represent complex phasors for voltage and current.
Traditional power-flow programs typically utilize polar coordinates along with
power mismatch equations. This approach with polar coordinates offers greater
computational efficiency because the size of the required Jacobian matrix is (2n -
m-1) x (2n - m - 1), where 'n' represents the number of buses and 'm' denotes
the number of generator buses. Conversely, using rectangular coordinates, the
size of the Jacobian matrix needed for power mismatch equations is (2n - 2) x (2n
- 2). While polar coordinates involve computing trigonometric functions during the
formation of the Jacobian matrix, which might affect computational efficiency,
opting for rectangular coordinates can enhance computational efficiency while
retaining the advantages of the current mismatch formulation, as it eliminates the
need for trigonometric functions.

Number representation: Many power-flow programs traditionally operate using
per-unit values, although this is not mandatory. Initially, the per-unit system
offered advantages with the utilization of fixed-point arithmetic in earlier computer
systems. However, with the advent of modern computers and the introduction of
floating-point arithmetic, the per-unit system no longer holds an advantage, as it
can effectively accommodate a wider order of magnitude to represent actual
values. Utilizing actual values instead of normalized values presents several
advantages:

e When dealing with networks that encompass multiple voltage levels ranging
widely from 765 kV to 0.415 kV, the use of the per-unit system can lead to
round-off errors, potentially causing the system's admittance matrix to
become ill-conditioned and consequently affecting the convergence
characteristics of power-flow solution method. This concern does not arise
when using actual values with floating-point arithmetic, assuming the
system has a solution.

e There is no requirement to establish base quantities since they lack clear
standard definitions.

e Actual values represent fixed characteristics of equipment and can be
employed directly without the need for conversion. For instance, a 765 kV
shunt reactor can be utilized in a 400 kV application without requiring
conversion, whereas parameters in the per-unit system would necessitate
conversion based on the 400 kV base.

AC-DC Solution: While a sequential approach may seem simpler to implement,
it often results in poor convergence due to the problem's decoupling nature. On
the other hand, a unified approach offers a more robust convergence
characteristic, albeit at the expense of increased complexity in code
implementation. However, to prioritize the stability and reliability of the
convergence process, the decision has been made to select for the unified
approach.
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Solution Method: The power-flow problem, although being nonlinear in nature,
can be solved using closed-form solutions, which are effective only for small
networks typically consisting of 3 to 4 buses. However, for larger-scale systems,
an iterative method is necessary. The Newton iterative method, known for its
common usage and robustness, is the chosen approach to address the power-flow
problem in larger networks.

2.2 Capabilities

This section provides an overview of the capabilities of the FAN power-flow tool.
It is important to note that this tool is versatile and applicable to various types of
networks, including AC-DC, transmission and distribution, as well as detailed
representations of renewable energy systems, industrial drive systems, and
intricate power electronic systems. The subsequent discussion will delve into these
highlighted capabilities in detail.

Representation of multi-phase arbitrary network topologies: The tool has
the capability to model 1-phase, 2-phase, and 3-phase power systems by explicitly
incorporating the neutral wire or earth wire and system earthing connections. This
includes practical transposition of overhead lines and detailed sheath bonding
connections for cable systems. Equipment connections such as Wye, Wye
grounded, and delta connections for shunt elements like generators, induction
motors, and static PQ loads are accounted for, closely mirroring real power system
connections. Additionally, special network connections can also be accommodated
using the proposed power-flow methodology in a modular structure to meet any
future requirements.

Integrated representation of transmission and distribution network: In
past, transmission and distribution systems were analysed separately, each based
on their unique characteristics. However, modern power systems necessitate
simultaneous analysis of both transmission and distribution networks. Existing
literature has suggested addressing this need through hybrid simulation,
employing an appropriate interfacing protocol between the two systems. The
accuracy of hybrid simulation tools greatly relies on the precision of these
interfacing systems. In the FAN power-flow tool, a circuit-based formulation is
employed with physical quantities that enhances the conditioning of matrices, thus
enabling the integrated representation and analysis of transmission and
distribution networks as a unified system.

Explicit representation of DC grid network topologies: The tool enables clear
depiction of DC grid network structures, including DC voltage sources and current
sources, DC machines, DC lines/cables, and DC loads. It can model different
configurations such as monopolar, bipolar, homopolar with earth return, or with
metallic return for voltage levels.

Explicit modelling of Power Electronic Converters: Power electronic
converters are modelled using their average value models, including the following
types:

e 3-phase two-level voltage source converter
¢ 1-phase full bridge two-level voltage source converter

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
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e Voltage source-based 3-phase modular multi-level converter (MMC)

e \oltage source-based 1-phase full bridge modular multi-level converter
(MMQC)

e 3-phase 6-pulse line commutated converter

e 1-phase full bridge line commutated converter

e DC-DC converters designed for HVDC grids and connections to HVDC
systems, as outlined in CIGRE Technical brochure -827 from WG B4.76.

Large-scale hybrid AC-DC systems: Large-scale hybrid AC-DC systems pose
a challenge due to the intricate representation of unified transmission and
distribution networks, leading to significantly larger problem sizes and increased
computational time. To maintain computational efficiency, the FAN power-flow tool
utilizes system partitioning techniques and parallel programming algorithms. The
system is partitioned into multiple subsystems using a branch tearing technique
that employs the Multi Area Thevenin Equivalent (MATE) concept, to solve these
subsystems simultaneously and in parallel. An additional benefit of the MATE
technique is its flexibility in using different power-flow solution methods for
different subsystems, which can further enhance simulation speed. However, in
the present implementation, only one power-flow solution method is applied to all
subsystems.

Initialisation Tool: Recent advancements in power systems have emphasized
the critical role of EMT-like tools in planning, control, and studies. However, for
large-scale systems, achieving steady-state conditions with desirable operating
parameters using EMT-like simulations can be time-consuming, especially with the
presence of electrical machines and power electronic converters. Few instances,
achieving desirable operating conditions may be challenging. Nonetheless, the
accuracy of modern power system transients heavily relies on the initial condition
of the system. Therefore, to enhance simulation speed, it is imperative to initialise
time-domain network equations properly. The FAN power-flow tool can facilitate
proper initialization for time-domain simulation tools, steady-state short circuit
simulation tools, and harmonic analysis tools.

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
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3 Case Studies

The New Zealand North Island power system, is simulated to test based on the
2020 peak load scenario allowed stakeholders to assess the system's resilience
and capacity under high-demand conditions. Furthermore, simulations of
renewable energy network development, the tool facilitated a comprehensive
evaluation of the grid's capability to accommodate sustainable energy sources.

Similarly, the simulation of a hybrid AC-DC network, as contained in the CIGRE
Technical Brochure-800, demonstrates tool capability towards FAN primary
objectives. This Technical Brochure, guided by the insights from Working Group
B4.76, aimed to benchmark various models for system studies related to DC grids.
Through this examination, researchers could delve into the intricate dynamics of
hybrid networks and evaluate performance metrics critical for future grid planning
and design efforts.

In essence, the application of the FAN power-flow tool on these test systems not
only demonstrates its versatility but also underscores its significance in shaping
the future of resilient, sustainable, and efficient power systems.

3.1 North Island Power System Peak load

The North Island power system, being larger than its counterpart in the South
Island, typically encounters challenges in achieving convergence in power-flow
solutions during peak load scenarios. Therefore, the decision to focus on the large
network and peak load scenario is aimed at showcasing the effectiveness of the
FAN power-flow tool.

3.1.1 System Data

The peak load scenario for the North Island power system in 2020 has been
sourced from publicly available data published by the Electricity Authority. This
information can be accessed via the online, Electricity Authority - EMI (market
statistics and tools) (ea.govt.nz).

The specifications of the network are outlined in Table 3.1. Information has been
extracted from the PSS/E raw data file and converted into the input data format
required for the FAN power-flow tool.

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
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Table 3.1: Network specification for North Island Power System

Equipment Name Count

AC Busses 506
Transmission lines 277
Series Reactors (lines with susceptance B=0 and 1 filter reactor) 60
Series Capacitors (Filter capacitor) 1
2-Winding Transformers 324
3-Winding Transformers 39
Shunt Reactors 2
Shunt Capacitors 24
Static PQ Loads 121
Equivalent Sources 1
Synchronous Machines 110

3.1.2 Power-flow Analysis Summary

Figure 3.1 illustrates the power-flow tool convergence which indicates that
convergence was achieved within 6 iterations with an absolute tolerance of 1.0e-
6. One may observe the fluctuation in the value of function mismatch, along with
the associated details such as the functions pertaining to synchronous generator
power-flow constraints (f_PV_PQ_SL_AC) or network constraints (f_N_AC). Table
3.2 provides a summary of the power-flow results. From Table 3.2 peak loading
of the system is 4695.7 MW and 2080.1 MVAr. Additionally, the total real and
reactive power load in the system are 4510.1 MW and 1562.7 MVAr respectively.
Moreover, the total real and reactive power losses in the system are 185.6 MW
and 517.4 MVAr respectively.

Iteration No. Subsystem No. Function Name

f_PV_PQ_SL_AC
f_PV_PQ_SL_AC
f_PV_PQ_SL_AC
f_PV_PQ_SL_AC
f_PV_PQ_SL_AC
f_PV_PQ_SL_AC

Figure 3.1: Analysis of power-flow convergence for North Island power system
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Table 3.2: Summary of power-flow results

Parameter Active Power (MW) Reactive Power (MVAr)

Total +ve Generation 4366.1 619.5
Total —-ve Generation 0.0 889.2
Total +ve Load 4510.1 673.5

Total —ve load 329.6 1460.6

Total Generation 4695.7 2080.1
Total Load 4510.1 1562.7

Total loss 185.6 517.4

3.1.3 Power-flow Analysis results

The power-flow analysis results are summarised in a series of figures displaying
node voltages in kilovolts (kV) and per unit, using both the 'phase' and 'sequence’
reference frames, showing phase-to-ground and line-to-line voltages (refer to
Figures 3.2-3.9). The results indicate that bus voltages are within the statutory
thresholds. Additionally, it is worth mentioning that a few numbers of buses exhibit
zero voltage magnitudes, likely due to isolation. As an illustrative example, Figure
3.10 depicts an AC line loading plot, which serves as a representative output for
determining branch loading of the equipment. This output enables easy
identification of bus voltage violations and equipment overloading under given
operating conditions.

AC Bus Phase-to-ground Voltage Profile in ABC Reference Frame
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Figure 3.2: Phase-to-ground bus voltage profile in kV with ‘ABC’ reference frame
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AC Bus Phase-to-ground Voltage Profile in ABC Reference Frame
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Figure 3.3: Phase-to-ground bus voltage profile in per unit with ‘ABC’ reference frame

AC Bus Line-to-line Voltage Profile in ABC Reference Frame
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Figure 3.4: Line-to-line bus voltage profile in kV with ‘ABC’ reference frame
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AC Bus Line-to-line Voltage Profile in ABC Reference Frame
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Figure 3.5: Line-to-line bus voltage profile in per unit with ‘ABC’ reference frame
AC Bus Phase-to-ground Voltage Profile in Sequence Reference Frame
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Figure 3.6: Phase-to-ground bus voltage profile in kV with ‘012’ reference frame
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Figure 3.8: Line-to-line bus voltage profile in kV with ‘012’ reference frame
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Figure 3.10: Phase wise 3-phase line loading in percentage
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3.2 Renewable Energy Network Development for
North Island Power System

To assess the possibility of integrating renewable energy into the grid, a circuit
diagram depicted in Figure 3.11 is employed to establish a hard-tee configuration
on an existing line. This configuration in Figure 3.11 divides the existing line into
two sections with a junction node designated as the Point of Coupling (PoC), as
illustrated in the Figure 3.11. The proposed renewable generation, along with its
collector transformer and interconnecting transmission line, is connected to the
PoC. Typically, the size of the new generation installation is constrained by the
thermal MVA rating of the existing line. This circuit is appended to the original
power system network, and power-flow studies and contingency analysis are
conducted to identify any weaknesses in the power system. This analysis involves
examining bus voltage violations and equipment overloadings.

PoC @1 |

Interconnecting |
Transmission line Station Equivalent
Transformer Generator

Existing Line

Figure 3.11: Hard-tee arrangement for integration renewable energy resources
3.2.1System Data

The following network is incorporated into the existing North Island power system
network:

e A 33-kV line named 'CDA-RKA-NACI' is chosen for a hard-tee connection,
divided into sections comprising 20% and 80% of the total line length.

e A 35 MW generation source is connected to a 690 V bus.

e A station transformer with a rating of 55 MVA, and a nominal winding
voltage of 33/0.69 kV is modelled with a leakage impedance of 8%.

¢ An interconnecting 33 kV transmission line spanning 1.0 km is included.

The following scenarios were examined:

e Base case: Consisting of the existing network configuration along with the
appended hard-tee setup.

e Contingency 1: The load at the 33 kV 'WRK33' bus is taken out of service.

e Contingency 2: Transformer TAA-TF-T1 is put into service.

e Contingency 3: The 20% section of the line 'CDA-RKA-NACI' is taken out
of service.

e Contingency 4: The line "'WRK-A-NACT' is taken out of service.

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
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3.2.2 Power-flow Analysis Summary

Table 3.3 presents a summary of power-flow analysis results for both the base
case and contingency scenarios. While Table 3.3 show variations between the
initial and contingency cases, it is to note that this study is not specifically
designed for detailed analysis, but rather serves as a representative
demonstration of the FAN power-flow tool's capabilities.

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
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Table 3.3: Power-flow analysis summary for base case and contingencies

MW MVAr MW MVAr MW MVAr MW MVAr MW MVAr
+ve 4363.6 616.2 4314.8 611.8 4363.5 617.6 4403.8 629.3 4364.8 615.6
generation
-ve generation 0.0 910.0 0.0 938.0 0.0 911.9 34.2 863.9 0.0 906.1
+ve load 4510.1 673.6 4465.6 673.9 4510.1 673.6 4510.1 673.3 4510.1 673.6
-ve load 329.6 1462.5 329.6 1465.0 329.6 1462.7 329.6 1458.4 329.6 1462.2
Total 4693.2 2078.7 4644.4 2076.8 4693.1 2080.3 4733.4 2087.7 4694.4 2077.8
generation
Total load 4510.1 1583.6 4465.6 1611.9 4510.1 1585.5 4544.3 1537.2 4510.1 1579.7
Loss 183.1 495.1 178.8 465.0 183.0 494.7 189.1 550.5 184.3 498.1

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
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3.2.3 Power-flow Analysis results

Figure 3.12 depicts the per unit positive sequence voltage profile for both the base
case and various contingency cases. This visual representation assists in detecting
bus voltage violations, which in turn helps to identify critical contingencies. It is
worth noting that there are no bus voltage violations when integrating 35 MW of
renewable energy. Furthermore, the comparison of output files from the FAN
power-flow tool across different scenarios enables the analysis of equipment
overloading, which is valuable for decision-making regarding critical
contingencies. This analysis also contributes to assessing the technical feasibility
of integrating renewable energy into specific locations within the power grid.

Positive Sequence Voltage Profile
mBase 4 QONT1 ~CQONT2 xCONT3 e QONT4

1.15
a2 105 ﬁﬁ
¥ "-'ﬂ
(o)
= 095

o u
0.9
0 100 200 300 400 500 600
Bus Number

Figure 3.12: Positive sequence bus voltage profile for base and contingencies
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3.3 CIGRE Benchmark-4 Test System

The capability of the FAN power-flow tool to simulated hybrid AC-DC networks was
evaluated using the CIGRE benchmark 4 (BM4) system. Two simulation scenarios
were conducted: one involving a balanced network configuration, and another
featuring an unbalanced network with an open DC line on a Bipolar network's
negative terminal. Subsequently, the outcomes of the balanced case study were
compared with those generated by the widely-recognized PowerFactory software
in the industry.

3.3.1System Data

Figure 3.13 illustrates a single line diagram of the BM4 system, which
encompasses two AC systems: a 380 kV system and a 145 kV system.
Furthermore, the system incorporates a £400 kV Bipolar multi-terminal DC grid
and a £200 kV symmetrical monopolar DC grid, both employing MMC-based
voltage source converters. Additionally, two DC-DC converters are integrated into
the model, with one connecting between £400 kV DC systems and the other
linking £400 kV to £200 kV systems. Figure 3.14 provides a detailed diagram of
the BM4 system with some data depicted graphically, while the comprehensive
system data can be found in Appendix A.
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Figure 3.13: Single line diagram of BM4 test system
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Figure 3.14: Detailed diagram of the network simulated for BM4 system
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3.3.2Balanced Case Power-flow Analysis Summary

Table 3.4 presents a summary of the power-flow findings. It is evident from the
table that the total real generation in the system is 7793.9 MW, with a reactive
generation of 0.0 MVAr. Furthermore, the total real power load is 7614.7 MW, with
a reactive load of 307.5 MVAr. Additionally, the total real power losses are 179.2
MW, while the reactive power losses are -307.5 MVAr. The negative reactive power
loss is attributed to AC lines operating below their surge impedance loading and
the excess reactive power absorbed by equivalent sources in the system.
Furthermore, Table 3.4 indicates that the power-flow summary closely aligns with
the results obtained from PowerFactory. It is to note that the FAN power-flow
results are rounded off to a single decimal point.

Table 3.4: Power-flow summary for balanced case scenario

Active Power | Reactive Power Active Power Reactive Power

(MW) (MVAr) (MW) (MVAr)

Total +ve 7793.9 0.0 7793.901 0.0
Generation

Total -ve 114.7 307.3 114.672 307.324
Generation

Total +ve load 7500.0 0.2 7500 0.18289

Total -ve load 0.0 0.0 0.0 0.0

Total Generation 7793.9 0.0 7793.901 0.0

Total Load Power 7614.7 307.5 7614.672 307.507

Total Losses 179.2 -307.5 179.229 -307.507

3.3.3 Balanced Case Power-flow Analysis Results

Figure 3.15 and Figure 3.16 display the AC bus and DC bus voltage profiles,
respectively, for the balanced case scenario. Notably, the voltages from both the
FAN power-flow tool and PowerFactory closely overlap. Figure 3.17 provides a
detailed breakdown of bus voltages and equipment branch flows. It is important
to highlight that the convention for equipment branch flows follows a load
convention, where positive numbers indicate flow leaving the bus, except for
generators where a positive number indicates injection into the bus.
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Figure 3.15: AC bus voltage profile for balanced case scenario
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Figure 3.16: DC bus voltage profiles for balanced case scenario
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Figure 3.17: Branch power flows for balanced case scenario
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3.3.4Unbalanced Case Power-flow Analysis Summary

Table 3.5 provides a summary of the power-flow findings for the unbalanced case.
Due to the unbalanced effect in the bipolar DC grid system, the active power loss
has risen from 179.2 MW to 191.5 MW.

Table 3.5: Power-flow summary for unbalanced case scenario

Parameter Active Power (MW) Reactive Power (MVAr)

Total +ve Generation 7806.2 0.0
Total —ve Generation 114.7 306.8
Total +ve Load 7500.0 0.2

Total —ve load 0.0 0.0

Total Generation 7806.2 0.0
Total Load 7614.7 307.0

Total loss 191.5 -307.0

3.3.5Unbalanced Case Power-flow Analysis Results

Figure 3.18 displays the percentage loading of DC lines, revealing that negative
pole conductors carry more power than positive pole conductors for line indices
10 and 14. Moreover, line index 11 is noted to have only one positive pole
conductor. Figure 3.19 provides a detailed breakdown of bus voltages and
equipment power flows, which highlights an imbalance in DC bus voltages near
the DC unbalanced network. However, this imbalance does not transfer to the AC
systems and other DC systems due to decoupling via voltage source converters
for AC-DC systems and DC-DC converters to other DC systems. This characteristic
is considered advantageous compared to pure AC systems. Nevertheless,
transformer delta windings in AC systems can minimize, though not completely
eliminate, the spread of phase imbalance within the system.
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Figure 3.18: DC grid line loading for unbalanced case scenario
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Figure 3.19: Power-flow

results for unbalanced case (bus voltages and branch flows)
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4 Conclusions

The FAN power-flow tool is specifically designed to comprehensively analyse power
systems. Its primary functions encompass assessing the technical feasibility of
AC-DC network configurations, profiling bus voltages, evaluating power losses,
and analysing equipment loadings. These analyses collectively yield insights into
the operational state of the power system, identifying abnormalities that may
prompt remedial actions to enhance system performance.

The reliability and effectiveness of the tool have been extensively validated
through rigorous testing across diverse systems. Its capabilities have been
demonstrated through selected case studies, affirming its efficacy in real-world
scenarios.

The tool's applications extend to the study of hybrid AC-DC networks across
various voltage levels, encompassing high, medium, and low voltage DC networks.
It offers detailed representations of renewable energy resources, particularly solar
and wind applications, including their components. Additionally, it facilitates the
representation of industrial drive systems, electric vehicles, and utility-scale
battery energy storage systems.

For time-domain simulations, the tool employs identical network topology and
data from power-flow analyses, ensuring accurate initialization of simulations. This
approach not only streamlines the simulation process but also enhances its speed,
laying the groundwork for the future development of a hybrid time-domain
simulation tool.

In summary, the FAN power-flow tool emerges as an indispensable resource for
the planning, design, and operation of future hybrid power systems. Its
multifaceted functionalities and demonstrated reliability make it a valuable asset
in navigating the complexities of modern energy networks.
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Appendix A: BM4 System Data

Table A.1: BM4 AC Bus Data

Bus Number ‘ Voltage (kV) ‘ Bus Name

Bus Type Phase Info Frequency
3812 380 Ba-D12 AC ABC 50
3814 380 Ba-D14 AC ABC 50
3815 380 Ba-D15 AC ABC 50
3802 380 Ba-D2 AC ABC 50
3807 380 Ba-D7 AC ABC 50
3809 380 Ba-D9 AC ABC 50
1401 145 Bo-D1 AC ABC 50
1410 145 Bo-D10 AC ABC 50
1403 145 Bo-D3 AC ABC 50
1404 145 Bo-D4 AC ABC 50
1405 145 Bo-D5s AC ABC 50
22032 220 Cb-D3-Conv-neg AC ABC 50
22031 220 Cb-D3-Conv-pos AC ABC 50
22042 220 Cb-D4-Conv-neg AC ABC 50
22041 220 Cb-D4-Conv-pos AC ABC 50
22062 220 Cb-D6-Conv-neg AC ABC 50
22061 220 Cb-D6-Conv-pos AC ABC 50
22072 220 Cb-D7-Conv-neg AC ABC 50
22071 220 Cb-D7-Conv-pos AC ABC 50
22092 220 Cb-D9-Conv-neg AC ABC 50
22091 220 Cb-D9-Conv-pos AC ABC 50
2201 220 Cm-D1-Conv AC ABC 50
2210 220 Cm-D10-Conv AC ABC 50
2212 220 Cm-D12-Conv AC ABC 50
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2213 220 Cm-D13-Conv AC ABC 50
2202 220 Cm-D2-Conv AC ABC 50
2205 220 Cm-D5s-Conv AC ABC 50
Table A.2: BM4 DC Bus Data

Bus Number ‘ Voltage (kV) Bus Name Bus Type
40030 400 Bb-D3-gnd DC

40032 400 Bb-D3-neg DC

40031 400 Bb-D3-pos DC

40040 400 Bb-D4-gnd DC

40042 400 Bb-D4-neg DC

40041 400 Bb-D4-pos DC

40060 400 Bb-D6-gnd DC

40062 400 Bb-D6-neg DC

40061 400 Bb-D6-pos DC

40070 400 Bb-D7-gnd DC

40072 400 Bb-D7-neg DC

40071 400 Bb-D7-pos DC

40082 400 Bb-D8-neg DC

40081 400 Bb-D8-pos DC

40090 400 Bb-D9-gnd DC

40092 400 Bb-D9-neg DC

40091 400 Bb-D9-pos DC

40052 400 Bb-D5-neg DC

40051 400 Bb-D5-pos DC

400720 400 Bb-D7s-neg DC

400710 400 Bb-D7s-pos DC

20012 200 Bm-D1-neg DC

20011 200 Bm-D1-pos DC

20102 200 Bm-D10-neg DC

20101 200 Bm-D10-pos DC
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20112 200 Bm-D11-neg DC
20111 200 Bm-D11-pos DC
20122 200 Bm-D12-neg DC
20121 200 Bm-D12-pos DC
20132 200 Bm-D13-neg DC
20131 200 Bm-D13-pos DC
20022 200 Bm-D2-neg DC
20021 200 Bm-D2-pos DC
20052 200 Bm-D5s-neg DC
20051 200 Bm-D5s-pos DC
20992 200 dummy-neg-5 DC
40992 400 dummy-neg-7 DC
20991 200 dummy-pos-5 DC
40991 400 dummy-pos-7 DC

Table A.3: BM4 AC Line Data

From-bus | To-bus Length (km) Library Thermal Rating (MVA)

140103 | 1401 1403 50 AC Cable 145 kV 178.3146

381412 | 3814 3812 200 AC Cable 380 kV | 2336.5365
381407 | 3814 3807 200 AC Cable 380 kV | 2336.5365
381409 | 3814 3809 200 AC Cable 380 kV | 2336.5365
3815021 | 3815 3802 200 AC Cable 380 kV | 2336.5365
3815022 | 3815 3802 200 AC Cable 380 kV | 2336.5365
380712 | 3807 3812 200 AC Cable 380 kV | 2336.5365
380912 | 3809 3812 200 AC Cable 380 kV | 2336.5365
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Table A.4: BM4 Line Library Data

Library R1 X1 B Ro Bo
(@/km) (Q@/km) (uS/km) (Q@/km) (Q/km) (uS/km)

AC Cable 145 kV 0.0843 0.079 57.7 0.0843 0.079356 57.7

AC Cable 380 kV 0.02 0.268 4.24 0.2 0.804 2.756

Table A.5: BM4 Multi-conductor DC Line Data

Length Resistance Rated Power

(km) (Q/km) (MVA)

200201 | 2 20021 20011 | 200 0.0095 760

201005 | 2 20111 20101 | 200 0.0095 760

20122 20112

201110 | 2 20111 20101 | 100 0.0095 760

20112 20102

201211 | 2 20121 20111 | 100 0.0133 1200

20122 20112

201312 | 2 20131 20121 | 200 0.0095 760

20132 20122

200599 | 2 20051 20991 |1 10~ 760

20052 20992

400304 | 2 40031 40041 | 300 0.0095 1760

40032 40042

400405 | 2 40041 40051 | 200 0.0095 1760

40042 40052

400603 | 2 40061 40031 | 200 0.0095 1760

40062 40032

400607 | 4 40061 40071 | 400 0.0114 5600

40061 40071

40062 40072

40062 40072

Multi-phase Hybrid AC-DC Unbalanced Power-flow Tool
35



400608 | 2 40061 40081 | 500 0.0114 2800

40062 40082

400705 | 2 400710 40051 | 200 0.0095 1760

400720 40052

400799 | 2 40071 40991 |1 107° 1760

40072 40992

400807 | 2 40081 40071 | 200 0.0114 2800

40082 40072

400809 | 4 40081 40091 | 300 0.0114 5600

40081 40091

40082 40092

40082 40092

Table A.6: BM4 2-Winding Transformer Data

From- To-Bus Primary | Secondary Rated Vector X4 Xo
Bus Rated Rated Power Group (p-w) (p.w)
Voltage | Voltage (MVA)
(kV) (kV)
382202 3802 2202 380 220 800 YNd1 0.15 0.15
382213 | 3809 2213 380 220 800 YNd1 0.15 0.15
3822061 | 3806 22061 380 220 1200 YNd1 0.15 0.15
3822062 | 3806 22062 380 220 1200 YNd1 0.15 0.15
3822071 | 3807 22071 380 220 1200 YNd1 0.15 0.15
3822072 | 3807 22072 380 220 1200 YNd1 0.15 0.15
3822091 | 3809 22091 380 220 1500 YNd1 0.15 0.15
3822092 | 3809 22092 380 220 1500 YNd1 0.15 0.15
382212 3812 2212 380 220 1200 YNd1 0.15 0.15
221401 2201 1401 220 145 800 Dyn1l 0.15 0.15
2214031 | 22031 1403 220 145 400 Dyn1 0.15 0.15
2214032 | 22032 1403 220 145 400 Dyn1 0.15 0.15
2214041 | 22041 1404 220 145 800 Dyn1 0.15 0.15
2214042 | 22042 1404 220 145 800 Dyn1 0.15 0.15
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221405 | 2205 1405 220 145 200 Dyn1 0.15 0.15

221410 | 2210 1410 220 145 800 Dyn1 0.15 0.15

Note: Transformer resistance considered as 0.0 per unit.

Table A.7: BM4 Shunt Reactor Data

ID Bus ‘ Rated Voltage (kV) Rated Power (MVA)

2202 2202 220 0.0308124
2205 2205 220 0.0308124
2201 2201 220 0.0308124
2210 2210 220 0.0308124
2212 2212 220 0.0308124
2213 2213 220 0.0308124

Table A.8: BM4 AC Load Data

Rated Voltage (kV) Active Power Reactive Power
1405 1405 145 100 0
3807 3807 380 2200 0
3809 3809 380 2300 0
3812 3812 380 1900 0

Table A.9: BM4 AC Voltage Source Data

Rated Voltage Rated Power | Control Control Control

(kV) (MVA) Mode Setting-1 Setting-2
1401 | 1401 | 145 800 PQ P = 500 MW Q = 0 MVAr
1403 | 1403 | 145 800 PQ P = 500 MW Q = 0 MVAr
1404 | 1404 | 145 1600 PQ P =1000 MW | Q = 0 MVAr
1410 | 1410 | 145 800 PQ P = 500 MW Q = 0 MVAr
3812 | 3812 | 380 1000 PQ P =1000 MW | Q = 0 MVAr
3802 | 3802 | 380 2000 PQ P =2000 MW | Q = 0 MVAr
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3807 | 3807 | 380 1000 PQ P =1000 MW | Q = 0 MVAr

3809 | 3809 | 380 1000 PQ P =1000 MW | Q = 0 MVAr
3814 | 3814 | 380 10000 SLACK V =1.0 p.u 2V =0°
3815 | 3815 | 380 10000 SLACK V =1.0 p.u 2N =0°

Table A.10: BM4 DC Ground Connectors

ID Bus

40030 40030
40040 40040
40070 40070
40090 40090

Table A.11: BM4 Voltage Source Converter Data

AC DC DC Rated Switching Control
Voltage Terminal Voltage Power Losses (%) @ Settings
(kV) Busses (kV) (MVA)
22031 22031 220 40031 400 400 0.969 P,. = 300 MW
Vye = 1.021 p.u
40030
22032 22032 220 40030 400 400 0.969 P,. = 300 MW
Vae = 1.021 p.u
40032
22041 22041 220 40041 400 800 0.978 V,e = 1.004 p.u
2V = 24.64°
40040
22042 22042 220 40040 400 800 0.978 V,e = 1.004 p.u
2V = 24.64°
40042
22061 22061 220 40061 400 1200 0.979 Ve = 1.01p.u
Ve = 0.9997 p.u
40060
22062 22062 220 40060 400 1200 0.979 Vie =1.01p.u
V. = 0.9997 p.u
40062
22071 22071 220 40071 400 1200 1.01 P,. = =750 MW
Vac = 0.996 p.u
40070
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22072 22072 220 40070 400 1200 1.01 Pye = =750 MW
Vae = 0.996 p.u
40072
22091 22091 220 40091 400 1200 1.01 Pac = 774 MW
Vae = 0.997 p.u
40090
22092 22092 220 40090 400 1200 1.02 Pye = 774 MW
Vae = 0.997 p.u
40092
2201 2201 220 20011 200 800 0.927 Vae = 0977 p.u
2V = 25.65°
20012
2202 2202 220 20021 200 800 1.01 Vic =1.0p.u
Q = —-27.6 MVAr
20022
2205 2205 220 20051 200 200 1.003 Vie =1.0p.u
2V = 34.29°
20052
2210 2210 220 20101 200 800 0.979 Vie =1.0p.u
2V =0°
20102
2212 2212 220 20121 200 1200 0.993 Pyc = =754 MW
Vac = 0.983 p.u
20122
2213 2213 220 20131 200 800 0.99 Vic = 0.999 p.u
Q = —15.4 MVAr
20132

Table A.12: BM4 Bidirectional DC-DC Converter Data

Terminal-1 Terminal-2 Terminal-1 Terminal-2 Rated Control
Busses Busses Voltage (kV) Voltage (kV) Power Setting
(MVA)

7 400710 40991 800 800 2000 Ratio = 0.999
400720 40992

5 20991 40051 400 800 2000 Ratio = 2
20992 40052
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