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ABSTRACT

Real-time Electromagnetic Transient (EMT) simulation plays an important role in the
planning, operation and analysis of electrical power systems. However, with the rapid
increase of size and complexity of modern electrical power systems, 1) the simulation
accuracy and 2) the capability of simulating large power systems have become two
conflicting objectives. Sacrificing accuracy can lead to inappropriate component designs
(for example incorrect insulation level due to inaccurate simulation results), incorrect
control & relay settings and less optimized planning (for example less optimized planning &
design of harmonic filters due to inaccurate simulation of harmonics) [1, 2]. Sacrificing
efficiency can discourage technology innovation, slow down concept validation and the
speed of product prototyping. It is therefore highly desirable and advantageous that the
accuracy and the efficiency of simulating large power systems can be achieved
simultaneously. This thesis proposes a new co-simulation platform by integrating Field
Programmable Gate Array (FPGA) with Real-Time Digital Simulator (RTDS) to achieve

these two conflicting objectives.

As the basis of the co-simulation platform, a library of power system components using
EMT models is developed in FPGA, including most of the common power system elements
(synchronous machines, transmission lines, passive elements, voltage/current sources and

circuit breakers) and control systems (excitation systems and governor systems). The



modelling and hardware implementation of each component are described and simulation

results are compared with SIMULINK to verify the accuracy of the developed models.

By integrating FPGA with RTDS, the FPGA-RTDS co-simulator is developed which
combines the advantages of 1) paralleled architecture and high clock speed from FPGA and
2) better modelling flexibility and user-friendly Graphical User Interface (GUI) from RTDS
together. The use of detailed EMT models for all electrical components and control systems
achieves a high level of accuracy of simulation, and the interface error is eliminated in the
proposed method comparing with the conventional method of interfacing Transient Stability
(TS) program with EMT program as only the EMT models are used on both RTDS and
FPGA sides. Deeply pipelined and massively paralleled computation algorithms in FPGA
are developed. Real-time EMT simulation of power systems with more than 400 nodes is
presented to demonstrate the simulation capability. Comparisons are made with SIMULINK
and RTDS to verify the accuracy of the proposed co-simulator. Modular design of the
hardware components and the pipelined computations significantly facilitate the system

expansion with minimized hardware requirement.

To further improve the simulation capability of the proposed co-simulator, multi-FPGA
structure is introduced. In this structure, the large power system to be simulated is
partitioned into subsystems and each FPGA simulates one subsystem. The partition of the
system is carried out in such a way that each FPGA and RTDS are decoupled and run in

parallel. Thus great expandability is achieved as the system size can be easily expanded by

il



adding additional FPGAs without affecting the existing ones. A case study utilizing 10
FPGAs to simulate a large scale power system with more than 4000 nodes is presented to

demonstrate the capability of the proposed co-simulator.
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Chapter 1

INTRODUCTION

1.1 Research Background

1.1.1 Evolution of Modern Electrical Power Systems

Modern electrical power systems are undergoing dramatic changes in a number of ways,

including:

¢ Increasing level of integration from renewable energy sources and Electric Vehicles
(EV) [3-7].

¢ Increasing level of interconnections between regional/national electrical power
systems [8-16].

¢ Increasing applications of power electronic-based devices in existing networks [17-

21].

Renewable sources such as wind, solar, hydro and EV are playing an increasingly important
role in electrical power systems to provide low-carbon electricity. The speed of increase of
renewable integration is further driven by government targets and national legislations. For
example in the U.K., the target is to provide 15% of total energy demand from renewables by
2020, and 30% of electricity from renewables [22]. Scottish government’s 2020 renewable
target states that the equivalent of 100% of Scotland’s electricity demand should be met by

renewables [22]. Currently UK already has the largest offshore wind farms in the world with



further projects down the pipeline [23]. PV deployment in UK has reached more than 10GW,
and is becoming the most popular renewable energy source among British electricity
consumers, both in the domestic and commercial sectors [24]. More than 100,000 plug-in
EVs have been registered in the UK up until March 2017 [25]. Figure 1-1 shows the installed
capacity of different renewable sources in UK. Similar trend can also be found in other parts
of the world, for example in China about 13 large hydro power centres are planned with a

total generating capacity of about 215 GW [26].
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Figure 1-1 Installed capacity of renewable sources in UK [27]

The number of interconnections between power systems also grows significantly in recent
years. Interconnectors are the physical links which allow the transfer of electricity across
borders. It can improve the diversity and security of energy supplies, facilitate competition in
wider electricity market and help the transition to a low carbon future by integrating
renewable sources [28]. For example, UK currently has 4GW of interconnector capacity with
France, Netherlands, Northern Ireland and the Republic of Ireland [28], with 7 more
interconnectors to be built in the next five years linking the UK with other European

countries [28]. A list of these projects is shown in Table 1.1. Furthermore, under the initiative



of global power and energy internet, interconnectors have been built or proposed world-wide

in middle-east [29], Asia [11], Europe [13], North America [30] and South America [31, 32].

Table 1.1 Existing and Future Interconnector Projects [28]

Project Connecting Delivery date/Estimated
Name Country Capacity Delivery Date
IFA France 2000MW 1986
Moyle Ireland 500MW 2002
BritNed Netherlands 1000MW 2011
EWIC Ireland 500MW 2012
ElecLink France 1000MW 2019
NEMO Belgium 1000MW 2019
NSN Norway 1400MW 2020
FAB Link France 1400MW 2022
IFA2 France 1000MW 2020
Viking Denmark 1000MW 2022
Greenlink Ireland 500MW 2021

Due to the intermittent nature of renewables compared with traditional power plant, they
bring additional risks to the operation, control and protection of power systems. To solve
these problems, power electronic-based devices are installed to improve the stability and
controllability of power systems. For example, in the UK two units of Thyristor-Controlled
Series Compensations (TCSCs) have been installed to boost the boundary transfer capability
between Scotland and England [33], and three units of Static Compensators (STATCOMs)
are to be installed in the National Grid Electricity Transmission Network to improve the

transient voltage stability [34].

All the changes mentioned above directly result in a significant increase in the size and
complexity of power systems, which makes the power system planning, operation and

optimization ever-more difficult. For example, for simulation studies with interconnectors,



detailed modelling of power systems at both ends of the interconnector is required for
accurate representation of system dynamics and control/harmonic interactions. At the same
time, the simulations of these interconnectors themselves are normally computationally
intensive because of the large number and high-frequency switching of the power electronics

involved.

1.1.2 The Need for Accurate Simulation Technology

The increasing complexity of power system drives the need for more accurate simulation
technologies. For example, the switching dynamics from power electronic based devices can
potentially lead to more serious transient overvoltage/overcurrent problems and harmonic
problems. Also it poses great challenges to the protection and control of power systems as the
voltage and current behaviour of the system are affected by the operations of power
electronic devices. To accurately simulate these phenomena to facilitate the design and
planning of protection/control, the power system component models should be able to
represent high frequency dynamics of up to MHz. This means that the required simulation
time-step is in the order of microsecond according to Nyquist criteria [35]. Normally, a

simulation time-step of 1 us — 50 us is required [1] for the study of the above phenomenon.

Traditionally, electromechanical transient simulation programmes (also known as transient
stability (TS) programmes) have been utilized to analyse the transient stability of power
systems [36]. Typical TS programmes solve thousands of differential-algebraic equations for
multi-machine power systems assuming single-phase fundamental frequency behaviour [37].
There are several commercial TS programmes available in the market such as the PSS/E from
PTI [38], SIMPOW from ABB [39], NETOMAC from Siemens [40] and PowerFactory [41].

A simulation time-step of around 10ms is normally adopted by TS programmes, and with this



simulation time-step, high frequency dynamics as mentioned above cannot be accurately
simulated. As a result, the use of TS programme is limited when higher simulation

accuracy/smaller simulation time-step are required.

Electromagnetic transient programme (EMTP) was specifically developed with sufficient
accuracy for the analysis of above aspects [42]. Unlike electromechanical transient,
Electromagnetic transient (EMT) considers the interaction between magnetic fields of
inductance and the electric fields of capacitances in the system [43]. The study of these
interactions requires accurate simulation of the network elements such as synchronous
generators, transmission lines, transformers, and power converters. The models should cover
a wide range of frequencies from DC up to MHz, which indicates a required simulation time-
step as small as a few microseconds [1, 43]. For example, to investigate 10 KHz voltage

disturbance, a time-step of smaller than 50 ps is required according to Nyquist criterion [35].

Typically the following modelling aspects are considered in the EMTP:

¢ Non-linearity in electrical components;

e Electro-magnetic couplings;

¢ Travelling wave effect of transmission lines;

e Unbalance of three-phase systems and frequency dependent of transmission line

parameters.

Normally the power system components are represented as differential equations using
instantaneous values in EMTP rather than phasor values. Also single-phase representation is
replaced by multi-phase representation [43]. Differential equations are solved using
numerical method with simulation time-steps of around 50us. With such small simulation

time-step, the size of power system that can be simulated by EMTP is rather limited. The



original commercial EMTP is developed by Dommel [42], and a number of developments
have been made ever since: PSCAD-EMTDC [44] developed by Manitoba HVDC Research
Centre; NETOMAC from Siemens and a number of other EMT-based simulators developed

in the past two decades which will be discussed in detail in the next section.

1.1.3 The Need for the Efficient Simulation of Larger Systems

The continuous increase of the number of interconnector and size of power system inevitably
leads to the need for the efficient simulation of larger power systems. Although sufficient
simulation accuracy can be provided by EMTP, the size of power system that can be
efficiently simulated by EMTP is usually limited (e.g., IEEE 39-bus system can take up a
whole rack of RTDS with detailed EMT modelling of synchronous machines and
transmission lines). For example with most of the commonly used EMTP-based simulators,
e.g. PSCAD, it is difficult to study the phenomenon of harmonic/control interactions of large
scale hybrid AC/DC transmission network [37]. This is because smaller simulation time-step
(in the order of few microseconds) is needed for the simulation of converter systems for DC
transmission. As a result it takes up a significant amount of the computation resources and
limits the size of AC system (to tens of buses) that can be simulated given a fixed amount of
hardware resources. This type of study requires the detailed representation of synchronous
machines and power electronic-based converters, and the size of network can be easily up to
hundreds, if not thousands of nodes. Due to the high requirement of both accuracy and the
size of the system, the use of EMTP becomes technically difficult and economically

prohibitive in simulation of large power systems.

For example for the simulation of Modular Multilevel Converter (MMC) based HVDC

system, a simulation time-step of less than Sus is required for accurate results [45]. A normal



MMC converter has several thousand of power electronic switches, and the simulation of
such a system using EMTP becomes very time and resource-consuming. Even if the MMC
HVDC can be simulated, the connecting AC systems that can be modelled are normally
limited to a maximum of tens of nodes using typical EMT programmes. Network equivalents
can be adopted to reduce the computational burden, at the expense of simulation accuracy.
From the point of view of system operators, it would certainly be beneficial for planning and
analysis purposes if a larger part of the power network can be simulated under EMT type of

simulation programmes.

1.1.4 Opportunities and Challenges

From the above analysis, it can be clearly seen that the simulation of modern electrical power

system has the following two seemingly conflicting objectives:

1. To achieve accurate simulation of power electronic devices and nonlinear power system
dynamics.

2. To achieve efficient simulation of larger-scale power systems;

Significant amount of efforts have been made to achieve the above two objectives. The main
approach is to simplify the part of power system that is remote to the system of interest [46-
51]. The way of simplification varies from each other and the resulting simulation accuracy
and speed are also different. Nevertheless, more powerful simulation methodologies are

desired to achieve both accuracy and simulation speed at the same time.

1.2 Literature Review

Previous research works can be classified into two main categories: one is focusing on

improving the simulation capability for large power systems and the other is focusing on



improving the simulation accuracy. Literatures of these two categories are discussed first and

then the FPGA technology and its application to power system simulation are reviewed.

1.2.1 Improvement of Simulation Capability for Large Power Systems

1.2.1.1 Network Equivalent & Network Partitioning

One of the earliest attempt to achieve efficient simulation is made in [48]. In the paper, EMT
models of power system components were adopted for part of the network. Passive
equivalent circuits were used to simplify the rest of the network. The passive equivalent
circuits were used to represent the dynamics of the original power system. The simplification
to RLC components inevitably causes the loss of important power system dynamics from
synchronous machines and transmission lines. Another method was to partition the original
network into smaller subsystems. In reference [52], the method of network partitioning was
proposed utilizing the natural delay of travelling-wave transmission lines. The simulations of
subsystems which are interconnected by relatively long transmissions lines are effectively
decoupled with each other. Another method of network partitioning was proposed in [53].
The proposed method divided the original system using the idea of “boundary busses”. One
of the benefits of this method was that it did not relay on the transmission lines. A different
approach which based on the idea of multi-rate simulation was proposed in [54]. The
complete system was modelled using EMT component models and solved with different
time-steps according to the speed of system dynamics. The part of the system with slow
dynamics was simulated using larger time-steps, while the part of the system with faster
dynamics was simulated using smaller time-steps. However, the drawback for the above

methods is that the size of the system that can be simulated is limited [37].



1.2.1.2 Hybrid EMT/Transient Stability (TS) Simulation

In the last decade, the idea of hybrid simulation method was proposed [47, 51, 55-64] to
achieve efficient simulation of relatively large power systems without significantly
sacrificing the simulation accuracy. The main objective of hybrid simulation is to split the
original network into two parts and the part that requires less simulation accuracy is
simulated using TS programmes, while the other part is simulated using detailed EMT
programmes. The EMT part usually includes HVDC links, Flexible AC Transmission
(FACTS) devices or parts of the network that is sensitive to disturbances. The TS part tries to
include extensive portions of the network, and detailed component models are not

implemented.

The accuracy of hybrid simulation is largely determined by the method of network equivalent
for both simulators. Reference [65] suggested to represent the TS part of the system by a
Norton equivalent with fundamental frequency current source for the simulation of EMT part
of the network. The drawback of this method is that the topological changes during
simulation (e.g., faults) at TS part of the system can only be simulated by changing the
impedance value of the Norton equivalent circuit [62]. More accurate approaches are to use
the frequency dependent network equivalent [58, 61, 63]. The method of Vector Fitting was
proposed in [66] to calculate the frequency dependent network equivalent. In reference [47],
a method of multiport Norton equivalent with couplings was proposed for the simulation case
with multiple interface buses. However these methods considerably increase the

computational burden of EMT simulators.

Another aspect in hybrid simulation is the choice of interface variables and the conversion of

data. The interface variables that have been chosen must be able to determine the power flow



into the interface buses [61]. Data converter blocks are required to connect two types of
programmes. Conversion from phasors to instantaneous variables is required for EMT
programme, and conversion from instantaneous variables to phasors is required for TS
programme. Signal generators with the inputs of amplitude, phase and frequency information
are normally used to provide interface data to EMT simulators [67]. Digital processing
techniques such as curve fitting, Fast Fourier Transform (FFT) are utilized to provide
interface data to TS simulators [47, 61, 67]. However the problems related to the speed of
FFT method and the effectiveness in handling DC offset with curve fitting technique need to

be solved [51].

From the above analysis, it can be seen that the actual implementation of hybrid simulation is
difficult. It is understandable because two parts of the systems to be simulated are based on
different mathematical models under different assumptions, and are simulated with different
time-steps. Due to the nonlinear nature of power system, the interface between them will
inevitably be difficult to realize. At the same time the potential interface errors cannot be

eliminated.

Therefore the idea of utilizing modern Field Programmable Logic Arrays (FPGAs) to
simulate large scale power systems with detailed EMT models becomes attractive. A review

of the FPGA technology and associated applications are shown in the next sections.

1.2.2 Improvement of Simulation Accuracy

1.2.2.1 Real-Time Simulation

The idea of real-time simulator (RTS) was first developed in the 1950s to achieve high
simulation accuracy for power system simulation. The main advantages of real-time

simulation are its fast simulation speed (real time) and its ability to carry out HIL testing for
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protection equipment and control systems. Therefore the testing costs can be reduced since
the HIL test setup is less expensive than the physical setup. In addition, the testing using real-
time simulation can replace risky or expensive test that uses physical high voltage/high
current equipment [1]. The earliest RTS is called Transient Network Analyser (TNA) [68-70].
The working principle of TNA is to establish the physical model of power system but with
lower levels of voltage and current. Therefore the physical characteristics in the TNA are
effectively the same as those in real power systems, and the simulation using TNA is
inherently real-time. The size of the network that can be simulated is largely dependent on the
available equipment and the size of the lab, so the simulation of a relatively large power
system is economically prohibitive. Furthermore, the setting up of new simulation cases or
the modification to existing simulation cases are labour-intensive and require highly skilled
personnel [71]. Due to these reasons, the flexibility and expandability of TNA is rather

limited.

With the fast development of microprocessor and integrated circuit, digital RTS started to
emerge based on Central Processing Unit (CPU), Digital Signal Processing (DSP) or
Reduced Instruction Set Computer (RISC) [71]. Fully digital RTS have higher flexibility and
lower cost compared with traditional TNA, and has been used till now. Significant advances
were made since 1980s. Reference [72] proposed a real-time digital simulator for the testing
of protection relays. The proposed simulator was based on EMTP using RISC and DSP as
fundamental hardware layer. The IBM RISC 6000 work station performed the simulation of
the network, while the DSP performed the simulation of transformers. Reference [73]
proposed the use of dual DSP for real-time simulation. In the proposed method, each DSP
was used to simulate one terminal of a transmission line. A real-time simulation framework

fully based on IBM RISC 6000 work station was proposed in [74]. It achieved a simulation

11



time-step of 38us to 107us for network with 18 to 30 nodes. University of British Columbia
(UBC) developed their real-time digital simulator (OVNI) based on Pentium II workstation
[75]. It can achieve the real-time simulation of HVDC system with 24 switches at a
simulation time-step of 81us. However, all the above mentioned methods either used custom-
made DSPs or commercial supercomputers. The high cost of the equipment and the cost
associated with the inter-computer communication limited the further applications of such

methodologies.

With further development of the processor technology, the PC-cluster based real-time
simulation technique was adopted to cater for larger sized power networks with reduced cost.
Reference [76], on the basis of reference [75], developed a PC cluster version of OVNI. The
proposed method utilized 5 PCs to form the PC cluster. The speed of simulation and
simulation time-step were considerably improved compared with the original OVNI. A
demonstration of simulating 234 node transmission network in real-time is shown in the
paper. University of Alberta developed another PC cluster based real-time digital simulator,
targeting the electrical drive systems with power electronic devices [77]. The simulation
time-step of 10us was achieved. The PC cluster based method was further driven by the
advent of low-cost, high-performance readily available multi-core processors [78]. It
potentially reduced the need to cluster multiple PCs to conduct complex parallel simulation,

thereby reducing dependence on the inter-computer communication technology.

The latest trend in real-time simulation consists of exporting simulation models to FPGA [79-
92]. However, most of the works to date are only focusing on the simulation of power
electronic converters or small sized power systems. Very few applications have been found to
implement the EMTP for large-scale power systems using FPGA [93-95]. One of the

important advantages of using FPGA is that computational burden (simulation time-step) is

12



not linearly related to the size of the system to be simulated, which is due to its paralleled
architecture and pipelined way of computations. As a result, potentially very large systems

using EMT models can be simulated in real-time.

In parallel with the continuous research and development in real-time simulation technologies,

a number of real-time digital simulators have been made commercially available:

1. The Real-Time Digital Simulator (RTDS), from RTDS Technologies Inc. The
company demonstrated the first commercial RTDS in 1991 using DSPs [96]. Modern
RTDS uses PowerPC RISC processors that are implemented in cards (PBS) [2].
Several cards are used form a rack for the simulation a complete power system. With
larger networks, multiple racks can be utilized together with fast interface cards.

2. eMEGAsim, from OPAL-RT Technologies Inc. [97]. The hardware includes multi-
core CPU, FPGA, and commercial of-the-shelf motherboard. The models are
constructed in MATLAB/SIMULINK, and are simulated in target PCs.

3. HYPERSIM from Hydro-Quebec [98, 99]. It is a supercomputer-based simulator,
which is no longer commercially available. Recent development of the simulator uses
PC clusters, supercomputers and 32 core Intel computers to suit multi-purpose
simulations.

4. dSPACE [100]. It is purely CPU based with the modelled constructed in SIMULINK.
It is mainly used for real-time control and rapid prototyping for automotive
engineering and industrial control.

5. VTB [101-103]. It is based on DSP cluster or multi-core CPU/FPGA, and is mainly
used for power system simulations.

6. xPC Target [104]. It i1s based on CPU and FPGA and is mainly used for rapid

prototyping, real-time testing of applications and HIL simulation.
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7. rtX from ADI [105]. Simulations are carried out in CPU and main purpose is for
power system simulation for avionics and maritime industries, aircraft simulation and
shipboard simulation.

8. Typhoon RTDs [106, 107]. Simulations are carried out in FPGA with models
constructed in Typhoon schematic editor. It is mainly used for the testing of power
electronics controller.

9. NETOMAC from Siemens [40, 108]. It is a PC based digital simulator which is able

to carry out transient stability, electromagnetic transient and real-time simulations.

Among all the available real-time digital simulators, only a few of them are capable of
simulating large systems [2]. The main problem is that these simulators are expensive, both in
terms of initial investment and maintenance fees. With the growing size and complexity of

power system, significant further investments are likely to be required.

1.2.3 FPGA Technology

Typical digital systems can be classified into full-custom integrated circuit and semi-custom
integrated circuit [109]. Full-custom integrated circuit can be further categorized into general-
purpose integrated circuit and special-purpose integrated circuit. The commonly used CPU,
RISC, DSP all belong to general-purpose integrated circuit and Application Specific

Integrated Circuit (ASIC) belongs to the special-purpose integrated circuit [110].

General-purpose integrated circuit can be fully compiled and controlled by software, hence
achieves the decoupling between software and hardware. This feature makes the general-
purpose integrated circuit very flexible but with lower computational efficiency. On the other
hand, ASIC is the purposely built integrated circuit designed to meet specific requirements

from customers. In this way, the circuit configuration, layout and wiring can be optimally
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designed to achieve the best utilization of the circuit. The drawbacks of ASIC are that it is

less flexible with high cost, and cannot be reconfigured.

Semi-custom integrated circuit includes various kinds of reconfiguration devices such as
FPGA and Complex Programmable Logic Devices (CPLD). This kind of reconfigurable
device lies between the general-purpose integrated circuit and special-purpose integrated
circuit. The manufacturer provides basic layout of logic gates and reconfigurable logic blocks,
and the customer is able to design the connections between logic gates using professional
software. In this way, the integrated circuit is effectively configured by the customers
according to their need. It can be seen that this type of devices combines the merits of both
general-purpose integrated circuit and special-purpose integrated circuit, featuring low cost,
high configurability and short development time. Comparing FPGA with CPLD, FPGA has
better configurability, higher integration density in terms of logic gates and better

computational ability.

Currently the FPGA in the market can be classified into three different categories: 1) Static
Random Access Memory (SRAM)-based [111, 112]; 2) fuse-based [111, 112] and 3) flash-
based [113]. Among them, the SRAM-based FPGA is the most widely used because of its
fast computational speed and high reconfiguration ability [114]. Fuse-based FPGA only has
One Time Programmable (OTP) ability. Flash-based FPGA is relatively new and does not
have wide applications. In terms of the manufactures, Altera, Xilinx, Lattice and Actel are

some of the largest FPGA manufactures in the world.

o Altera® is one of the most famous FPGA manufactures with fast developments after

1990s. It has now become one of the largest providers of programmable logic devices
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(PLD). FPGA from Altera® has high performance, high integration density of logic gates
and relatively low cost.

e Xilinx® is the inventor of FPGA and it has been manufacturing PLDs over several
decades. The FPGA was first developed in 1985 by Xilinx and several generations of
FPGAs have been developed with much improved performances.

e Lattice® is the inventor of In-System Programming (ISP). It enters into the FPGA markets
after 2004 and is now the world’s third largest provider for FPGA.

e Actel® is an American FPGA manufacturer originally focusing on products for military
defence and aerospace engineering. The early generations of FPGAs from Actel® are
mostly fuse-based. Recently it starts to develop commercially available flash-based

FPGA.

Table 1.2 Feature Summary of Xilinx Virtex-6 XC6VLX240T FPGA [115]

Logic Cells 241,152
Configurable Slices 37,680
Logic Blocks
(CLBs) Max Distributed RAM (Kb) 3,650
DSP48El1 Slices 768
18 Kb 832
Bl(}’;llgi‘:‘M 36 Kb 416
Max (Kb) 14,976
MMCMs 12
Interface Blocks for PCI Express 2
Ethernet MACs 4
Maximum Transceivers GTX 24
Total I/O Banks 18
Max User I/O 720

As the Xilinx® Virtex-6 XC6VLX240T FPGA is used for the EMTP implementation in this

thesis, its basic configuration and functions are briefly illustrated in the following sections.

Figure 1-2 shows the general architecture of FPGA. It can be seen from the figure that the
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FPGA includes a large amount of Configurable Logic Blocks (CLB) Slices, Block RAMs,
DSP-DSP48E1 Slices and Input/Output blocks, which are interconnected by a number of

column and row programmable interconnects to form a two dimensional architecture.
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Figure 1-2 General FPGA architecture

Configuration Logic Block (CLB)

Configurable logic block (CLB) is the basic repeating logic resource on FPGA. CLBs contain
smaller components, including flip-flops, look-up tables (LUTs), and multiplexers. The LUTs
in Virtex-6 FPGAs can be configured as either one 6-input LUT (64-bit ROMs) with one
output, or as two 5-input LUTSs (32-bit ROMs) with separate outputs. Each LUT output can
optionally be registered in a flip-flop. Four such LUTs and their eight flip-flops as well as

multiplexers and arithmetic carry logic form a slice, and two slices form a CLB.

Block RAM (BRAM)

Block RAM (BRAM) on FPGA is a dedicated slice of random access memory that is

embedded throughout an FPGA for data storage. Each block RAM has two completely
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independent ports that share the stored data. Each memory access, read and write, is
controlled by the clock. BRAM can be used to transfer data or store large data sets more

efficiently than RAM built from LUTs.

DSP-DSP48E1 Slice

Digital signal processing applications require large number of binary multipliers and
accumulators if realized using logic resources. Therefore dedicated DSP slices are provided
to improve efficiency. The DSP48E1 slice provides extensive pipelining and extension
capabilities that enhance speed and efficiency of many applications, such as wide dynamic
bus shifters, memory address generators, wide bus multiplexers, and memory-mapped I/O

register files. The accumulator can also be used as a synchronous up/down counter.

Input/Output

Input and output (I/O) resources on FPGA are physical structures that allow the user to
connect FPGA to other devices. I/O blocks are usually arranged at the periphery of the FPGA
architecture and also connected to the programmable interconnect. The FPGA I/O pins are

configurable and can comply with different standards.

1.2.4 Application of FPGA in Real-Time Simulation

FPGA has already being widely used in communication [116-122], control [123-129], and
computer engineering [130-134]. Due to its inherent parallel processing ability and pipelined
design, FPGA is beginning to play a more important role in real-time simulations. For
example, FPGA has been used in the capture of high-precision pulses, high density digital I/O
applications and Pulse Width Modulation (PWM) signal generations [135-138]. In terms of

large scale power system simulation, FPGA has the features of parallel processing, pipelined
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design and high clock speed. At the same time, the calculation of power system dynamics can
be carried out in a paralleled and pipelined manner, which will be discussed in detail in later
chapters. Therefore, FPGA is particularly suitable for the simulation of large scale power
systems. With the fast increasing logic density, capacity and speed as well as the reducing
power consumption and price, the FPGA will play an even bigger role in real-time simulation

of electrical power systems.

Because of these advantages, some effort has been made in utilizing FPGA to achieve real-
time simulations of power systems. For example in RTDS and eMEGAsim, the FPGA has
been used to simulate part of the power systems with small time-step [89, 139]. Currently the
only model available in FPGA is the MMC HVDC converters. In these applications, the
FPGA is used as supplementary simulation hardware to the main DSP/CPU/RISC based
simulators. Some other works have focused on the use of FPGA as the main simulation
hardware [79, 94, 95, 140-146]. Reference [94] implemented the EMT models of frequency
dependent transmission lines and passive components into FPGA to achieve real-time
simulations. The designed simulator is based on 46-bit floating-point number, and can
achieve a simulation time-step of 12us when simulating a system with 15 transmission lines,
4 synchronous generators and 8 loads. An oscilloscope was used to measure the system
response. Reference [140] proposed an iterative non-linear EMT solver to implement the
Newton-Raphson method in solving non-linear equations. Simulation case studies of surge
arresters and non-linear reactors were carried out to demonstrate the performance. Reference
[141, 142] implemented the EMT models of universal machines, universal lines, and
transformers with hysteresis characteristics into the FPGA. Reference [144] proposed a
generalized, parallel implementation methodology for real-time simulation of AC machine

transients. A simulation time-step of a few hundred nanoseconds was achieved. Based on the
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method proposed in [94], reference [95, 143] further develops the FPGA based simulator for
the simulation of large power systems. A 420 bus system has been simulated with a
simulation time-step of 45us. The simulation of high-frequency power electronic devices in
FPGA is discussed in [79]. With limited external AC systems, a simulation time-step of 60ns
can be achieved. Reference [145, 146] introduces the switching functions of power electronic
switches into FGPA to simulate power electronic based machine-driving systems. Simulation

time-step of 12.5ns was achieved.

From the above analysis, it can be seen that the computational ability of FPGA is highly
suitable for the application of real-time simulation of power systems. In particular very small
time-steps can be achieved for fast-switching power electronic devices, and small time-steps
can be achieved for very large AC power systems. The downside of FPGA is that currently
there is no Graphical User Interface (GUI) for FPGA-based simulator, hence the visualisation
of results and the manipulations of the simulated system (change of topology,
system/controller parameters) are not convenient compared with commercial real-time
simulators such as RSCAD or SIMULINK. Therefore it would be very advantageous to
integrate FPGA with other simulators to form an integrated simulation platform. This
platform will inherit the merits of better visualization and flexibility from commercial real-
time simulators and the fast computational speed and parallelism from FPGAs. This thesis,
by integrating the FPGA with RTDS, tries to achieve both fast simulation speed and high

simulation accuracy for the simulation of large power systems.
1.3 Project Objective, Contributions and Thesis Outline
1.3.1 Project Objectives

The main objectives of the project are to:
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. Develop detailed EMT models of power system components suitable for implementation

in FPGA. Models for synchronous machines, transmission lines, passive components,
voltage/current sources and circuit breakers should be included.

Develop detailed EMT models of non-linear control systems for synchronous machines.
Models for excitation systems and governor/turbine systems should be included.
Implement the developed models into hardware modules in FPGA. Pipelined computation
schemes and paralleled architecture between hardware modules should be carefully
designed.

Develop a generic FPGA-based EMT simulator for power system simulation.

Integrate FPGA with RTDS to develop a real-time FPGA-RTDS co-simulator.

Expand the capability of the co-simulator by introducing multi-FPGA architecture for the

simulation of large scale power systems.

1.3.2 Contributions of the Thesis

The main contributions of the work in this thesis are summarized as follows:

1.

The co-simulation methodology integrating FPGA and RTDS for real-time large scale
power system simulations.

The massively paralleled and deeply pipelined FPGA algorithms for the EMT modelling
of power system components and control systems.

The scalable multi-FPGA structure and algorithm in simulating very large scale power

systems.

1.3.3 Thesis Outline

The outline of the thesis is as follows:
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Chapter 2 In this chapter, a library of power system components using EMT models is
developed in FPGA, including most of the common power system elements (synchronous
machines, transmission lines, passive elements, voltage/current sources and circuit breakers)
and their control systems (excitation systems and governor systems). The EMT modelling
and hardware implementation of each module are described. Comparisons between FPGA

and SIMULINK are made to verify the accuracy of the developed models.

Chapter 3 This chapter describes the hardware implementation of FPGA based real-time
simulator from a system point of view. Deeply pipelined and massively paralleled
computation scheme of FPGA are designed to minimize the requirement on hardware
resources. A four-machine two-area power system is simulated using FPGA and comparisons

are made with RTDS to verify the accuracy of the simulator and the developed algorithms.

Chapter 4 By integrating FPGA and RTDS together, the FPGA-RTDS co-simulator is
developed. The mathematical foundations and hardware implementation of the interface
between FPGA and RTDS are explained in detail. Case study of the four-machine two-area
power system with one area simulated in FPGA and the other area simulated in RTDS is
carried out and comparisons are made with the complete system simulated in RTDS. In
addition, simulation results of a 141-bus system are presented to demonstrate the capability of
the co-simulator. The expandability of the co-simulator and the relationships between the

hardware resource, simulation time-step and the size of system is discussed in detail.

Chapter 5 In this chapter, multi-FPGA structure is proposed and the multi-FPGA-RTDS co-
simulator is developed for the simulation of large scale power systems. Methods and
guidelines of network partition are discussed for the allocation of computational load among

FPGAs. Two types of architectures are proposed for the co-simulator. The advantages and
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disadvantages of both architectures and corresponding interface designs are discussed.
Simulation case study utilizing 10 FPGAs to simulate a large scale power system with more

than 4000 nodes is presented to demonstrate the capability of the proposed co-simulator.

Chapter 6 This chapter draws the conclusion of the thesis and discusses possible future

works.

1.3.4 Logical Relationships between Chapters

The relationships between the chapters are described as follows:

Chapter 2 develops a library of power system components and control systems in FPGA,

which lays the foundation for later chapters.

Chapter 3, using the models developed in Chapter 2, implements the FPGA-based EMT

simulator.

Chapter 4, based on the FPGA-based EMT simulator developed in Chapter 3, designs the
interface and coordination between FPGA and RTDS and develops the FPGA-RTDS co-

simulator.

Chapter 5 further expands the simulation capability of the co-simulator developed in
Chapter 4 by introducing the multi-FPGA structure to achieve the simulation of large-scale

power systems.
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Chapter 2

MODELLING AND HARDWARE
IMPLEMENTATION OF POWER
SYSTEM ELEMENTS

2.1 Introduction

This chapter explains the modelling of power system elements and their hardware
implementations in FPGA. Section 2.2 describes the modelling and hardware implementation
of the most commonly used power system components including synchronous machines,
transmission lines, passive elements, voltage/current sources and circuit breakers. Section 2.3
describes the modelling and hardware implementation of control systems for synchronous
machines. Section 2.4 verifies the developed models by comparing simulation results from

FPGA with those from SIMULINK. Section 2.5 summarizes this chapter.

2.2 Power System Elements

2.2.1 Synchronous Machines

The synchronous machine is an indispensable part of the power system. It involves dynamics
from both mechanical and electrical parts. The nonlinear behaviour of synchronous machine

is closely related to the stability and dynamics of electrical power systems.
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2.2.1.1 Overview of Solution for Synchronous Machine

Mechanical Torque

o, ldq 0 | labc
Machine . . " Park
Mechanical Part Machine Electrical Part Transformation

P P
Bl

T, V0,0 Vo

h 4

AC Network

A

abc

Figure 2-1 Block diagram representation of synchronous machine

Figure 2-1 shows the block diagram representation of synchronous machine. For the solution

of synchronous machine, the following computational blocks are identified:

1. Electrical part.
2. Mechanical part.

3. External AC network

The mechanical part takes the inputs of mechanical torque 7, and electromagnetic torque 7,
and calculates the rotor speed w,. The machine electrical part has the inputs of rotor speed w,
and equivalent voltage source of external AC network vog,, and calculates the terminal stator
current in dqg0 reference frame iq. The external AC network provides the equivalent
Thevenin voltage source vog. for the solution of machine electrical part. Park transformation

is utilized to transform the variables from abc to dgO reference frames.

The model of each part suitable for EMT implementation is described in following sections

followed by the details solution steps of synchronous machine.
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2.2.1.2 Model Formulation

Figure 2-2 Synchronous machine schematic

Figure 2-2 shows a simplified schematic of the synchronous machine with the coil orientation,
current polarities and rotor position reference. One damper winding on d-axis and two
damper windings on g-axis are considered in this thesis. The direct axis (d-axis) lags the
quadrature axis (g-axis) by 90 degrees. 6 is the angle different between d-axis and the phase a
axis. The direction of current on rotor winding is defined as positive when flowing into the
machine; the direction of current on stator windings is defined as positive when flowing out

of the machine.

Under the above definitions, the Park transformation which transforms the three-phase

variables in abc reference frame into dq0 reference frame can be expressed as [147]:
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cos(d) cos(@ —2?7[) cos(@ +2?7[)
P :z —sin(0) —sin(e—z—ﬂ-) —sin(9+2—”) 2.1
3 3 3
1 1 1
L 2 2 2 |

The inverse of Park transformation is given by

cos(8) —sin(@) 1

P = cos(H—z?ﬂ) —sin(ﬁ—%r) 1 (2.2)

cos(6’+2?7[) —sin(t9+2?7[) 1

Electrical Part of Synchronous Machine

The complete dynamic behaviour of synchronous generator in dg0 reference frame can be

written as [147]:

1
1
1
|

v, R, 0 0 0 0 0 014
v, O R 0 0 0 0 0|
v, o 0 R 0O 0 0 0 i
v, |==l0 0 0 -R, 0 0 0 |i,
0 0 0 0 0 -R, 0 0 |i,
0 o 0 0 0 0 -R, 0 |i
o] [0 0 0 0 0 0 -R,|i,] 03
4 0 0 0 0 0 0] [-a4]
04 0 0 0 0 0| a4
0 0 4 O 0 0 0 0
90 0 02, 0 0 0l o
e 0 0 0 0 4, 0 0 0
00 0 0 0 4 O 0
00 0 0 0 0 A4 | 0
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and

Al -, +L) 0 o L, L, 0 014i
A, 0 ~(L,+L) 0 0 0 L, L,|i
A 0 0 L, 0 0 0 0 |i
/1;&1 = _Lad 0 0 Lffd qu 0 0 ifd (2.4)
z —L,, 0 0 Lfld Ly, 0 0 |y
A, 0 -L, o o0 o L, L,|i,
A, | 0 -L, 0 0 0 L, Ly, |i,]

where the definitions of variables are listed in Table 2.1. In (2.3) and (2.4), all variables are in

per unit except time, which is in second.

Table 2.1 Definitions of Variables for Synchronous Machine

Name Definition sz Definition
Vg d-axis stator voltage Ald 1d damper winding flux linkage
Vg g-axis stator voltage Aig 1d damper winding flux linkage
Vo 0-axis stator voltage A2g 2q damper winding flux linkage
Vr Excitation voltage Lo d-axis mutual inductance
ig d-axis stator current Leg g-axis mutual inductance
i g-axis stator current L, Leakage inductance
io 0-axis stator current Ly Field winding self-inductance
ifa Field circuit current Li1a Field winding leakage inductance
i14 1d damper circuit current L;jq | 1d damper winding self-inductance
i1q 1g damper circuit current Ly | 1q damper winding self-inductance
I2g 2¢g damper circuit current Ly, | 2q damper winding self-inductance
Ad d-axis flux linkage Ly 0-axis self-inductance
Aq g-axis flux linkage
Ao 0-axis flux linkage
At Field winding flux linkage
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The expressions of (2.3) and (2.4) can be simplified as:

1 dAy,
v, =—Ri,  + = +u (2.5)
dq0 dq0 a)}mse dl_
quo = Liqu (2.6)

Equations (2.5) and (2.6) describe the dynamics of electrical part of synchronous machine.

Discretization Using Trapezoidal Rule of Integration

In order to obtain the discrete-time model for implementation on FPGA, trapezoidal rule of

integration is applied to (2.5) from #-At to #:

[Vago (£) + vy, (t — A1) ]At __R (40 (1) 1,0 (t — AD)]At
2 2

1 AD]A 2.7)
+—[/1dqo(t)—/1dq0(t—At)]+[u(t)+u(2t_ DIA!
base
Rearrange (2.7)
. 2
Vo) =—Riy 0 () +—— A, () +u)+v,, (2.8)
base
where
Viisr = Va0 (t —AD) — Riy (£ — At) — 2 Aggo t —AD) +u(t — At) (2.9)

base

From (2.8) it can be seen that a linear relationship between the stator voltage and current are
obtained for each time-step if the rotor speed is known. The history term of vy is calculated

using values from previous time-step.
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Representation of External AC System

External AC system is solved without the machine to get the Thevenin equivalent impedance
R,, and Thevenin voltage source vou,. (details will be shown in Chapter 3). Then the AC

system can be represented by a Thevenin equivalent circuit:

Ve =VO, TR, (2.10)

Transform (2.10) into dqO reference frame by multiplying P (Park transformation matrix) to

both sides,
v, vo, i
Ve [Z Vo, [T Ry _ago| Ty (2.11)
Vo Vo, Iy
where
vo, vo,
vo, |=P|vo, (2.12)
Vo, vo,
And
R, 4o=PR,P" (2.13)

To solve the stator currents in dg0 reference frame, (2.11) is substituted into (2.8):
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_VOd_
VOq
Vo, ’
vf + Rx)nviqu = _Riqu t— /ldq() tu+ vhist (2 14)
O base
0
— O -
where
R — |:th_dq0(3><3) 03><4 :| (2 1 5)
» 04><3 O4><4
Substitute (2.6) into (2.14),
_VOd_
VOq
> Vo,
(Rsvs—l_R_ L_WL)iquZVhist_ Vf (216)
. base
0
0
. 0 -
where
[0 - 0 0 0 0 O]
w 0 00000
O O O0O0O0O0O
w=0 0 00 00 O0 (2.17)
0O O O0O0O0O0O
0O O O0O0O0O0O
0 0 000 0 0]
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(2.16) is used to calculate stator current using the known history term of vy and the

calculated Thevenin equivalent of external AC system.

Mechanical Part of Synchronous Machine

According to Newton’s second law, the mechanical part of the machine can be described by

the following equations [147]:

T, =2H—"+Da, +T, (2.18)

T,=Ai,—Ai (2.19)

e

where H is the per unit inertia constant and D is the damping coefficient. In (2.18) and (2.19),

all variables are in per unit except time. The unit of time in (2.18) is in second.
Discretisation of Mechanical Equations

According to the trapezoidal rule of integration, (2.18) can be discretised as

(7, () +T, (t=ADJAr _ 2H[w(t) — a(t — A1)]

2 A (2.20)
+D[a)(t)+a)(t—At)]At+[Te(t)+Te(t— 1)]At

2 2

It can be simplified to

2.21)

ist

T, ()= (4—H+ D)a()+T, () +T,
At
where

T,

hist

=-T, (t—At)+(D—4A—I;I)a)(t—At)+Te(t—At) (2.22)
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(2.21) is used to calculate the rotor speed with the inputs of mechanical and electromagnetic

torque and history term from previous time-step.
Estimation of Rotor Speed & Rotor Angle

In order to calculate the machine terminal current, the machine electrical part requires the
rotor speed and Thevenin equivalent voltage source of the network. However, the machine
rotor speed is unknown at the beginning of the time-step, and estimation of rotor speed is
needed for the calculation. Consider the large inertia of rotor and small simulation time-step

of, simple linear estimation can be adopted:
a)p(t) =20t —Ar)—alt —2Ar) (2.23)

In (2.23), all variables are expressed in per unit. Then the rotor position can be estimated

using trapezoidal rule of integration,
At
AO=0(1)—6(—At)= 7[w(t -AN+ o, (1)]o,,, 2.24)

Notice that in (2.24), the rotor speed is in per unit, and the unit for time is second. The base

value of rotor speed is multiplied to get the rotor position in radians.
Solution Steps for Synchronous Machine

With the derived mathematical models for electrical and mechanical part of the machine, the
solution steps can be summarized. Figure 2-3 shows the flow chart describing the solution
steps for one time-step. Firstly, the Thevenin equivalent impedance and voltage source of the
external AC network is calculated (details are explained in Chapter 3). The rotor speed and

rotor position are also estimated. Secondly the Park transformation matrix is calculated using
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the estimated rotor position. Thirdly the stator terminal currents are calculated, followed by
the calculation of electromagnetic torque. Then the rotor mechanical speed is calculated using
the calculated electromagnetic torque. Finally, the current injections from synchronous

machine are exported to the external AC system for solution of the whole system.

t Solve Thevenin Solve at time ¢ the Estimate rotor speed using
equivalent impedance Thevenin equivalent (2.23) and rotor position
Rih of external system voltage source voabc using (2.24)

A

R Caculate Park Transformation matrix
using (2.1)

A

A 4

Calculate machine stator dq0 currents
using (2.16). Then calculate Te using
(2.19)

\ 4
Calculate rotor speed using (2.21)

A

Solve AC System using the

calculated idq0
t+At !

Figure 2-3 Solution steps for synchronous machine

2.2.1.3 Hardware Implementation

The hardware implementation of synchronous machine consists of five modules: rotor speed
and position prediction module, Park and inverse Park transformation module, stator current

module, flux linkage calculation module and electromagnetic torque & rotor speed module.

In this section, they will be described in detail according to the order of solution steps.
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2.2.1.3.1 Rotor Speed and Position Prediction Module

Firstly, the rotor speed and rotor position are estimated by the rotor speed and position

prediction module. Predicted machine rotor speed for the current time-step is made using

rotor speed from last two time-steps as shown in equation (2.23). Then rotor angle is

calculated using the predicted rotor speed as equation (2.24).

wWp
w(t-at) - ‘ . a0 >
% N + | | X + -2
o(t-2a1) | 2 N 360 0| 6
‘ ]
I deluyl I delay

Figure 2-4 Rotor speed and position prediction module

As shown in Figure 2-4, the rotor speed and position prediction module consists of two

floating point multipliers, two floating point adder and two floating point subtractors.

The algorithm in each time-step of this module is shown below:

1. Rotor Speed w from last two time-steps 7-At and 7-2At are fed into the calculation path

and @, (1) =2t —Ar)—axt —2Ar)is calculated.

2. Then A@ = %[a)(t —-At)+w,(1)] @,,, is calculated using wp and w(r-At).

3. Due to the requirement from downstream calculations, rotor angle 0 is limited

between 0 - 360 degrees. Two new rotor angles 6 (1) =A0+6(t—Ar) and

6,(1)=A8+6(t—Ar)-360" are calculated and a multiplexer is used to select the eligible

one.
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2.2.1.3.2 Park Transformation Module

With the calculated rotor angle, the Park Transformation matrix can be calculated using
equation (2.1). For the convenience of hardware implementation, equation (2.1) is rearranged
into (2.25). So there are only positive sine functions in the equation which means only one

Look-Up Table (LUT) of sine is needed.

[ T 1z Tz |
sin(@+—) sin(@+——) sin(@+—
( 2) ( 5 ) ( p )
2| . . T . hY/4
P:E sin(@ + ) sm(t9+§) sm(9+?) (2.25)
1 1 1
i 2 2 2 |

Among the nine entries in P matrix, three are constant numbers 1/3, which require no
calculation; the other six entries are processed in a pipeline. As shown in Figure 2-5, 0 is
rotor angle from the rotor speed and position prediction module, 8, is the phase angles of the
6 entries, which are stored in a dedicated ROM. The content of ROM_6,, is shown in Figure
2-6 where N is the size of sine LUT. In this thesis, N = 4096 and only half cycle (0~180 ° )
of sine function is stored to improve the accuracy. Af is the minimum unit angle in LUT and
the value of Af = 180°/4096 ~ 0.044° is used in this thesis. The P matrix is calculated by

rows in the order of P4, P15, P13, P21, P22, P53, and the details are shown as follows:

0
—> Convert
0 | + X > o
N>
180
MSB

Figure 2-5 Park transformation module
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ROM 0y 90 sineLUT sin(0)
330 sin(Af)
210 sin(2Af3)
180 sin(3A5)
60 sin(4A0)
300

sin((N —=1)Ap)

Figure 2-6 Read-only memory of Park transformation module

Firstly, the rotor angle from pervious hardware module is added by 6,, then multiplied by

N /180. The result is the address for the sine LUT. However, it needs to be converted into

fixed-point format integer before using as an address input of LUT. Since there is only half

cycle of sine function, the sign of LUT output will be inverted when 8 + 6, is larger than

180°. The detailed algorithm is shown below:

1.

2.

The rotor angle 0 is read from RAM.
The 6 is added by 6,.
The result from step 2 is multiplied by N /180.

The result from step 3 is converted into fixed-point format integer.

. The result from step 4 is used as an address input of LUT.

The final result of the Park transformation module is obtained by combining the most

significant bit (MSB) of the address signal and the output of LUT.

For calculating the inverse of Park transformation matrix, the following relationship can be

exploited to simplify the calculation:

2 05 05
P'=(PO)'; C=[05 2 05 (2.26)
05 05 2
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It can be seen from (2.26) that the complex calculation of inverse is replaced with the
multiplication of P and a constant matrix C. The multiplication of P X C is calculated using
matrix multiplication module, which will be described in later section, and the address of

results is customized to achieve matrix transpose.
2.2.1.3.3 Matrix Multiplication Module

With the calculated Park transformation matrix, the equivalent voltage source of external AC
network in abc reference frame is converted into dq0 reference frame using the matrix
multiplication module. The matrix multiplication module is one of the most frequently used
modules in the proposed simulator. It is used in several other modules including the abc/dq0
reference frame transformation of terminal voltages and currents, inverse of Park

transformation matrix and flux linkage module.

The hardware implementation of matrix multiplication module is shown in Figure 2-7.

—

+

SCLR
Ai
RAM_A > Convert | ™1 _{>’J Convert
| X PP e T o —»
SCLR
sclr T -
ROM _cfg delay delay delay

Figure 2-7 Matrix multiplication module
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When performing matrix multiplication A X B, only non-zero entries of matrixes are stored in
RAM. Control signals, including read address of RAMs, synchronous clear (SCLR) signals
for accumulators and write address for results, are stored in ROM_cfg. The algorithm in each

FPGA clock cycle is shown below:

1. The matrix entries A;and B; are read from RAM_A and RAM_B,

2. Then multiplications A; X B; are performed by a floating-point multiplier.

3. The results from step 2 are converted into fixed-point number and fed into two
accumulators.

4. The two accumulators run alternatively under the control of SCRL signals. When one
result is calculated, the accumulator will be reset and, at the same time, the other
accumulator starts its calculation without any delay.

5. The SCRL signal is also used to select the output from the two accumulators.

6. The output from accumulator is converted back to floating-point format.

In step 3, fixed-point accumulators are used to keep the pipeline running as it can ensure that
each accumulation operation is completed in one clock cycle. If floating-point adder is used,
several clock cycles will be required to complete one operation and pipelining cannot be

achieved.

2.2.1.3.4 Stator Current Module

Stator current module is the most time- and resource- consuming module for the solution of
synchronous machine. It takes the predicted rotor speed w),, historic voltage vy, e€xcitation
voltage vy equivalent resistance of the network and network Thevenin equivalent voltage

Vdqo_o as inputs to calculate the machine stator current i .
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The stator current is calculated using equation (2.16). It is a set of 7 linear equations, which

can be EXpress as

X idqo =Y (2.27)
where
o, ]
Vo,
vo,
X=R, ,+R- L-WL, Y=v,,—| v (2.28)
,,.., At 0
0
L O .

Gaussian elimination method is utilized in FPGA to solve this set of linear equations.

The stator current module can be divided into two submodules: the matrix formation

submodule and the linear equations solver submodule.
Matrix formation submodule:

In matrix X, R ,R,®,,,,At,L are all constant, which are stored in read-only memory and

imported in every time-step. Only W (2.17) containing rotor speed w, requires calculation. In
matrix Y, the first four entries are calculated using floating-point subtraction and the last three
entries are equal to corresponding history term values. For a system with n synchronous
generators, the matrix X and Y for each generator are combined into a single large XY matrix
as illustrated in Figure 2-8. The combined matrix is stored in RAMs in the form of rows. The

seven rows of the combined matrix are stored in seven different RAMs.
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X, x| x, |6 X, %

Figure 2-8 XY matrix format

Linear equations solver submodule:

When the XY matrix is ready, the linear equations are solved using the Gaussian elimination
method. The hardware implementation of this module is shown in Figure 2-9. It contains one
floating-point division module, seven RAMs and seven elimination modules. All the
calculations are using single precision floating point numbers. The calculation process of this
module is deeply pipelined and highly paralleled. It can be seen in Figure 2-9 that there is a
specific hardware calculation channel for each row of the XY matrix. Seven hardware

channels for the seven rows are calculated in parallel to improve the calculation efficiency.

The method of solving linear equations using matrix reduction is explained in [43] and is

briefly reviewed here. For example for a set of linear equations expressed in matrix format

Ax=b (2.29)

Triangular factorization is applied to matrix A so that it becomes an identity matrix. The same
sequence of linear operations is applied to matrix » and the resulting matrix then contains the

solutions of original linear equations.

For the hardware implementation, there are two output channels for each RAM as shown in

Figure 2-9. The channel highlighted in red outputs all the elements in a row one by one, while
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the channel highlighted in blue outputs the n” element of the same row. To factorize the n™

element in n"” row,

1. The division module takes the outputs from the n”™ RAM.

2. The division module then divides all the elements in n™ row (red channel) by the n”
element in the same row (blue channel). As a result, the n™ element in n™ row
becomes 1.

3. The n™ row after division from step 2 now becomes the output for division module
and is sent to the variable elimination modules (orange blocks) through the channel
highlighted in green.

4. The same row from step 3 is then multiplied by the n™ element in each row,

5. The results from step 4 are subtracted from the original rows in the matrix, forming a
new matrix where the n element in each row becomes zero.

6. This matrix is saved in RAMs and the same computation is carried out for all values
of n.

7. Finally when matrix A becomes an identity matrix, the resulting elements in b are the

solution of the original linear equation (2.29).
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Figure 2-9 Stator current solving module
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2.2.1.3.5 Electromagnetic Torque & Rotor Speed Module

With the calculated values of idg0O from the Stator Current Module, flux linkages can be
calculated using (2.6), and the stator current in abc reference frame can be calculated using
the inverse of Park Transformation. The Matrix Multiplication Module described in Section

2.2.1.3.3 is used for these calculations.

a,
b_y x_l_>
| f
4, X
y
_e> _>+ >
X delay —P»

Figure 2-10 Electromagnetic torque & rotor speed module

Once the flux linkages are calculated, electromagnetic torque 7, is calculated using (2.19),
and the rotor speed w, is calculated using (2.21). As (2.19) and (2.21) share the same
calculation format, i.e., y=ab+cd+ef, the same hardware module is used as shown in Figure

2-10. The algorithm of calculating electromagnetic torque 7, in each time-step is:

1. The flux linkages /,, 44 are fed into input paths a and c respectively, while the stator
currents i, and i, are fed into input paths b and d respectively. Inputs e and f are forced

to zero.
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2. T,=Ai —Aj, is calculated using the upper two multipliers and one subtractor in

e

Figure 2-10. The output from the lower multiplier is zero.

3. T, is assigned to the variable y as the output of the module.
The algorithm of calculating rotor speed w, in each time-step is:

1. Constant parameter //(4H/At+D) is fed into input path a and c, -1/(4H/At+D) is fed
into input path e, while mechanical torque 7,,, electromagnetic torque 7, and history

term T}, are fed into input path b, d and f.

2. () :1/(4A—Ij+ D)-(T, (t)-T,(t)—-T,,,) is calculated.

ist

2.2.2 Transmission Lines

Another important power system element is the transmission line. This section explains the

modelling and FPGA implementation of transmission lines.

2.2.2.1 Model Formulation
Lossless Line

According to the model proposed by [42], a lossless transmission line can be fully described
by two Norton equivalents at line terminals as illustrated in Figure 2-11. Mathematically the

two terminal currents are calculated as:

i,(1) =%v1 &) +1,(t-17) (2.30)

i,(1) Z%VZ(t)+Ih2(t—T) (2.31)
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where V,(#),%,(t), ,(?), and L (f) are terminal voltages and currents. Z is the surge impedance

and is given by:

L
Z=,|—= :
c (2.32)

Where L' and C' are inductance and capacitance per unit length.

History current sources are calculated as:

Ihl(t—z'):—%vz(t—z')—iz(t—r) (2.33)

I,lz(t—r)=—%v1(t—f)—il(t—r) (2.34)

Where T is the travel time of the travelling wave through the length of transmission line. If

the length of transmission line is d, the travelling time can be calculated as:

T=dVLC (2.35)

Linear interpolation is used for the calculation of history currents when the travelling time is
not integer times of the simulation time-step. For example if the travelling time is 7= kAt

where k is a non-integer value, the calculation of history current at terminal 1 becomes

I,(-7)=a,x1,, (t-[k]Ar)+a,x1, (t—([k]+1)Ar) (2.36)

Where [k ] represents the nearest integer of k, @, =k —[k], and @, =1-q, .
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Figure 2-11 Equivalent circuit for lossless transmission line

Transmission Line with Losses

R/4
1, (1) I, (1) 5

JO—V\N\p—O‘\N\p—O‘\/W<—O
o eSS

Lossless Line 1 Lossless Line 2

Figure 2-12 Representation of transmission line with losses

To include losses into the transmission line model, three lumped resistors are added to three
different locations of a lossless line. It was demonstrated that no noticeable differences
between lumped resistors inserted in few or in many places [43]. As shown in Figure 2-12, if
the total resistance of transmission line is R, two resistors of value R/4 are located at two ends
and one resistors of value R/2 is located in the middle of the lossless line. Using the lossless
line model as calculated in (2.30) and (2.31) for the two lossless lines and the resistor model

for the three lumped resistances, the equations for the transmission line with losses as shown
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in Figure 2-12 can be obtained. By eliminating the internal variables, the relationships

between voltages and currents at terminal 1 and 2 can be calculated as:

)= L _
W= g O+ =D
iz(t)=Z+R/4v2(t)+lh2(t—1')
where the history terms are
V4 R, .
Ihl(t—T)——m[vz(t—f)+(Z—Z)Xl2(t—f)i|
R/4 { R . }
—— (- +(Z—— (=
(Z+RA) v (t=7)+( 4)><l( 7)
Z R, .
Ihz(t—T)——m{vl(l‘—T)+(Z—Z)Xll(t—f)j|
R/4 [ R _. }
T -+ -Dyxi -
(Z+RA) v, (t—=7) +( 4)><l( 7)

(2.37)

(2.38)

(2.39)

(2.40)

It can be seen from (2.39) and (2.40) that the calculation of history terms now require

information from both ends of the line.

Multiphase Transmission Lines with Mutual Coupling

Mutual couplings exist for multiphase transmission lines. Figure 2-13 shows a segment of a

uniformly transposed three-phase mutually-coupled transmission line. It can be seen from the

figure that the capacitances between phases are the same, and the zero sequence capacitance

for each phase is the same due to the transposition [148].
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Figure 2-13 A segment of three-phase mutually coupled line [42]

The impedance and admittance matrix of per unit length of transposed transmission line can

be expressed as:

z, 7z, Z,

1Z,..]1=2Z, Z. z, (2.41)
zZ 7 Z
Y, Y, 7Y,

[V |=| Y, Y 7, (2.42)
Y Y Y

where Z_,Y. are self-impedance and self-admittance for each phase, and Z m , Ym are mutual-

MRS
impedance and mutual-admittance between phases. One possible transformation that can be

used to remove the decoupling terms is Clarke transformation:

1
T =T=—r+|1 —= |- 2.43
L 3
2 2
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11 1
[T]‘I:[T]”:i o oL L (2.44)
' SNEY V22
o 2 _J3
2 2

By applying (2.43) and (2.44) to (2.41) and (2.42), the modal series impedance matrix and

modal shunt admittance matrix can be calculated:

Z +27, 0 0
[Zose ][0T [Zye IT1=] O Z,-2, 0O (2.45)
0 0o zZ-z,
Y +2Y, 0 0
Yoo |[=[0] [V JIT]=| O ¥-v, 0 (2.46)
0 0 Y-v

From (2.45) and (2.46) it can be seen that for uniformly transposed lines, the diagonal

elements in [Zr'mde] are equal to the zero sequence and positive sequence impedances, i.e.,

z,,=2,+2Z, (2.47)
Z,,=2,-Z, (2.48)
Similarly,
Y,, =Y, +2Y, (2.49)
Y, =Y -Y, (2.50)
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With the decoupled modal series impedance matrix and model shunt admittance matrix, the
solution of transmission line within each time-step can be carried out in modal domain. The
calculation for each mode is the same as that for single-phase transmission line mentioned

above. The modal characteristic impedance for each mode is:

JZ +2Z / '
—_ s m — izlero (251)

char _mode_0 \/YS N 2Ym
Z-Z zZ
Zchur_mode_l = Zchar_mode_Z = \\//ﬁl :\/ {705 (252)
s Itm pos

These are then used to calculate the surge admittance matrix in phase domain:

! 0 0
Zchar_mode_()
Yo l=lm)] 0o ——— o |&] (2.53)
char _mode_1
0 0 !
L Zchar_mode_z B

[stge] is entered into the system admittance matrix of power system instead of a scalar value

of 1/Z for single-phase lines. The calculation of [Y ]can be done before the start of

surge

programme and stay fixed if the transmission lines are intact.

The propagation velocity of electromagnetic wave of overhead line is slightly slower than the
velocity of light (300,000 km/s) [147]. Therefore the required length of the line for system
decoupling can be calculated by multiplying the propagation velocity and the simulation

time-step. With a simulation time-step of 50us, a transmission line with a length longer than
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15km is required. Consider the large numbers of transmission lines within a typical power

system, this decoupled way of calculation significantly reduces the computational burden.

Solution Steps for Transmission Lines

Based on the derived multiphase transmission model, Figure 2-14 shows the solution steps of

multiphase transmission line within one time-step.

Step 1: The power system nodal voltages are solved in phase domain using the system
admittance matrix and history currents. The surge admittance matrix in phase domain as

calculated in (2.53) is included in the system matrix.

Step 2: The solved line terminal three-phase voltages and currents are transformed into the

mode domain using (2.44):

mode_0 1 phase_a
mode_1 | = [7: ]_ phase _b (2.54)
| fmode_2 | | phase_c |
Vmod e_0 . Vphuse _a
Vaoset | =IT] | Vinase_s (2.55)
_Vmode72 i _Vphusefc i

Step 3: The calculated voltages and currents at line terminals are used to update history terms

in mode domain for each mode using the same equation as single-phase lines.

Step 4: The updated history terms are transformed back to phase domain for use in later time-

steps.
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t Solve system nodal voltages in phase
domain using the system admittance
matrix and history currents
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Line terminal voltages and currents
in phase domain are transformed
into the mode domain

A

Mode domain voltages and currents
are used to update history terms for
each mode

A

History terms are transformed back
to phase domain for use in later time

t+A1 4 steps

Figure 2-14 Solution steps for multiphase coupled transmission lines

2.2.2.2 Hardware Implementation

The hardware implementation of transmission lines consists of two parts: one is the

calculation of history currents and the other is the calculation of line currents.

The calculation of history currents can be further divided into transformation between

modal/phase domains and calculation of line currents in modal domain.
Calculation of History Currents

Transformation between modal and phase domain:
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As the Clarke transformation matrix (2.43) and its inverse (2.44) are constant matrices, they
are calculated and stored in ROM before the start of simulation. Since the transformation is
standard matrix multiplication, the Matrix Multiplication Module described in Section

2.2.1.3.3 can again be used.

Calculation of history currents in modal domain:

Equation (2.39) and (2.40) can both be arranged as:

[,-1)=K,xv(t—-17)+ K, Xi,(t—7)+ K;xv,(t—7)+ K, Xi,(t —1T) (2.56)

where coefficients K, K,, K3, K, are constants and can be calculated in advance. The
corresponding hardware module is shown in Figure 2-15, including four multipliers and three
adders. Among the eight inputs, the four constant coefficients K, K,, K3, K, for history terms
[n1and I, of both sending and receiving ends are stored in ROMs; the other four inputs from
other hardware modules are updated every time-step and stored in RAMs. Control signals
including read addresses for input RAMs and ROMs and write addresses for results are also

stored in a ROM, which will ensure the efficient operation of pipeline.

The detailed algorithm for calculating the history current is shown below:

1. Inputs K;, K, K3, K, are read out from ROMs, v, v,, i1, i,are read out from RAMs.
2. Four multiplications K; X v, Ky X i1, K34V, K, X i, are calculated at the same time.

3. The four multiplication results from step 2 are added together.
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Figure 2-15 Transmission line module

Calculation of line currents:

The equations for the calculation of line currents are shown in (2.37) and (2.38). In general

form, they can be expressed as

i(t)= v(it)+1,(t—7) (2.57)

Z+R/4

Where ————— is a constant coefficient for each transmission line. It is important to point

Z+R/4

out that (2.56) and (2.57) have similar format and therefore the same hardware module as
shown in Figure 2-15 can be used for calculation. The hardware blocks that can be shared are
highlighted by dashed lines. For example, one of the two computation paths shown in Figure

2-15 can be used for calculating the line currents of sending end while the other path is
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calculating the receiving end line current. In each simulation time-step, the calculation of
history currents is the first step whereas the line currents are calculated after the solution of
system nodal voltages. This means that these two calculations are decoupled and can share
the same hardware module without losing any calculation efficiency, while maximizing the

utilization of hardware resources.

2.2.3 Passive Elements

The basic passive elements in the power systems are resistor, capacitor and inductor, which
are the most common components in power systems. This section describes the model
formulation and hardware implementation for each of these elements. In addition, the
modelling and hardware implementation of series RL branch is also included. The treatment
of series RL branch as a single element is beneficial for the simulation as it reduces the

number of nodes in the network.

2.2.3.1 Model Formulation

Resistance

lo 4 () »\/\/\/ o2

Vi (t) R Vz(t)

Figure 2-16 Resistor branch

The continuous-time model for a resistor branch with resistance R as shown in Figure 2-16 is

written as:

V()= (1) =V, () =i, ()XR (2.58)
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A direct relationship between the voltage across and current through the branch is obtained

from(2.58).

Capacitance

L (1 1. (t ReqC
1o— @) | 02 1 () o2
v, (1) C v, (1) v (1) I (1= A1) v, (1)
Figure 2-17 Capacitor branch
The continuous-time model for a capacitor branch as shown in Figure 2-17 is:
i (1= c @ (2.59)
dt

Apply trapezoidal rule of integration from time (z-4¢) to ¢ to equation (2.59) gives

_ 2C v, (t
L(t)=—v,O)+1, (t—Ar) :L()Hhc(t—At) (2.60)
At R, .
Where the history term is calculated as
: 2C
1,.(t—At) =—ll(t—At)—Ev12(t—At) (2.61)

From (2.60) it can be observed that in discrete-time domain, the capacitor branch can be
represented as an equivalent resistance R.4c and a history current source connected in parallel
(Figure 2-17). At each time-step, the history current is known from the solutions in previous

time-step.
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Inductance

; / RegL
I oﬂ.mm_oz Jo—2 ®) ! 2
v, (1) L v, (1) v, (1) 1, (t—Ar) v, (1)

Figure 2-18 Inductor branch

The continuous-time model for an inductor branch as shown in Figure 2-18 is:

di (1)

v,,(t)=L &

Apply trapezoidal rule of integration from time (z-A¢) to t to equation (2.62) gives:

Yu®

eqL

i (f) :%vm(t) +1, (—A)="22 4] (1—Ar)

where the history current is given as

I, (t— A =i (t— A+ ZA—Iivlz(t — A

(2.62)

(2.63)

(2.64)

Similar to the capacitor branch, in discrete-time domain, the inductor branch can be

represented as an equivalent resistance R, and a history current source connected in parallel

(Figure 2-18). The history current can be calculated using the solutions from previous time-

step.
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Series RL Branch
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l-l (t L R il (1) ReqRL
1 2 lo—p o2
v, (1) v, (1) v, (1) Ly (t— A1) v, (1)

)/
Figure 2-19 Series RL branch

As previously discussed, the treatment of a series RL branch as one single branch reduces the
number of nodes in the system, therefore simplifies the computation. The continuous-time

model for a series RL branch as shown in Figure 2-19 is:

v, (8) = Ri (1) + L 0 (2.65)
dt
Apply trapezoidal rule of integration from time (z-A¢) to t to equation (2.65) gives:
. 1 v, (t
i, (1) :ﬁvlz(t)—i_lhRL(t_At) _ V() +1,,, (t—Ar) (2.66)
R+— eqRL
where the history current is given as:
IhRL(t—At)z# v, (t=A)— R—2—L i(t—A) (2.67)
2L At
R+—
At

From (2.66) it can be observed that, similar to the inductor and capacitor branch, the series

RL branch can also be represented as an equivalent resistor and a history current source in
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discrete-time domain. The history current is again calculated using the solutions from

previous time-step.

From the above derivations it can be seen that that the passive elements can all be represented
as a constant resistor connected with a history current source. It is of significance because in
this way the system nodal equations can be easily obtained by forming the system admittance

matrix using equivalent resistors, and nodal current injections using current sources.
2.2.3.2 Hardware Implementation

The above four types of passive power system elements have similar forms of formulation
thus can be calculated using the same hardware module. The calculations related to this
hardware module mainly consist of two parts: the first part is the calculation of the history

current [,(t-At) and second part is the calculation of the branch current i;(?).

For resistor, capacitor, inductor and series RL branch, the general formula of their history

current [;,(t-At) can be expressed as:
I,(t—At)=K, xi(t—At)+ K, x(v,(t = At)—v,(t — At)) (2.68)

For branch current i;(¢), the general formula is:

i, (1) =1, (1= A1) +RL>< v, (1) (2.69)

eq

The coefficients of K; and K, are functions of component values and the size of simulation

time-step, and R, is the equivalent resistance of the branch. For resistor R:

R, =RK =0;K, =0; (2.70)
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For capacitor C:

R, =20 K =LK, =—— 2.71)
2C R,
For inductor L:
Reqzz—L;Kl:I;KZ:i; (2.72)
At R,
For series RL branch:
2L
At At 1
R =R+—;K =- K, = : (2.73)
eq ’ 1 ’ 2 s
2L R+2L 42k
At At

As these values are fixed so they are calculated before the start of simulation and stored in

read-only ROMs in advance.

As the calculation of history current I,(#-At) and branch current i;(¢) are in different steps of

simulation process the same computation path can be shared between them:

y=axb+cX(d—e) (2.74)

In terms of FPGA hardware implementation, there are several schemes to choose from. The

actual choice is a trade-off between the hardware resource usage and the simulation speed.

If the goal is faster speed and shorter simulation time-step, then more parallel hardware
modules should be implemented. With this design, each module is responsible for the
calculation of a limited number of components therefore the required calculation time is

reduced. In the most extreme case, each hardware module is responsible for the calculation of
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only one passive element. The drawback of this way of implementation is that hardware

resources are significantly increased.

If the requirement for simulation time-step is not very high, using less or single hardware
module and with pipelined algorithm is a good choice. In a pipeline, all the inputs go one
after another without waiting for the last calculation to complete and the results are obtained

at every clock cycle. This time-overlapping calculation maximizes hardware efficiency.

In this thesis, the deeply pipelined calculations for passive element module are implemented.

The design of hardware module is shown as Figure 2-20.

r- - — — — —/ — = l
RAM i —O”
i
RAM _Ih 1\ | > dela |
0| X |
ROM K —|b> delay — [, | ;
h
—>
i c Eg + il
RAM Via

ve V) d

_)
ROM_K2&Req % delay —|_>

Figure 2-20 Passive elements module

The algorithm of this module is shown below:

1. Inputs b and e are read out from ROMs; inputs q, ¢ and d are read out from RAMs.
2. The value of ¢ minus d is calculated while other inputs are sent to the delay registers
to wait until the calculation of ¢ minus d is completed.

3. Two multiplications axb and v;,xe are calculated at the same time.
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4. The two multiplication results from step 3 are added together to obtain the final output.

As mentioned earlier, this module can be shared by both history current /,(z-At) and branch
current i;(t) calculation. When calculating history current, input a is connected to the output
of RAM_i, which stores i;(¢) from last time-step. Also the output is directed and stored into
RAM_Ih. When calculating branch currents, input a is connected to the output of RAM_Ih,
which stores history currents, input b is held at 1 and the results are directed and stored into

RAM _i.

In this module, it takes 1 clock cycle to read data from RAM or ROM, 4 clock cycles to
perform floating point addition and subtraction and 3 clock cycles to do multiplication. In
total the module latency is 12 clock cycles. If number of passive elements allocated for one
module is N, the total processing time will be 12 + N — 1 clock cycles when using the

proposed calculation method.
2.2.4 Voltage and Current Sources
2.2.4.1 Model Formulation

Two kinds of sources are considered: 1) ideal voltage source and 2) ideal current source. In

continuous-time domain the ideal voltage source and ideal current source are expressed as:

=V, sin(ar+@,) (2.75)

i(r) =Imag sin(ax +@,) (2.76)

Where V,,, and I,,,, are magnitudes of voltage and current, @ is the angular frequency, and

@, is the initial phase angle. In discrete-time domain, (2.75) and (2.76)are expressed as:
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)=V, sin(anAt + @) (2.77)

i)=1,, sin(anAt+ @) (2.78)

where n is the length of Look-Up-Table (LUT) that is used to store the function values. The
value of n is selected to achieve acceptable accuracy while saving memory space. The

detailed hardware implementation is explained in the next sections.

2.2.4.2 Hardware Implementation

The source module is also implemented as LUT, which is also adopted in the Park

transformation module.

The 4096 data of half cycle of sine function is calculated and stored in LUT in advance. The

initial phase angle ¢}, is reset and stored in RAM during initialization. A is the incremental

change of phase angle for every time-step. When system frequency fis 60Hz and simulation

time-step At is 50us, A is calculated as:
A = wAt =2x180° X f X Ar =1.08° (2.79)

The phase angles of source are updated every time-step by A@ and LUT addresses are
calculated from the updated phase angles. This avoids the complexity in calculating the

values of non-linear sinusoidal functions.

The hardware implementation of the source module is shown in Figure 2-21. It can be seen

from the figure that there are two computation paths in this module.

The algorithm for the first path is explained as follows:
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1. Calculate the address using phase angle information.
2. Retrieve the value of sinusoidal function from LUT using the address from step 1.
3. Floating-point multiplication is used to multiply the sinusoidal value from step 2 and

the pre-stored value of source magnitude to get the source output.

The second path, in parallel with the first path, is responsible for updating the phase angle

that will be used by the first path in the next time-step.

1. The phase angle is summed with A¢ and then compared with 360 degrees.
2. It will be reduced by 360 degrees if the value of phase angle is larger than 360

degrees. This is to make sure the phase angle is always between 0-360 degrees.

— P Convert
X ¥ 1w >
N —» Fixed
180° X —>»
4
RAM_phi E— Sign bit

+
ol
— _ ]

Ap—360°

Figure 2-21 Source module
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2.2.5 Circuit Breakers
2.2.5.1 Model Formulation

Circuit breaker component is used to simulate various kinds of fault, the protection of a
transmission line and the switching of shunt-connected devices. The modelling of circuit
breaker in discrete-time domain is achieved by the use of equivalent resistors. When the
circuit breaker is closed, it is modelled as a small resistor (10 Ohm in this thesis). When the
circuit breaker is open, it is modelled as a large resistor (10° Ohm in this thesis). This method

of modelling is illustrated in Figure 2-22.

The action of circuit breaker causes a change of network admittance matrix. To improve
simulation speed and minimize hardware resource requirement, the possible changes of
system admittance matrix are pre-stored in RAM. The damping adjustment scheme (CDA)
[149] can be implemented to avoid the potential numerical instabilities caused by switching

of circuit breakers

O O——0 2 ]O—KH 2

Circuit breaker Circuit breaker
closed open

A4 ¥

fo—AN—o2  T—AAN—2

Rsmail R large

Figure 2-22 Circuit breaker model
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2.2.5.2 Hardware Implementation

The fault changes the system topology and this directly leads to the change of network
admittance matrix Y of network solver, and system equivalent resistance R., . for the
solution of synchronous generator. In the proposed FPGA-based EMT simulator, the system
matrix Y and system equivalent resistance of R., s for different fault scenarios are pre-
calculated and stored in ROMs. A top control module chooses the correct matrix according to

the fault to be applied.

2.2.6 Loads

For stability and power flow analysis, the power system loads are commonly modelled as a
composition of constant power, constant current and constant impedance loads (also known
as ZIP loads) [147]. The frequency dependency of load characteristics can be taken into
account by multiplying a factor related to the frequency deviation to the ZIP load model
[147]. However for EMT studies, as stated in [148] and [43], the lumped RLC branch model
is used to represent the power system loads, and this way of representation is adopted in case

studies of this thesis.

2.3 Power System Controllers

To model control systems in EMT simulations, the following aspects need to be considered:

¢ Modelling of transfer functions. Transfer function is used in all kinds of control
systems, so a correct modelling of it is vitally important for the accuracy of EMTP.

¢ Handling of limiters. Limiters exist in most of the control systems and they introduce
non-linearity into the system. An accurate way of modelling limiters is also important

for the accuracy of EMTP.
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o Interface with the electrical network.

These three aspects are discussed in following sections.

Transfer Functions

Figure 2-23 shows a generic transfer function block that is normally used in power system

controllers.

U(S) > K N,+N;s+N,s’+..+ N, s"

2 n (an'
Dy+D;s+D,s"+..+D_s

Figure 2-23 Generic transfer function block

By introducing internal variables for derivatives of u and x,

dx dx, dx, |
X =— X,=—" .. X =

dt dt dt

du du, dx,
Uy=— Uy=—" .. U, =

dt dt dt

the transfer function in time domain becomes an algebraic equation,

Dyx(t)+Dx,(t)+..+Dx (t) =K (Nou(t) +Nu,(t)+..+N u, (t))

(2.80)

(2.81)

(2.82)

To convert it into discrete-time domain, trapezoidal rule of integration is applied to (2.80) and

(2.81):

2 2
(0= il(t)—[xl.(t—AtHthil(t—At)}
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2 2
(0= () —{uj(z AN+ (- At)} (2.84)

where i=1,2 ... n and j=1,2 ... m. Substitute (2.83) and (2.84) back into (2.82), a single

input-output relationship between u and x can be obtained:

cx(t) = Kdu(t) + hist(t — At) (2.85)
Where
¢ =c_ +(-2) (lj(ij Dﬁ(&lj(ij D[+1+...+(r_lj(lj Dn} (2.86)
X At i At [AWAYS
d =d_ +(-2) (Zj(ij Ni+(iflj(3j Ni+l+...+(7j(lj Nm} (2.87)
K At i At i J\ At
hist.(t) = Kdu(t)—cx(t)—hist,(t —At)+ hist.(t —A) (2.88)
With
c=c :Zn:(ijiD. (2.89)
Cs\Aa)
d=d =i(3jizv4 (2.90)
CoglAa)

n
(k] represents the binomial coefficient, i.e.,

mlo_nt 291
k) kl(n—k)! 91
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Equation (2.85) directly relates the input and output at time ¢ and therefore can be used for the
implementation on FPGA. At each time-step, with the known history term and control input,
the output of x is calculated. Then n history terms are updated for the solution in next time-

step.

Non-windup Limiters

Xmax
/_

U(S)> K XLS)
1+Ts

_/

Xmin

Figure 2-24 Non-windup limiter

Figure 2-24 shows a first-order transfer function with non-windup limiter. The system

equation and limiting actions in continuous-time domain are:

x(t)+T%=Ku(t) if Xy, <x() <X, (2.92)
XO)=x,, if xMO<x, ad Ku@®)—x(t)<0 (2.93)
M=%, if xO2x, ad Ku@)—x(t)>0 (2.94)

It is converted into discrete-time domain by applying trapezoidal rule of integration:
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cx(t) =du(t)+ hist(t—At) when x, <x<x,.

2T
with  hist(t—At) = Ku(t — At) —(I—Ix(t —At))
4

(2.95)
c=(1+2—Tj
At
d=K
xO=xy, i xO=<x;, ad Ku@®)—xr)<0 (2.96)
XO=Xp I xO2x,, and Ku@)—x(6)>0 (2.97)

From (2.95) to (2.97) it can be seen that with non-windup limits, the output variables is

limited. It comes off the limit as soon as the input u changes its sign.

Windup Limiters

Figure 2-25 Windup limiter

Figure 2-25 shows a windup limiter. In continuous-time domain, it is expressed as

u(t) if x,, <u@)<x,,
x(t)=1x,, Iif u(t)<x,. (2.98)

X, I u(t)=zx,

Since no integrations or differentiations are included in the limiter, the discrete-time domain

representation is the same as that in the continuous time domain. Different from the non-
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windup limiter, the output x(#) of wind-up limiter does not come off the limit until input u(t)

is within the limit.

Interface with Electrical Network

From previous sections it can be seen that the control systems cannot be represented as
equivalent resistance matrices with parallel history current sources. So they cannot be readily
fit into the nodal network equations.

Voltage/Current

measurements from
electrical network at t-At

Control systems

Control inputs to
electrical network at t

Electrical network

+Aty

Voltage/Current
measurements from
electrical network at t

Use to calculate control
inputs at t+A4t

Figure 2-26 Interface between control system and electrical network

The common solution in real-time simulation is to solve the electrical network and control
systems separately. Electrical network is solved from ¢ to #+A4¢ using the output from control
systems computed at 7-At to ¢. Once the electrical network is solved, the solutions are fed
back to control systems to get all the control inputs to electrical network for next time-step

(from 7 to t+A4¢). As a consequence, electrical network is always using the control inputs from
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control systems computed one time-step earlier. The flow chart illustrating the interface

process is shown in Figure 2-26.

The delay of one time-step between the control system and the electrical network can be
mitigated by predicting the output from control system at time ¢ rather than calculate it using
measurements from previous time-step. With the predicted value, the electrical network is
solved and then the control system output can be calculated. The difference between this
calculated output of control system and the predicted value can be minimised through
iterations. However the iteration-type of solution method is not utilized in this thesis to
minimize the complexity of implementation and the required hardware resources. This is
because the time-step normally required by real-time simulation is very small (up to 50 ps)
and the error caused by the non-iterative method as illustrated in Figure 2-26 is small. This
non-iterative method is also adopted and verified by many widely-used simulators such as

RTDS.
2.3.1 Excitation System

2.3.1.1 Model Formulation

u,(ref) A

— * Gl xl_l xl_
W) b
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Figure 2-27 Block diagram representation of AC1A exciter block

As an example, the formulation of IEEE Type AC1A excitation system [150] is explained in
detail. The block diagram representation of the exciter is shown in Figure 2-27, where G1 to
G8 represent the transfer functions (the same transfer functions are used as that in [150]), u;
is the measured terminal voltage of synchronous machine, u; is the reference terminal voltage,
Ipp 1s the measured field current, and Epp is the excitation voltage. x; to xg are internal

variables.

Discretize all the transfer functions using the equations of (2.85) and (2.95)-(2.98), the

expression for all internal variables and control outputs are obtained as follows:

LUK (6 =, (= Aty = x () +hist, ] if A, <x, (D<A
C

x ,(0)=3 Ay i X SAL &K (uy(0)—u (t—Ar)—x, (1) —x, (1) <0 (2.99)
AL ifx1_1ZAmax&K1(”2(t)_u1(t_At)_xg(t))_x1_1(t)20

x @) i Ry, <x ()<R,,
X 50 =9 R if x () <R, (2.100)

min

R if x ()2 R,

max

i[Kz(xua)—x3(z)—x4(t)—x5(z))+hist2] if x,(1)=0
X1 =16 (2.101)

0 if x,®)<0&K,(x; 5(1)—x;(t) —x,(t) — x5(2)) + hist,

x,(t) = (ax, (t —Ar)+b)x, (t —Ar) (2.102)
x,(6) =K x,(t—A) (2.103)
x@)=K,1,,(t—A) (2.104)
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I,,(t—ADK.
x,(t—Ar)

X (1) =
% 0= f ()
6% (1) = K, (0, (1) +2, (1) + x5 () + st

Ly (t—A) =i, (1~ AL,

where

2T

c=1+—4 K =K,=400 T,=0.02
At
. 2TA
hist, = K, [u,(t = At) —u,(t = At) — x, (1 — At) ] - (1 - At )x, (1= Ar)

2T
="t Ky=1 T,=08

2T,
hist, = x, ;(t —At) — x;(t — At) — x, (t — At) — x5 (1 — Ar) + A: x,(t—At)

a=0.0673 b=-0.1814 when x,(1)=3.14
3

a=—- b
314

0 when 0<x,(t)<3.14

K =1 K,=038 K =02

1-0.57Tx,(t) if x,(r)<0.433

fx)= m if 0433<x,(1)<0.75

1.732(1-x,(1)) if 0.75<x,(1)<1
0 if x,(t)>1
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(2.106)

(2.107)

(2.108)

(2.109)

(2.110)

2.111)

(2.112)

(2.113)



2T, 2K,
G=(+=L) K,=""L T,=1 K,=003
At At (2.114)

) 2K, 2T,
histy = — A' [x3(t—At)+x4(t—At)+x5(t—At)]+(T—l)x8(t—At)
t t

ifz 1s the per unit excitation current in synchronous machine per unit system, Lq, 18 the d-axis
equivalent inductor. Since Epp calculated in Figure 2-27 is under the per unit system for

excitation system, conversion of per unit system is required:
ey ()=E,(OXR, +L,, (2.115)

where ey, 1s the per unit excitation voltage under machine per unit systems, Ry is the per unit
field winding resistance. Equation (2.95) to (2.107) and (2.114) are used to calculate the

excitation voltage for synchronous machines.

Solution Steps of Excitation system

t Calculate x; to xs
using the value of x2 and Ir» from
previous time step

A

Calculate x:_s, x:3 and x:
using u; from previous time step

A

Calculate excitation voltage

A

Solution steps of Synchronous
machine

+At y
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Figure 2-28 Solution steps for excitation system

The flow chart illustrating the solution steps for excitation system is shown in Figure 2-28.
Firstly with known values of x; and field winding current Irp from previous time-step, the
internal variables x; to xg are calculated using (2.102)-(2.107). Secondly the values of x; 4,
x; 3and x, are calculated using the measured machine terminal voltage from previous time-
step, i.e., u;(t-4t). The calculated value of x, will be used in the next time-step. Thirdly,

equation (2.115) is used to get the excitation voltage for the solution of synchronous machine.

2.3.1.2 Hardware Implementation

-—Pij’( t-At) ‘
X 5t —A)—xys(t—1) +% X(-A) hist,

v

2T, .
KA[M2(t—At)—ul(t—At)—xg(t—At)]—(I—EA))qJ(t—At) hist,

vrév

_§ _ &_ _ ﬂtg Amax—b
xS(t-At) p ST DR A
mim—
xg(t ux(t) + hist, x() R
x2(1-Ar) P (ax, (1= A0 +b)x, (1= A1) —> ¢ , 4
el(t)T ‘04 KO 0—%50)
L~ A K ()4 t—4)—x,0) & o) hist,
& > K, <> 1
xx(t)T e,(t)+hist,
P K ox,,s(1)+hist, G
t > g <> 0
ok, Y 0 :g v

1-0.577x,(t)
> 100 0

A
T5—x.(1)° (t) EFD !
\0.75—x,(1) X X ®)

A 4

b i-ank, [0

XL, - (FM> X, (t=Ar) > 1.732(1—x,(1))

0>

Figure 2-29 Excitation module
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The hardware module for excitation system is shown in Figure 2-29. It has two inputs: one is
the terminal voltage of synchronous machine from last time-step; the other is the field
excitation current from this time-step. The output of this module is the field excitation

voltage. The algorithm of Figure 2-29 for excitation system is shown as follows:

1. The values of x3, x4, x5, X are calculated using the values of x, and Irp from last time-step.
The calculations of hist;, hist,, hists are begun at the same time using the values of variables

from last time-step.

2. When x;3, x4 and x5 are calculated, x;45 is calculated by adding them together.

3. The results of hist;, hist,, histg are obtained. Calculate x; using the value of xs from step 1

and xs using the value of x345 from step 2.

4. The values of x;, x; ;, x; 3are calculated in sequence. The result of x; from step 3 is sent to

the delay register.

5. The value of x; is calculated using the values of hist, from step 3 and x; ; from step 4.

6. The excitation voltage of Ey,; is calculated using the value of x; from step 1 and the value of

x7 from step 3.

Some parts of the calculations are used multiple times in the computation of excitation
module, so dedicated computation blocks and memory space have been designed for them to

avoid duplicate computations. These calculations includeFigure 2-29:

X35 (1) = x5 (1) + x, (1) + x5 (1) (2.116)

e, (t) =K, (u,(t)—u,(t—At)— x, (1)) 2.117)
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e,(t) =K, (x_5(t)—x,5(1)) (2.118)

Also, dedicated RAMs have been designed to store the values of x; ;, x; 3, X2, X3, X4, X5, Xs
from previous time-step. This increases the efficiency of calculation when these values are

required at the current simulation time-step.

There are four limiters in the excitation module. The limiters are implemented using floating-
point comparator and multiplexer. The calculation of x;=f{xs) is used as an example to
illustrate the detailed implementation of limiters. As shown in (2.113), this function has four
output expressions depending on the input condition. The results for four outputs and the
value of xs are calculated and sent to the multiplexer and the comparator, respectively (Figure

2-29). The following conditions are evaluated to determine the final output of this function:

e The output of the first comparator c/=1 if x5 <= 0.433; The output of the second
comparator ¢2 = 1 if x6 <= 0.0.75; The output of the first comparator ¢3 = 1 if x6 <=
0.1;

e [f the output of first comparator c; is 1, no matter what are the values of ¢; and c;, the
multiplexer will select and forward the value of first input to the output;

e Ifcl =0and c2 =1, the multiplexer will select and forward the second input to the
output;

o Ifcl=0,c2=0andc3 =1, the third input of multiplexer will be selected and forward
to the output;

e [f the values of c;, ¢; and c; do not belong to any of the above cases, the fourth input

“0” will be selected.
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2.3.2 Governor/Turbine System

2.3.2.1 Model Formulation

|
U 1] X 1oX 1| Xy 1 X1 Tn
(i L S T e s T
I : | |
| |
u: : Us I |
N I
I
[ Governor : ' Non-reheat turbine '
. S .
Figure 2-30 Governor/turbine systems
Table 2.2 Parameters for Governor/Turbine System
R Tc Ten
20 (5% droop) 0.2s 0.3s

Figure 2-30 shows an example of governor/turbine system. In the figure, u; is the speed
reference, u; is the measured rotor speed, u; is the load set point, x; to x4 are internal variables
and T, represents the mechanical torque in per unit. //R represents the percentage of droop,
T is the time constant of governor and 7, is the time constant of main inlet volumes and

steam chest. The values for these parameters are listed in Table 2.2.

According to equation (2.85), the integrators can be discretized according to the trapezoidal

rule of integration. The input-output relationship for each block can then be obtained as:

xl(t)zix(uz(t)—ul(t)) (2.119)

x, (1) =Ti><(u3(t)—xl(t)—x3(t)) (2.120)

G

80




2 .
E)@ (1) = x,(¢) + hist,

x4(t):TL><(x3(t)—Tm(t))

ch
iT (t) = x,(t)+ hist
At m 4 5

Where

. 2
hist, = x,(t —At) + A—th(t —At)

hist, = x, (t — At) +A3Tm (t— At)
t

Solution Steps of Governor/turbine System

The solution steps for governor/turbine system are illustrated in Figure 2-31.

(2.121)

(2.122)

(2.123)

(2.124)

(2.125)

Step 1: x;(t) is calculated using the estimated value of rotor speed, i.e, u(t). Linear

interpolation is used for the estimation.

Step 2: x,(t) is calculated using x;(#-At) from last time-step.

Step 3: x3(¢) is calculated using x(¢) from Step 2.

Step 4: T,(t) is calculated using x;(¢) from step 3 and T,,(t-At) from last time-step.

The potential error caused by using values form previous time-step is minimised by the fact

that the governor/turbine system has a much larger time constant than the simulation time-

step. Alternatively a direct relationship between inputs and output can be obtained by
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eliminating the internal variables in (2.119) to (2.123). However such method is only
applicable to simple linear control systems and cannot be considered as a generic solution

methodology for power system controllers.

r4 Calculate xi(1)

using estimated u2(7) from last time step

l

Calculate x2(?)
using x;(t-At) from last time step

l

Calculate x3(t) using x2(t)

h 4

Calculate x«(t) and To(t)
using x3(t) and Tw(t-At)

t+Aty

Figure 2-31 Solution steps for governor/turbine system

2.3.2.2 Hardware Implementation

For hardware implementation, equations (2.119) to (2.125) are re-arranged into the following

five equations:

T,0)=g,i—D+KCHXT (i—1) (2.126)
g )= Kglx(a)ref -0, (i)) +loadpoint (2.127)
8 (D)= & (=D +(KTG—1)xg;(i~1) (2.128)
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g, () =(1/(1+ KTG))x( &) + g, (@) (2.129)

T, () =(1/(1+ KCT))x(g,()+T,,(0)) (2.130)
Kgl X —> + gl(1)
Qref —>»
g ™ N
wp(t) — loadpoint + — 5 g3(1)
gl(-At) __y ) g [ |_>
delay + delay 1/(1+KTG)
KTG-1 __,
X |’ L) Tm(1)
g3(t-At) ~|: ) + |-> X >
Twh(t)
delay + delay 1/1+KCH)
KCH-1 __y _l"
Tm(t-At X
(t-A1) 3|

Figure 2-32 Governor module

The hardware implementation of governor module according to (2.126) - (2.130) is shown in
Figure 2-32. It can be seen from the figure that g;, g3, and T, are firstly calculated in parallel
and the results are used for the parallel computation of g;and T,,. The value of T, is used as
the mechanical torque input to the synchronous machine. Memory spaces are designed for the

values of G/, g3 and T, for the calculations in next time-step.

The detailed algorithm in each time-step of this module is shown as follows:

1. Constant parameters w,; Kgl, KTG and KCH, variables w, from upstream module,
and g;(t-At), g»(t-At) and T, from last time-step are fed into the computation path.

2. The values of g1, g3h and Tmh are calculated.
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3. The values of g3 and T,,(t) are calculated and saved for the calculations in next time-

step.

2.4 Model Verification

In this section, the models of power system elements are verified by comparing simulation
results from FPGA with those from SIMULINK. System data and per unit base are given in

Appendix A.

2.4.1 Case 1: Synchronous Machine with Constant Excitation and

Governor Inputs

System
Impedance

Synchronous

Machine Voltage

Source

Figure 2-33 Verification of synchronous machine model

To verify the accuracy of synchronous machine model, the system shown in Figure 2-33 is
simulated using both FPGA and SIMULINK. For the verification of the non-linear models, it
is common to represent the non-linear model in detail while adopting simplified
representation for the rest of the network [141, 151]. As shown in Figure 2-33, the system
consists of a synchronous machine G and a voltage source. They are interconnected through
system impedance. Constant excitation voltage and mechanical torque for the synchronous

machine are used. The synchronous machine model described in Section 2.2.1, the passive
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elements models described in Section 2.2.3 and the voltage source model described in

Section 2.2.4 are used in this case.
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Figure 2-34 Starting process for synchronous machine with constant excitation voltage and mechanical

torque.
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Simulation results of the machine starting process are shown in Figure 2-34. It can be seen
from Figure 2-34(a) that the rotor speed of machine is increased to 1 p.u. in about 22s and
close agreement between FPGA and SIMULINK are observed. Figure 2-34(b) shows the
electromagnetic torque simulated using FPGA and SIMULINK. High-frequency component
can be observed and detailed agreement is achieved between results from FPGA and
SIMULINK. Figure 2-34(c) - Figure 2-34(f) further compare the simulation results of stator
voltages and currents in dqO reference frame. Detailed agreement can be observed between

the simulation results from FPGA and SIMULNIK.

2.4.2 Case 2: Synchronous Machine with Excitation and Governor

Systems
Excitation System
Voltage vr Impedance
[ ]
Mechanical
Torque Tm_| Synchronous

Machine Voltage Source

Figure 2-35 Verification of control systems for synchronous machine

To verify the accuracy of the control systems models, the test system in Figure 2-34 is
modified by including the excitation system and governor system described in Section 2.3.1

and Section 2.3.2. The system configuration is shown in Figure 2-35.
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Figure 2-36 Starting process for synchronous machine with excitation system and governor system

Figure 2-36 shows the simulation results of the starting process of synchronous machine with
excitation and governor system. It can be seen from Figure 2-36(a) that the rotor speed
reaches the reference value of 1 p.u. at around 6s under the governor control. The mechanical
torque input from Figure 2-36(f) shows how the governor system is controlling the rotor
speed by varying the mechanical torque input. Detailed agreement between the FPGA and
SIMULINK can be observed. The simulation results of the change of excitation voltage is
shown in Figure 2-36(e), and the d- and g-axis stator voltages are shown in Figure 2-36(g)

and Figure 2-36(h), respectively. It can be seen form the figures that both high- and low-
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frequency oscillatory behaviours are correctly simulated using the FPGA. Furthermore,
Figure 2-36(b) - Figure 2-36(d) present the comparison results of electromagnetic torque,
stator d-axis current and stator g-axis current. Detailed agreement between the results from

FPGA and those from SIMULINK can also be observed.

2.4.3 Case 3: Model Verification of Transmission Lines, Passive Elements,

Voltage Sources and Circuit Breakers

Transmission L
Line

A-G Fault

@5
23
%

Figure 2-37 Three phase diagram of test system

To verify the accuracy of the models of transmission line, passive elements, voltage sources
and circuit breakers described in Section 2.2.2 - 2.2.5, the network as shown in Figure 2-37 is
simulated using FPGA and comparisons are made with the results from SIMULINK. As
shown in Figure 2-37, the network consists of voltage source Vs, resistor, capacitor, inductor
and transmission line. The circuit breaker is used to simulate the single-phase (phase A) to
ground fault which is located at Bus 2 as shown in the figure. The bus 2 is denoted as the

sending end and bus 3 is denoted as the receiving end of the transmission line.
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(c) Three-phase receiving end currents of transmission line from FPGA
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Figure 2-38 Comparisons of simulation results of the test system

Figure 2-38 compares the simulation results from the FPGA and the SIMULINK. Figure
2-38(a) - Figure 2-38(d) compare the simulation results of the sending end and receiving end
currents of the transmission line from FPGA and SIMULINK. It can be seen that High-
frequency oscillatory behaviours in the faulty phase (phase A) is accurately simulated using
the FPGA. At the same time the effects on phase B and phase C due to the coupling between
phases are correctly simulated. Figure 2-38(e) - Figure 2-38(h) compare the simulation results
of the three-phase voltages of the sending end and receiving end of the transmission line. It
can be seen that the magnitude of the drop of phase A voltage at sending end is accurately
simulated and the high-frequency oscillations of phase A voltage at receiving end are also
accurately represented. Effects of fault on phase B and phase C due to the couplings between
phases are again correctly simulated by the FPGA. Finally Figure 2-38(i) and Figure 2-38(j)
compare the three-phase voltages of the voltage sources and detailed agreement can be

observed.
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2.5 Summary

In this chapter, a library of power system components is developed in FPGA, including most
of the common power system elements (synchronous machines, transmission lines, passive
elements, voltage/current sources and circuit breakers) and control systems for synchronous
machines (excitation systems and governor systems). The EMT models are obtained by
discretizing the continuous-time domain models using the trapezoidal rule of integration. The
detailed solution steps and FPGA hardware implementations of the developed models have
been described. A deeply pipelined algorithm is used to maximize the hardware efficiency.
To verify the accuracy of the developed models, test systems have been simulated in both
FPGA and SIMULINK and comparisons are made. Close agreements between the simulation

results from FPGA and SIMULINK have been observed.
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Chapter 3

FPGA BASED REAL-TIME EMT
SIMULATOR

3.1 Introduction

Based on the models of power system elements and control systems described in last chapter,
this chapter explains the implementation of the FPGA based real-time simulator from a
system point of view. Section 3.2 introduces the overall computational architecture of the
FPGA based simulator, emphasizing the parallelism between different hardware modules.
Section 3.3 introduces the global controller module of the simulator. Section 3.4 explains the
methodology and hardware implementation of the power system solver on FPGA. The
parallelism of the network solution is fully exploited. Section 3.5 verifies the performance of
the FPGA based real-time simulator by simulating the two-area four-machine power system.
Comparisons with RTDS are made. Finally Section 3.6 summarized the main aspects of this

chapter.

3.2 Computational Architecture

The overall computational architecture of the FPGA based real-time simulator consists of two

main parts: the off-line Pre-Simulation part and the Real-Time Simulation part.

The design and implementation of each part is described in next sections.
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3.2.1 Pre-Simulation Part

The pre-simulation part is responsible for the preparation of real-time simulation. The pre-
calculation and importing of system data, component data, network partition, formation of
system matrix and determining the simulation time-step are carried out in this part. The data
and parameters will be stored in ROM to reduce computation burden of the real-time

simulation part.

( A e N
Pre-Simulation Part Real-Time Simulation Part
Off-line Calculation FPGA Integrated Development
Program Environment
i y ‘ LN Electrical
case analysis - -
system LN Control
topology T Systems
Design
| con‘li[;(t):ent ‘ ::'\t/ RTL Design Verification
: = :
system matrix | L\ Timing
formation ‘|—V Analysis
. J \ J

Figure 3-1 Computational architecture

All the pre-calculated data are imported into the FPGA integrated development environment,
in this thesis, the Xilinx ISE Design Suit is used. Hardware description language of VHDL is
used to design the hardware modules of electrical network and control systems. In this step,
the program goes though the FPGA design flow, as shown in Figure 3-2, including steps of
design entry, design synthesis, design implementation, and device programming. After
several simulation and verifications at different points during the design flow, the developed
programme is synthesized and implemented. A programming file (BIT) will be generated and

finally downloaded to the FPGA device using JTAG interface and programming cable.
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Figure 3-2 Design flow

Once the BIT file is downloaded into FPGA, and the design has been verified through on-
board testing, real-time simulation can be carried out. A reset button is used to reset all the
registers and states. An output selection button is used to select the output signals and a start
button is used to start the real-time simulation. When the simulation has started, the output
signals can be sent back to user PC through USB cable, RS232 or other interface methods.
Also D/A converter can be used to convert the outputs into analogue signals which can be

displayed through oscilloscope.

To improve simulation accuracy and numerical stability, the proposed real-time simulator

uses the single-precision floating-point number as the basic number format. The fixed-point
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number is used as the supporting number format. This combination of number formats has

the advantages of both high accuracy and fast computational speed.

3.2.2 Real-Time Simulation Part

The real-time simulation part achieves its function by cooperating system component
computation modules, power system controller modules (as described in Chapter 2), power
system solver module and simulator global controller which will be described in the

following sections.

3.2.2.1 Computation Schemes

For the calculation of hardware modules, parallelism between modules and the pipelining

within each module need to be carefully considered in the design stage.

With one module responsible for the calculation of one type of power system/control element,
independent and parallel calculations can be achieved with appropriate allocation of hardware
resources. This kind of parallel processing takes advantage of the inherent spatial parallelism
between hardware modules, and is of great importance in guaranteeing the speed of real-time

simulator.

Apart from the spatial parallelism between hardware modules, deeply pipelined calculation
algorithms have been designed within each module itself. Elements of the same type may
share the same hardware module, and the calculation is carried out in a pipelined manner.
The outputs are obtained every FPGA clock cycle. This kind of processing takes advantage of
the parallelism of time in the calculation of same type of element. In some cases, the number
of hardware modules which are shared by the same type of elements may need to be

increased, when the number of that type of elements is too large or the computation is too

100



complex or time-consuming. As a result, the hardware resources are balanced and the

problem of computation delay caused by one excessively complex module is avoided.

According to the above discussion, the main considerations in the design of computation
structure is to take full advantage of the inherent spatial parallelism between modules and a
careful design of pipelined processing within each module. In this way, real-time simulation

with relatively small time-step can be achieved.
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Figure 3-3 Computation scheme of real-time simulation part

In this thesis, the module calculations designed for each time-step is shown in

Figure 3-3. The following aspects are considered in the design:
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1. If the calculation of one module requires the results of another module as inputs, the two
modules can only be calculated in series and cannot be paralleled. For example to calculate
the nodal current injections of the network, history currents are needed and therefore the
hardware modules responsible for the relevant calculations can only be processed in series.
On the other hand, there is no such problem in the calculations of history currents of the
passive elements and transmission lines. These two modules can be arranged to run in

parallel.

2. If several modules are designed to work in parallel, dedicated hardware computation path

should be designed for each of them. Otherwise it will cause conflict of hardware resources.

3. In general, modules that require similar computing time should be calculated in parallel to

maximize efficiency.

Considering all these aspects, six steps of calculation are designed within each time-step. For
each step, parallelism between hardware modules is fully exploited. For example parallel
calculation is executed between the external network and the solution of synchronous
generators. The prediction of rotor speed does not require the system open circuit voltage and
therefore can be calculated in parallel with the calculation of system history currents. The
calculation of control systems are also processed in parallel with the electrical part of the
system. It can be seen that at least two hardware modules are processed in parallel in most of

the steps.

The detailed descriptions for each step are:

Step 1: At the start of simulation time-step, the calculations that require input from previous
time-step are carried out. In this step, the following hardware modules are calculated in
parallel:
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¢ Source module for the calculation of voltage source values

e Passive element module and transmission line module for the calculation of history
currents for passive elements and transmission lines

e Prediction module for the prediction of rotor speed and angle of synchronous
machines

e Excitation system module for the calculation of excitation voltages

Step 2: In this step, the I,,4. module calculates the nodal current injections using the history
currents calculated in step 1. The Park transformation matrix P is calculated using the

predicted rotor angle from step 1. These modules are calculated in parallel.

Step 3: Using the nodal current injections from step 2 the equivalent system open-circuit
voltage vy, and its value in dqO reference frame, i.e. vqy are calculated. The inverse of Park

transformation matrix invP is also calculated in this step.

Step 4: This step is to calculate the stator currents in dq0 reference frame, i.e. izy0. The values

of v4q0, v, and predicted rotor speed w), as results from other modules are required as inputs.

Step 5: The calculated iz, from step 4 is taken as input for the calculation of flux linkages,
and is transformed into abc reference frame (i,). Then the system nodal voltages are

calculated using the values of ig..

Step 6: Branch currents are calculated in this step. Also the rotor speed is calculated using the
flux linkage and mechanical torque input. These values will be used in step 1 of next time-

step.
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3.3 Simulator Global Controller

In order to implement the above paralleled algorithms, a global control module is designed to

coordinate the operations of all the modules.

3.3.1 Module Coordination

FPGA

endPE, endT'L, endsSS. ..

ctlPE, ctITL, ctISS...

etwor’
Modules

ctlop endwp
ctlP endP
ctlvdq0 endvdq0
ctlidq0 endidq0
ctlTe

Modules

computation data exchanges,

Figure 3-4 Communication signals between modules

As shown in Figure 3-4, the global control module receives the computation completed
indicating signals from each module as inputs and sends out start/stop control signals to each
module as outputs. It also processes the start and reset command signals from the user and
passes them to other modules. The signals of “endPE” “endTL” “endGv” etc. are the status
indicating signal from each module. When the module completes the calculation required, its
indicating signal becomes high and is sent to the global control module. The “ct/PE” “ctITL”

“ctlGv” etc. are control signals of each module. They are sent by the global controller
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instructing each module on when and what operation should be carried out. As the detailed
structure of the FPGA based real-time simulator is complex, only the main control signals are
shown in the figure. The synchronous machine modules includes five modules: rotor speed
and position prediction module, Park and inverse Park transformation module, stator current
module, flux linkage calculation module and electrical torque & rotor speed module. The
power system control modules include the excitation system module and governor modules.
The rest of modules are represented by the external system modules, including the passive

element module, transmission line module, etc.

3.3.2 Hardware Implementation

Figure 3-5 Global control module FSM

As the paralleled algorithm consists of 6 steps, a finite-state machine (FSM) is designed as

shown in Figure 3-5. The stage 1 to 6 of the FSM correspond to the 6 computation steps of
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Figure 3-3 discussed in last section. At stage N, the global control module activates all the
parallel modules of that step and monitors their status. When all the calculation of the N
stage is finished, the computation completed indicating signal “endN” of that stage will
become high. So the finite-state machine proceeds to the next stage and at the same time,
sends out starting control signals to modules of the N+1 step, stop signals to modules of the
N step. At the end of step 6, which means all the operations in that simulation time-step have
been completed, the FSM proceeds to the “wait” stage, where all the modules idle until the
start of next time-step. If the reset command “rst” is given by the user, the FSM will be
forced into the reset stage no matter which stage it is currently at. Stop and reset control

signals will be sent to all other modules.

3.4 Power System Solver

With the developed models for power system element and control systems as described in
Chapter 2, the power system solver is required to find the complete network solution. In this
thesis, the developed power system solver consists of two hardware modules: 1) nodal current

injections module and 2) nodal voltages module.

3.4.1 Network Solution

The network solution is to solve the following system equation for nodal voltages:

w=I, 3.1)

Where Y is the system admittance matrix, /.4 is the vector of nodal current injections and V
is the vector of system nodal voltages. To obtain the inverse of system admittance matrix Y

(NxN) using the conventional explicit calculation method requires NxNxN multiply adds
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operations (multiplication and addition) [43]. It means that the computational effort to
calculate the inverse of Y becomes prohibitive with large values of N for large scale power
systems [152]. Therefore to save computational time of calculating the inverse of system
matrix Y, it is calculated and stored in FPGA before the start of simulation during the pre-
simulation process. This method also avoids the relatively complex calculation of matrix

inversion, which at the same time results in significant savings of hardware resources.

3.4.1.1 Network Decoupling and Parallel Computation

Due to the delay of traveling time, the transmission lines within a power system effectively
decouple the system into smaller subsystems. From equation (2.33) and (2.34) it can be seen
that the current injections at both terminals of a transmission line are only related to the
terminal voltage and line current from other terminal at previous time-steps. As the solution
of nodal voltages for system at either end of the transmission line only requires local current
injections, they can be calculated in a decoupled manner provided that the transmission line is
sufficiently long (about 15km for a simulation time-step of 50us) as discussed in Section
2.2.2.1. This then allows the paralleled computation of each subsystem, hence significantly
improves the computational efficiency. Mathematically, the system equation (3.1) after

decoupling can be written as:

[v] [w]] [[2]]

wlm L]

(3.2)

It can be seen from (3.2) that the network decoupling breaks down the system matrix Y into a
block diagonal matrix with block elements of Y/, Y2, ..., YN. Each block element represents

the system matrix for each subsystem. Therefore these subsystems can be solved
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independently. In FPGA, this means the solution of subsystems can be carried out in parallel

to increase the speed of computation.

Another benefits through the decoupling is that its makes the simulation of faults and circuit
breakers computationally less complex. The faults/breakers only change the system matrix of
that particular subsystem, while the system matrixes for other subsystem are left unchanged.

Therefore it becomes easier to store the system matrix for different kinds of fault.

3.4.2 Non-Linear Elements: Compensation Method

For the nonlinear elements in power systems, special solution method needs to be applied. In
this thesis, the compensation method is used to handle the nonlinear elements in power

systems [43]. The steps of this method are listed as follows:

Step 1: The network is solved with current injection of one from all nonlinear branches. The

calculated terminal voltages for nonlinear branches are their equivalent Thevenin impedances.

Step 2: The linear part of the network is solved without the nonlinear elements. The open-

circuit voltages of the nodes connecting to the nonlinear elements are obtained.

Step 3: The nonlinear elements are solved with the external network represented as a
Thevenin equivalent. The Thevenin equivalent is formed using the open-circuit voltage from
step 2 and the impedance from step 1. The results of calculation are the current injections

from nonlinear branches.

Step 4: The calculated current injections from step 3 are then super-imposed on the linear part

of the network to get the actual system nodal voltages.
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Step 1 is carried out in the pre-simulation part. Step 3 is completed by the modules of
nonlinear components, e.g. the synchronous machine related modules. Step 2 and 4 both
require the system solver, which consists of the nodal current injections module and the nodal

voltages module.

3.4.3 Hardware Implementation

To solve the system nodal equation(3.1), firstly the nodal current injections 7,4 need to be

calculated, then the nodal voltages can be calculated.

3.4.3.1 Nodal Current Injections

The hardware module of nodal current injections is responsible for calculating the 7,4, . This

hardware module includes two sub-modules:

® One is responsible for the formation of history current vector consisting of history
currents from different power system elements (Figure 3-6).

e The other is responsible for the formation of nodal current injections (Figure 3-7).

For the first sub-module, the inputs are history currents from each individual element and the
associated addresses of nodes that element is connected to. For passive elements, the
directions of history currents are defined as flowing out of the starting node and into the
ending node. The formation of history current vector then becomes the addition of history
currents for starting node, and subtraction of history currents for ending node. It can be seen
from the upper part of Figure 3-6 that the input history current is firstly converted from
floating-point number into fixed-point number and then sent to the accumulation unit and

subtraction unit. The results of addition and subtraction are stored into the corresponding
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addresses in the output RAM. The calculations of accumulation unit and subtraction unit are

in parallel for higher efficiency.

For the transmission line elements, the hardware implementation is shown in the lower part
of Figure 3-6. It can be seen from the figure that it is very similar to that of passive element.
The main difference is that two subtraction units are used for both starting and ending node.

This is because the history currents are flowing out of both nodes, as shown in Figure 2-11.
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Figure 3-6 Hardware implementation of history current formation submodule

For the second sub-module, the inputs are the history current vectors calculated from the first
sub-module. This module then adds all the history current vectors for each node to form the
nodal current injections as illustrated in Figure 3-7. To achieve high computational efficiency,
floating-point calculations are used for this sub-module. The calculated values need to be

converted back to floating-point numbers for other hardware modules.
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Figure 3-7 Hardware implementation of calculating nodal current injections

3.4.3.2 Nodal Voltages

The nodal voltages module is the module for calculating open-circuit voltage of nonlinear
branches and calculating system nodal voltages. Both steps are essentially solving the system
equation of (3.1), where the nodal current injections are obtained from nodal current
injections module discussed in last section. For each subsystem, the nodal voltages can be

classified into those that are known and those that are unknown. Then the system equation for

YA § YB vkm)wn _ _I_:A_ (3 3)
YC § YD vunkm)w - IB |

Where Vi, are the vector containing known nodal voltages and Ve, 1S the vector

each subsystem becomes:

containing unknown nodal voltages. Iy and Iz are the nodal current injections for the

corresponding nodes. The v,i0wn can then be expressed as:

= YD_I (s =Y Vi) = YD_II B YD_lYCvknown (3.4)

Vunknown

For typical power systems, the system matrix Y is mostly sparse as there is no direct

connection between most of the nodes. Therefore only the non-zero elements in the system
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matrix are stored in RAM to minimize the computational time and hardware requirement.
These elements, together with the corresponding nodal current injections and known node
voltages, are sent to the matrix multiplication module to calculate the unknown nodal

voltages.

Based on all the hardware modules introduced in previous sections, the FPGA-based EMT
simulator is developed. Figure 3-8 shows the hardware architecture of the implementation in

detail. The control signals and data exchanges between modules are illustrated in the figure
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Figure 3-8 Detailed hardware architecture of the FPGA-based EMT simulator
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3.5 Case Study

To validate the proposed FPGA-based EMT simulator, an example power system as shown in
Figure 3-9 is modelled and simulated on Xilinx Virtex-6 FPGA. Simulation results from
proposed simulator are compared with that from SIMULINK and RTDS. It is a two-area
power system consists of four synchronous generators with their excitation and governor
systems. There are eight transmission lines, four transformers, two loads and two shunt
capacitor banks in the system. The models described in Chapter 2 are used for generators,
excitation systems, transmission lines, RLC components and faults. The computational
algorithms described in Section 3.2 and Section 3.3 are implemented in FPGA to solve the

network. The complete system data is obtained from [147] and listed in Appendix B.

3.5.1 Casel

7 8

9
TL78 TL89
1 TI 5 6 a a 10 T3
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Figure 3-9 Single-line diagram of case studyl

A three-phase grounding fault located at bus 7 is simulated and the results from FPGA are
compared with those from SIMULINK. The fault is initiated at 0.195s and the simulation
results are shown in Figure 3-10 to Figure 3-12. The per unit base value is I00MVA and

230k V.
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Figure 3-10 Three-phase voltage at bus 6

Figure 3-10 shows the three-phase voltage at bus 6. Figure 3-10(a) is the simulation results
from FPGA-based simulator and Figure 3-10(b) is the results from SIMULINK. It can be
seen from the figure that as fault happens, the three-phase voltages are dropped and very

similar results can be observed between FPGA and SIMULINK.

115



— iTL7aFPGA ' '
2 iTL7b FPGA T
- iTL7c FPGA
>S5
s 1f ,
€
S of
35
@)
N1
l_
2F i
0.1 0.15 0.2 0.25 0.3
Time (s)
(a) Simulation results from FPGA
iTL7a MATLAB ' '
2 iTL7b MATLAB 1
= iTL7c MATLAB
s 1f &
€
BIAACTANNAY |
3
~ -1 */ .
-
l_
2t i
0.1 0.15 0.2 0.25 0.3

Time (s)
(b) Simulation results from MATLAB

Figure 3-11. Three-phase line current between bus 7 and bus 8 (TL78a)

Figure 3-11 shows the simulation results of three-phase currents through transmission line
TL78a from FPGA-based simulator and SIMULINK. High-frequency oscillations can be seen

after the fault is initiated from Figure 3-11 (a) and Figure 3-11 (b), and detailed agreement

between the two results can be observed.
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Figure 3-12(a) shows the phase C current through C7 and Figure 3-12(c) shows the phase B
current through L7. Figure 3-12(b) is the zoomed in version of Figure 3-12(a) around the time
when fault is initiated. It can be seen in Figure 3-12(a) that a transient current with very large
magnitude goes through C7 as fault happens and the proposed FPGA-based simulator
correctly reflects the phenomena. Figure 3-12(b) demonstrates that a detailed agreement
between results obtained from the FPGA and SIMULINK is achieved. The high frequency
oscillatory behaviours of the capacitor current are successfully simulated by the proposed
simulator. Similarly, for phase B current through L7 during and after fault, very similar

behaviours can be observed.
3.5.2 Case?2
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Figure 3-13 Single-line diagram of case study 2

An unbalanced double phase (phase A and phase B) to ground fault located at bus 11 is
simulated and the results from FPGA are compared with those from RTDS. The fault

duration is 150 ms and the simulation results are shown in Figure 3-14.
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Figure 3-14 Simulation results for Case 2
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Figure 3-14(a) and Figure 3-14(b) show the three-phase voltages at bus 10 from FPGA and
RTDS, respectively. It can be seen that when fault happens, voltages of phase A and phase B
are dropped and the voltage of phase C is also affected, which is caused by the mutual
coupling between phases. Figure 3-14(c) and Figure 3-14(d) show the voltages at bus 11 from
FPGA and RTDS. It can be seen that the high-frequency dynamics after fault clearance are
accurately simulated. Figure 3-14(e) and Figure 3-14(f) compare the results of the

transmission line currents on TL1011 and detailed agreements can be observed.

3.6 Summary

In this chapter, a FPGA-based EMT simulator has been developed. Detailed modelling of
power system components including synchronous generator, excitation & governor systems
and transmission line models has been implemented in FPGA. The design of simulator global
controller module and power system solver module have been described in detail. Carefully
designed paralleled and pipelined algorithm during hardware implementation optimizes the
hardware resources and permits the real-time computation of the proposed simulator. Its
simulation accuracy has been verified through comparison with SIMULINK and detailed

agreement has been achieved.
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Chapter 4

REAL-TIME FPGA-RTDS CO-SIMULATOR

4.1 Introduction

This chapter introduces the FPGA-RTDS co-simulator, based on the FPGA-based real-time
simulator discussed in Chapter 3. Section 4.2 briefly discusses the advantages and
disadvantages of FPGA and RTDS. Section 4.3 introduces the architecture and hardware
implementation of the proposed co-simulator. Discussion on the expandability of the model
in FPGA is presented. In Section 4.4 two case studies are presented to verify the simulation

accuracy and capability of the proposed co-simulator. Section 4.5 summarises this chapter.

4.2 FPGA vs RTDS

RTDS has been widely used in academia and industry for over two decades, mainly due to its
real-time nature and accuracy of simulation. It has a comprehensive library of power system
components and mature Graphical User Interface (GUI). However, when it comes to
simulation of large scale power systems with detailed EMT models, RTDS may not be the
best choice. For example, for the simulation of a 68-bus system with 16 synchronous
machines, 4 RTDS racks are required. The hardware requirements and the associated costs

can be very high for the simulation of system with hundreds, if not thousands of buses.

On the other hand, with the massively paralleled and pipelined design, the FPGA can be an
economical option in simulating relatively large power systems. For example, the cost of one
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FPGA board is normally less than 10% the cost of one RTDS rack, while the simulation
capability of one FPGA is similar or even higher than one RTDS rack. However, one
disadvantage of using FPGA is that it does not have a Graphical User Interface (GUI) for
power system simulation as that of RTDS. The flexibility of visualizing results and

modifying the network that is simulated in FPGA 1is limited to professional personals.

Therefore it would be significantly beneficial that if the flexibility of RTDS and the

simulation capability of FPGA can be combined for the simulation of large power systems.

It should be emphasized that compared with the hybrid simulation using EMT and TS
programmes, the proposed approach does not have interface problems and has better
accuracy. This is because EMT models are used at both RTDS and FPGA sides and no

simplifications are made for the models and interfaces.

4.3 Architecture of the FPGA-RTDS Co-Simulator

Figure 4-1 Architecture of the proposed FPGA-RTDS co-simulator
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To combine the advantages of both RTDS and FPGA, a power system co-simulator is
proposed. As shown in Figure 4-1, the proposed FPGA-RTDS co-simulator consists of three
main parts: 1) FPGA; 2) RTDS racks and 3) user PC. The FPGA and RTDS carry the main
computational burdens, while the user PC is used for results visualization, system control and

manipulations (changes of controller parameters, system topologies, etc.).

4.3.1 Study System & External System

The study of large scale power system can be carried out by dividing the system into two

subsystems: 1) the study system and 2) external system.

The study system is the part of system that is of research interest. For example it can be an
area with multiple HVDC and FACTS devices where the control interactions, harmonic
interactions, potential overvoltage/overcurrent problems or performance of protection
equipment need to be studied. It can also be an area where the location selection of power
system equipment needs to be investigated. For these kinds of analysis and studies, frequent
modifications of controller parameters, system topologies and fault cases are normally

required.

The external system is the rest part of the system external to the study system. It is normally
of much larger size than the study system, and mainly consists of traditional AC components.
The topology and parameters of the external system is normally fixed, unlike that of the study
system. Traditionally fundamental frequency Thevenin equivalents have been used to
simplify the external system. However the simplification neglects the nonlinear, dynamic

behaviour of AC system and could cause inaccurate simulation results of the study system.
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The study system and external systems are interconnected through one or more transmission

lines. As illustrated in Chapter 2, the two systems interconnected by a transmission line are

computationally decoupled as long as the wave travelling time of transmission line is equal to

or larger than one time-step.

According to the above discussions, the following arrangement has been made for the

proposed FPGA-RTDS co-simulator: the study system is simulated in RTDS and the external

system is simulated in FPGA. The main reasons for this arrangement are:

1.

Better flexibility of RTDS. Compared with FPGA, the GUI of RTDS makes the
change of system topology and controller parameters much more convenient than
FPGA. This is further improved by the rich library of power system & control
components in RTDS. The benefits are significant especially when the objective of
simulation is to develop novel topology of devices or to tune controller parameters.
On the other hand, FPGA has relatively long compiling and download time for the
modification of system topology.

Better results visualization from RTDS. This is particularly advantageous for the
study system because the number of outputs for result visualization can be limited
given the limited I/O ports of FPGA.

Paralleled and pipelined computational algorithm of FPGA. This is very useful for the
simulation of large AC systems, taking advantage of the inherent parallelism and
decoupling effect of transmission lines. EMT models can therefore be used for the
entire external system, and interface errors can be eliminated.

Mature and reliable AC component models. EMT models of AC components have
been widely used for decades with high accuracy and reliability. It is therefore

suitable for implementation in FPGA where system modifications can be time-
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consuming. On the other hand, models for power electronic devices are still evolving
with changing controllers and configurations. It makes the model implementation in

FPGA more difficult.

4.3.2 Interface Design

4.3.2.1 Theoretical Analysis

The study system and external systems are interconnected through one or more transmission
lines. In this way, the subsystems at both ends of the transmission lines are computationally
decoupled, as long as the wave travelling time is equal to or longer than one simulation time-

step.

: RTDS — from RTDS FPGA |
i .

Ly (E=17) hrms (D1 .t 0 l
| RTD.i : I FPGA l :
| [

| eee O— ] [ 4—0 eoe |
| s (t=17) i I Lepga t—7) :
I [

| Z | z |
. oy LB e ;

Figure 4-2 Interface between FPGA and RTDS

Figure 4-2 shows the schematic diagram of the interface between FPGA and RTDS, where
vrrps and igrps are the terminal voltage and line current at RTDS side; vepga and ippca are
terminal voltage and line current at FPGA side; I, rpga and I, grps are the history current
terms; 7 is the wave travelling time of the transmission line. Transmission line is represented

by two Norton equivalent circuits, one for each terminal. As discussed in Section 2.2.2, the
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history current terms of the Norton equivalents depend on the voltages and line currents from

both ends, i.e.,

Iy ppa(t=7)=f (VRTDS (1=7),irrps (I_T))

+8 (VFPGA (1=7)sirpca (I_T))

4.1

Ly gips (1-7) =g (VRTDS (1=7),irrps (t_T))

+f (VFPGA (t=7)sirpca (I_T))

4.2)

Therefore from the point of view of RTDS, only the voltage and line current from previous
time-steps at FPGA end are required for the solution of complete system. Similarly, only the
terminal voltage and line current from previous time-steps at RTDS end are required for the
computation of system at FPGA side. For single-circuit interface lines, a total of 12 single-
phase singles are required for communication. The computations for both I;, gpga and Ij grps
can be carried out in FPGA or RTDS, and the calculated results need to be sent to the other

end. Alternatively they can be calculated in a distributed manner at their respective ends.

It is important to mention that the implementation of Norton equivalent at RTDS side does
not require access to the low level codes of RTDS, as its impedance is purely resistive and no
“history terms” are required. The history current of Norton equivalent can be implemented
using controlled current sources, and equivalent parallel impedance can be implemented
using resistors. To account for the mutual coupling between phases, mutually-connected

resistors can be used.
4.3.2.2 Interface Implementation

There are a number of ways to physically implement the interface between FPGA and RTDS.

The first option is direct fibre connections. It can be used to directly connect I/O ports of
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FPGA with the processor cards of RTDS. If more communication channels are required,
FPGA extension boards can be utilized. The second option is to use I/O cards from RTDS.
The Gigabit Transceiver Digital Input/Output Card (GTDI/GTDO) can be used to interface
digital signals from FPGA to the RTDS. In this case, the data is exchanged between the I/O

card and processor card through fibre connections.

4.3.2.3 Unit Conversions

Another important aspect in the interface design is the unit conversion. In the FPGA part of
the co-simulator, all calculations are carried out using per unit values for simplicity and
accuracy. On the RTDS side, the output variables for interface are all based on actual values
although the calculations are done in per unit. For example, the unit of kV and kA are used as
default for the voltages and currents at RTDS side. The output of a bus voltage of 230kV is a
scalar value of 230, while on the FPGA side the output of the same voltage would be 1 p.u. if
the base voltage is 230kV. Therefore a unit converter module needs to be designed when

designing the interface.

The following manipulations of the interface signals are required to achieve the unit

conversions:

e For signals from FPGA to RTDS, they are multiplied by the corresponding base
values and then divided by 1000 to get the scalar values under kV/KA.
¢ For signals from RTDS to FPGA, they are multiplied by 1000 and then divided by the

base value.

The above calculations can be carried out on either FPGA or RTDS side. In this thesis, all the

conversions are calculated at FPGA side using the floating-point multiplier.
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4.3.2.4 Output from FPGA

The simulation results from FPGA can be exported in various ways. The data can be exported
to PC through USB cable or RS232. It can also be displayed on the oscilloscope using D/A

converter.

For the proposed co-simulator, FPGA output signals are exported to RTDS and visualized in
RSCAD. On one hand, the GUI of RSCAD can be used for better manipulation of the output
signals. On the other hand, it would be more convenient when simulation results from FPGA

and RTDS can both be accessed through RSCAD

Due to the limited connection bandwidth, the 32-bit single-precision floating-point outputs
from the FPGA are in serial in each simulation time-step. So the number of outputs that can
be updated in each time-step cannot be too large, otherwise it will affect the speed of
simulation. Considering both of the simulation speed and the number of output signals, the
maximum number of signals that can be transmitted between RSCAD and FPGA in each
time-step is set to be 64. For large scale power system simulation, there may be more than 64
signals need to be exported. To mitigate this problem, a number of output channels are
specifically designed. All the output signals are divided into groups. Each group has 64
signals and is assigned to one output channel. User can select the channel, i.e. group of
outputs, that needs to be visualized or monitored. It should be mentioned that the switching of

output channel can be carried out in real-time while the simulation is running.

4.3.3 Parallel Computation Schemes

For the hardware implementation using FPGA, hardware modules introduced in Chapter 2 &

3 have been designed including most of the commonly used power system components.
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Figure 4-3 Hardware modules for FPGA implementation

The interconnections between these modules and the interface with RTDS are illustrated in
Figure 4-3. It can be seen form the figure that each module is made responsible for the
calculation of one type of power system/control element to take advantage of the inherent

parallelism between different hardware modules.

At the same time, deeply pipelined calculation algorithms have been designed within each
module itself. So the calculations of all the elements of the same type that are sharing the
same hardware module are carried out in a pipelined manner. In some cases more than one
hardware modules may be needed for the one type of element when the number of elements
is large or the computation is complex for that particular type of element. This way of design
effectively avoids the potential problem of computation delay caused by one excessively

complex module.

Considering the inherent parallelism between modules and the pipelined computation within

each module, 7 steps of calculations are designed within each time-step as shown in Figure
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4-4. It can be seen that more than one hardware modules are processed in parallel in most of

the steps.
4
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Figure 4-4 Computation scheme of the co-simulator

Step 0: The terminal voltages and currents of the interface transmission line are exchanged

between FPGA and RTDS.

Step 1: The calculation of history currents for passive elements and transmission lines and the

prediction of rotor speed and angle are carried out in parallel.
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Step 2: Nodal current injections (/,,4.) and the Park transformation matrix are calculated in

parallel using the history currents and the predicted rotor angle from step 1.

Step 3: Using the nodal current injections from step 2, the equivalent system open-circuit
voltage v, for each synchronous machine and its value in dq0 reference frame, i.e. vgy are
calculated. At the same time, the inverse of Park transformation matrix and the excitation

voltage v, for each synchronous generator are calculated in parallel.

Step 4: This step is to calculate the stator currents in dqO reference frame, i.e. izy for each
synchronous machine. The values of vy, v; and predicted rotor speed w, from previous

time-steps are required as inputs.

Step 5: The calculated iz, from step 4 is taken as input for the calculation of flux linkages,
and stator current in abc reference frame (i) for each synchronous machine. Then the

system nodal voltages are calculated using the values of i,..

Step 6: The history currents are updated in this step. Also the rotor speed of each
synchronous machine is calculated using the flux linkage and mechanical torque input from

the governor system. These values will be used in step 1 of next time-step.

Upon completion of step 6, the simulator will wait until the end of current time-step before

starting the next step O.
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4.3.4 Platform Expandability
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Figure 4-5 Network expansion of transmission line components

The proposed co-simulator has been designed so that the simulated AC system in FPGA can
be conveniently expanded without significant sacrifice of hardware resources and
computational efficiency. Therefore each of the hardware modules has been designed as a
fully self-contained module with dedicated interface signals for interconnection with other
modules. In addition, the pipelined computation schemes of elements in each module greatly

facilitate the system expansion.

Original .
Admittance Matrix

Expanded
Admittance Matrix

Figure 4-6 Network expansion of admittance matrix
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Figure 4-5 and Figure 4-6 illustrate how system expansion can be carried out with the
modular designs. Take transmission line module as an example, Figure 4-5 schematically
illustrates how the additional components can be accommodated in the designed hardware
modules. In the figure, TL1-TLN are N transmission line components that have been
simulated in the original system, and suppose that additional k transmission line components
need to be added. The computations of these additional transmission lines can be pipelined
with the existing ones so the increase of computational time of this hardware module is k
FPGA clock cycles. Due to the high clock frequency of FPGA, the corresponding increase of
time is very small. Similar methods are applied to other modules. At the same time the
system admittance matrix is to be expanded as shown in Figure 4-6. Due to the decoupling
effect of transmission lines, the expanded part of the system (with system matrix YN+1) can

be solved independently from and in parallel with existing networks.

Another important aspect with system expansion is its effect on the minimum simulation
time-step. The proposed expansion method can effectively minimize the increase of the
minimum simulation time-step. If the method of pipelining to accommodate more
components does not lead to longer solution time than the hardware modules that are
processed in parallel, its impact on the overall simulation time-step is minimal. On the
contrary, if the network expansion is significant and results in an excessive amount of one
particular type of component, additional hardware modules may need to be added. This is to
balance the computational burden of each hardware module and achieve a smaller simulation
time-step. A more detailed discussion on this aspect will be provided in the next section

based on two case studies.
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4.4 Case Study

Two case studies are presented in this section. The first case simulates a two-area four-
machine power system with one area simulated in FPGA and the other area in RTDS.
Comparisons are made with the case where the complete system is simulated in RTDS. The
second case simulates a system of 141 buses in FPGA to demonstrate the simulator’s
capability in simulating large power systems. The achieved minimum simulation time-steps
are 6us for Case 1 and Case 2, 21us for Case 3. Detailed system data can be found in

Appendix B and Appendix C.

4.4.1 Casel

Figure 4-7 illustrates the network configuration for Case 1. It can be seen in Figure 4-7(a)
that the system is divided into two subsystems when simulating using the proposed co-
simulator. The area with generator G1 and generator G2 are simulated using RTDS, while the

other area with G3 and G4 are simulated using FPGA. The two subsystems are decoupled and

Interface

TL89a 10 1 .
TLOIO|TLIO11 Ij
TL89b I

(a) Using the proposed co-simulator
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(b) Using RTDS only
Figure 4-7 Simulations of two-area four-machine system

interfaced by the transmission line TL78. As comparison, the same system is simulated in
RTDS as illustrated in Figure 4-7(b). The fault to be simulated is a three-phase fault located

as bus 7. The fault duration is 150ms.

Figure 4-8 shows the simulation results. Figure 4-8(a) and Figure 4-8(b) show the three-phase
voltages at bus 6 using the co-simulator and RTDS respectively. It can be seen that once fault
happens, the voltages are dropped and detailed agreement can be observed. Figure 4-8(c)
shows the comparison of excitation voltages of G2. It can be seen that the dynamic
behaviours simulated using the proposed simulator correctly captures those simulated by
RTDS. Figure 4-8(d) and Figure 4-8(e) illustrates the transmission line currents between bus
6 and bus 7. It can be seen from the figures that both the transient increase of line current and
the unbalance between three-phases are accurately simulated using the proposed co-simulator.
Figure 4-8(f) and Figure 4-8(g) show the comparisons of electrical torques of G3 and G4. The
high-frequency dynamics of electrical torques during and after fault are correctly simulated.
Figure 4-8(h) and Figure 4-8(i) compare the results of line currents of TL78 between the co-

simulator and RTDS. Again detailed agreements have been achieved.
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Figure 4-8 Simulation results for Case 1
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Some discrepancies can be observed between the simulation results from proposed co-

simulator and those from RTDS (Figure 4-8). There are two potential sources of error:

1. Calculation of control systems. In the proposed co-simulator, the control systems are
using the measured signals from previous time-steps rather than current time-step. In
RTDS, the detailed implementations of control systems are not revealed.

2. Accuracy of number format. Single-floating point numbers are used for the
calculations in FPGA. Double-floating point numbers are used for the calculations in

RTDS.

4.4.2 Case?2
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(b) Using RTDS only

Figure 4-9 Simulations of two-area four-machine system for case 2
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As shown in Figure 4-9(a), an unbalanced single-phase (phase A) to ground fault at bus 10 is
simulated using the proposed co-simulator. For the purpose of comparison, the same system
is simulated in RTDS as illustrated in Figure 4-9(b). The fault duration is 150ms, and the

simulation results are shown in Figure 4-10.
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Figure 4-10 Simulation results for Case 2

Figure 4-10(a) and Figure 4-10(b) show the three-phase voltages at bus 11 from the co-
simulator and RTDS respectively. It can be seen that when fault happens, the voltage of
phase A is dropped. Figure 4-10(c) and Figure 4-10(d) illustrate the transmission line currents
between bus 10 and bus 11. Detailed agreement between results from the co-simulator and
RTDS can be observed. Figure 4-10(e) shows the comparison of electrical torques of G2. The
high-frequency dynamics during fault are accurately simulated (slight differences can be
observed and potential causes of the error have been discussed in Case 1). Figure 4-10(f) and
Figure 4-10(g) show the transmission line currents of TL78a from the co-simulator and
RTDS respectively. The increase of line current and the unbalance between three-phases due
to the fault are accurately simulated using the proposed co-simulator. Figure 4-10(h) and
Figure 4-10(i) compare the results of bus 9 voltages between the co-simulator and RTDS.

Again detailed agreements have been achieved.

4.4.3 Case3

To demonstrate the capability of simulating large AC networks using the proposed co-

simulator, a system with 141 three-phase buses are developed as shown in Figure 4-11. Five
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buses and two machines (G37 and G38) are simulated in RTDS, and the rest of the network is

simulated in FPGA. The two subsystems in RTDS and FPGA are interfaced by transmission

line TL3A and TL3B. The simulated fault is a 100ms three-phase fault located at bus 141.

Figure 4-11 Simulation of a 141-bus system using the proposed co-simulator
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Figure 4-12 Case 3 simulation results from RTDS
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Figure 4-13 Case 3 simulation results from FPGA
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Figure 4-12 and Figure 4-13 show the simulation results from the proposed co-simulator. It
can be seen that once fault happens at bus 141, the voltages at bus 140 (Figure 4-12(b)) at
RTDS side and bus 41 (Figure 4-13(a)) at FPGA side are decreased. The three-phase currents
on the connected transmission lines, i.e., TL2 at RTDS side and the line between bus 42 and
bus 41 at FPGA side are increased as shown in Figure 4-12(a) and Figure 4-13(c). The
electrical torques of G37 and G38 at RTDS side are shown in Figure 4-12(c). Higher
oscillations are observed in electrical torques of G38 as it is located electrically closer to the
fault. Similar oscillatory responses of the stator d-axis current of G37 and G38 are shown in
Figure 4-12(d). The electrical torques of G14 and G15 are shown in Figure 4-13(b) where

smaller oscillations can be seen.

4.4.4 Discussions

Table 4.1 FPGA Resource Utilization

FPGA Hardware Resource Utilization
Logic Utilization Casel & 2 Case3 Available
Slice Registers 15860(5.3%) 52466(17.4%) 301440
Slice LUTs 30242(20.1%) 110283(73.2%) 150720
Block RAMs 13(3.1%) 45(10.8%) 416
DSP48Els 87(11.3%) 307(40.0%) 768

To examine the relationship between hardware utilization and the size of AC network, Table
4.1 shows the FPGA resource utilizations for Case 1/Case 2 and Case 3. It can be seen from
the table that the utilization rate of each type of hardware resource is increased by a factor of
3.3 — 3.7, while the size of FPGA part of system is increased by more than 20 times. This is

mainly due to the expansion method as discussed in Section 4.3.4.
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To analyse how network expansion affects the minimum simulation time-step, Figure 4-14
shows how the simulation time-step is affected by the processing time of paralleled hardware
modules. The horizontal axis represents the minimum simulation step of FPGA, which can be
further divided into step 0-6 as discussed in Section 0. As can be seen from the figure, the
processing time of each step is determined by the most time-consuming hardware module in
that step. For example, the processing time of step 1 is determined by the w, & 6 module
(prediction of rotor speed and angle). Therefore, the increase of calculation time of other
modules in the same step, as long as it is still shorter than the longest one, does not lead to an
increase of the minimum simulation time-step. For example, in step 1, the processing time of
Passive Element, Transmission line and rotor speed & angle prediction modules are 29, 26
and 30 FPGA clock cycles respectively. So up to 4 additional transmission lines can be

pipelined into the existing hardware module without affecting the processing time of step 1.

When a large numbers of synchronous generators need to be added, the processing time of all
steps are affected. Additional hardware modules may be needed to increase the level of
parallelism to maintain the simulation time-step. However considering the achieved

minimum simulation time-steps of 6us for Case 1/Case 2 and 21us for Case 3, the size of
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network expansion that can be accommodated would normally be sufficient before the

minimum simulation time-step becomes larger than the typical RTS time-step of around 50us.

4.5 Summary

This chapter describes the design and implementation of a FPGA-RTDS co-simulator for the
real-time simulation of large power systems. In the co-simulator, the FPGA provides an
efficient extension to the RTDS, alleviating the limitations on the size of AC system that can
be simulated. At the same time, paralleled and pipelined computation of FPGA enables the
use of EMT models at FPGA side. Therefore the complete system is simulated using EMT
models, and the interface errors existed in hybrid EMT/TS simulation method can be
eliminated. To achieve better expandability of the co-simulator, hardware modules have been
designed as fully self-contained hardware components for most of the commonly used power
system elements. They can be conveniently duplicated when the size of the system expands,
and the effect on simulation time-step is minimized. Two case studies have been presented to
verify the simulation accuracy and capability of the proposed co-simulator. Discussions have
been provided on the aspects of hardware resource utilization, simulation time-step and size

of AC system based on the results of two case studies.
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Chapter 5

SIMULATION OF LARGE SCALE POWER
SYSTEMS USING MULTI-FPGA BASED
CO-SIMULATOR

5.1 Introduction

This chapter introduces the multi-FPGA based co-simulator, based on the FPGA-RTDS co-
simulator describes in Chapter 4. Section 5.2 explains the necessity and benefits of multi-
FPGA architecture. Section 5.3 discusses the issue of network partition. Section 5.4
introduces the architecture and communication interface for the multi-FPGA co-simulator.
Section 5.5 discusses the capability of the co-simulator. Section 5.6 verifies the performance
of the simulator by simulating a large scale power system with more than 4000 nodes.

Section 5.7 summarises this chapter.

5.2 Expansion to Multi-FPGA

A single FPGA would normally be sufficient for the simulation of hundreds of nodes.
However, as the size of the simulation system increases, the resources of a single FPGA may

be insufficient. Multi-FPGA architecture is introduced for the following reasons:
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¢ Modular design with better expandability and easier network modification. Each
FPGA is running more or less independent of other FPGAs so network extension can
be conveniently achieved by including additional FPGAs without affecting existing
ones. At the same time, minor network modifications only takes place in one of the
FPGA rather than the whole system.

e [t is economically more advantageous to use multi-FPGA than one single powerful
FPGA when simulating large power systems. The cost of FPGA is increased
significantly with increasing hardware resources.

e Increased level of parallel computing. Each single FPGA is responsible for the
computation of one part of the network, and runs in parallel with the rest of the
network. Therefore the more FPGAs are used the increased level of parallelism is
achieved. This enables the use of even smaller time-steps especially when fast-
switching power electronic devices are to be simulated.

¢ Increased number of 10 ports. The number of IO port for a single FPGA is limited
due to packaging technique. During simulation of complex systems, a large number of
IO ports are required, so the option of using multi-FPGA effectively solves the

problem.

5.3 Methodology of Network Partition

When it comes to multi-FPGA simulation, system partition is inevitable. As the actual
allocation of computational tasks directly affects the efficiency and hardware resource
required of the simulator, the following aspects should be considered when partitioning the

network:
® Try to avoid splitting an independent module into different FPGAs.
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e Try to allocate closely-coupled modules into the same or neighbouring FPGAs.
e Try to minimise the data interface between FPGAs.

¢ Try to balance the computational burden in each FPGA.

It is worth mentioning high-speed transceivers are normally equipped in the latest version of
FPGA boards. For example multiple 14.1Gbps high-speed transceivers have been integrated
in the Stratix V series FPGA boards. It further facilitates the high-speed communication
between multiple FPGAs and lays the foundation of multi-FPGA simulation of large scale

power systems.

Once the systems that are to be simulated on FPGAs are determined, the computational

works need to be allocated to each FPGA. Two types of allocation structure can be adopted:

1. Allocation according to physical network structure. In this method, one large power
system is divided into several subsystems according to its physical structure. Each
FPGA is responsible for the simulation of one subsystem.

2. Allocation according to simulation functions. In this method, each FPGA is dedicated
to the simulation of one type of element or control systems. For example, the first
board can be responsible for the computation of transmission lines, the second board
can be responsible for the solving the synchronous machines, the third board can be

dedicated to the solution of network equation, etc..

In this thesis, the first allocation method is applied due to the following reasons:

1. Decoupling of the network can be easily achieved due to the large number of
transmission lines. Most of the large scale power systems can be divided into

subsystems due to their geographical/physical structures. As discussed in section
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2.2.2.1, a transmission line with a length of more than 15km (for a simulation time-
step of 50us) is required for decoupled network solutions of systems connected to
both ends of the line. Transmission lines with such length are common in high voltage
transmission network (for example the high voltage electricity transmission network
in UK [153]).

2. Better expandability. The simulation of larger network can be conveniently done by
adding additional FPGAs without affecting the existing ones.

3. Less interface communications between FPGAs. This alleviates the potential problem

of insufficient IO ports.

A case study will be given in Section 5.5 to demonstrate the process.

5.4 Interface Design

With multi-FPGA structure, the design of communication between different parts greatly
affects the efficiency and performance of the proposed co-simulator. It includes
communication between different FPGAs, communication between FPGAs and RTDS, and

the communication between simulator and user PCs.

The method of interface also plays an important role in the expandability of the multi-FPGA
co-simulator. The required level of communication depends on how the system is partitioned.
Generally it is desirable that the number of available communication ports can be maximized

when allocating the computation works among FPGAs.

There are different options of communication between FPGAs, including direct
communication through fibre connections, direct communication through FPGA Mezzanine

Card, communications through RTDS interface and indirect communication through
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neighbouring FPGAs. For the proposed Multi-FPGA based co-simulator, the methods of
direct interface through FPGA Mezzanine Card expanded 1/O ports and interconnection

through RTDS are available.

user PC

Figure 5-1 Direct communication between FPGAs

The direct connection between FPGAs is straightforward. In general, this method provides
better interface speed and bandwidth but is less flexible. As shown in Figure 5-1, red arrows
between FPGAs represent the fibre connections. Each FPGA is connected to its neighbouring
boards and usually one FPGA is connected with RTDS. The specific way of connections is
determined by the simulation network and the way it is partitioned. User can access the
simulation results from both RTDS and FPGAs using user PC. The control and manipulation

of the simulator are also made from user PC.
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The main advantage of this this method is that the interface signals are sent directly to the
neighbouring FPGAs though fibres, thereby minimizing the communication delay. The
potential drawback of this arrangement is that the hardware interconnections cannot be
modified during simulations. Therefore, it is suitable for the cases where no frequent
manipulation is required for the topology of external system and the interface transmission

lines between FPGAs are relatively short.

Multi-FPGA Multi-FPGA

2B T <
user PC

Figure 5-2 Indirect communication through RTDS

The second option is to connect all FPGAs with the RTDS as shown in Figure 5-2. Under this

arrangement, the communications between FPGAs are achieved through RTDS, and no
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interconnections between FPGAs are required. The implementation of the interface between
FPGA and RTDS is described in Section 0. The advantage of this method is that the way of
interconnection between FPGAs can be conveniently modified in RTDS and all the interface
signals can be accessed from RTDS. The potential disadvantage of this method is that
additional simulation time-step is required for the interface between FPGAs, and therefore
subsystems in each FPGA need to be interfaced with each other through longer transmission
lines. However with typical real-time simulation time-step of 50us, transmission lines with
travelling time longer than 2-3 simulation time-steps are common for large scale networks,
effectively alleviating the problem. Under special cases where the number of such
transmission lines is limited, reduction of simulation time-steps or artificial transmission lines

can be added.

5.5 Simulator Capability
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Figure 5-3 Simulation capability of the multi-FPGA based co-simulator

The performance of a simulator can be analysed from two aspects: the size of the network
that can be simulated, and the minimum simulation time-step that is required. The capability

of the simulator can be represented by the maximum number of nodes that can be simulated.
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The required simulation time-step depends on the number of nodes to be simulated, the type
of models adopted and the speed of the hardware. Normally the simulation time-step of 50us

or lower is required for the real-time simulation of AC network.

Figure 5-3 shows the relationship between the size of the simulation system, the minimum
simulation time-step and the required hardware resources. Figure 5-3(a) shows that the
required hardware resources are increased when the required simulation time-step is reduced.
This is because with larger simulation time-step, the number of paralleled hardware modules
is reduced and the same hardware module can be shared between similar types of calculations.
To achieve a small simulation time-step, more paralleled hardware modules are needed which
results in an increase of required hardware resources. Figure 5-3(b) shows that under the
same simulation time-step, the larger the size of the network, the more hardware resources
are required. It is clear that as the size of network increases, more power system components
and control systems need to be solved hence more hardware resources are required. Figure
5-3(c) shows that with the same hardware resource, the simulation time-step that can be
achieved increases with the increasing size of the network. It indicates that given fixed
amount of hardware resource, a trade-off needs to be made between the size of the network

and the achievable simulation time-step.

It should be pointed out that a detailed and accurate relationship between these three aspects
is difficult to obtain as the actual hardware implementation of FPGA for different power
system networks can be very different. Therefore Figure 5-3 is aiming to provide a general

trend of the relationships.
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5.6 Case study

5.6.1 Network Configuration

To demonstrate the simulation capability of the proposed multi-FPGA based co-simulator, a

large scale power system with 4080 AC nodes is simulated using 10 interconnected FPGAs.
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Figure 5-4(a) shows the system to be simulated where the RTDS is simulating a Line-
Commutated Converter (LCC) based High Voltage Direct Current (HVDC) system and the
FPGAs are used to simulate the AC networks. The subsystem highlighted in Figure 5-4(a) is
the IEEE standard 68-bus, 16-machine New York/New England system as shown in Figure

5-4(b). Detailed system data can be found in Appendix C.

20 of such subsystems are simulated using 10 FPGAs, with a total of 4080 nodes. 10 of the
subsystems form the AC system of rectifier side of LCC HVDC, and the other 10 subsystems
form the AC system of inverter side. Detailed models of synchronous generators, excitation
systems, governor systems, transmission lines and passive elements as described in Chapter 2

are used.

According to the discussion in Section 5.3.2, the computation of each FPGA is decoupled
from others and all FPGAs run in parallel. This largely improves the simulation efficiency

and the expandability of the co-simulator.

5.6.2 Hardware Implementation

In this case study, a 136-bus system consisting of two interconnected 68-bus subsystems is
simulated on each FPGA. Five FPGAs (FPGA1 - FPGAS) are used to simulate the AC
system of rectifier side of LCC HVDC, and the other five FPGAs (FPGA6 - FPGA10) are
used to simulate the AC system of inverter side. The subsystems are interconnected by
transmission lines and each terminal of the transmission line requires only the voltage and
current from the other end as discussed in detailed in 2.2.2.1. In this case study, there are two
transmission lines in each 68-bus system interconnecting with other subsystems, located at

bus 41 and bus 24. The hardware implementation for each 68-bus subsystem is fully self-
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contained with its own power system components modules, synchronous machines, control
systems and system solver. That means each subsystem can be seen as a black box with
connection ports of transmission lines. The outputs to external networks are the voltages of
interconnecting buses, and the line currents on the interconnecting transmission lines. The
inputs to this subsystem are the terminal voltages and line currents at the other end of both

transmission lines.

There are two options of communication interface between FPGAs as described in Section
5.4. One is direct fibre connection between FPGAs and the other is to use the GUI of RTDS
for interconnecting FPGA parts. In this thesis, the interface through RTDS is selected due to

the following reasons:

e FEach subsystem can be packaged as an independent module with interconnection
ports of transmission lines in RSCAD. The structure of the 20 interconnected
subsystems can be conveniently configured by the users within GUI. No physical re-
wiring is required.

¢ The number of the FPGA subsystems that needs to be simulated can be conveniently
modified within the GUL
The visualization of simulation results can be easily accessed and configured within

the GUL

5.6.3 Simulation Results
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Figure 5-5 Simulation results with 100ms fault at rectifier side

Figure 5-5 shows the simulation results for a 100ms three-phase fault located at the rectifier
AC bus. It can be seen from Figure 5-5(a) that when fault happens, the rectifier three-phase
AC voltages drop to zero. This directly leads to the drop of DC voltage, DC current, and the
transmitted DC power as shown in Figure 5-5(e), Figure 5-5(g) and Figure 5-5(f),

respectively. The drop of DC power causes a significant decrease of the reactive power
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consumption at inverter side, therefore resulting in an increase of inverter AC bus voltage
(Figure 5-5(b)). Also the drop of DC power transfer causes an increase of rotor speed, and the
stator current of synchronous machine Ga as illustrated in Figure 5-5(i) and Figure 5-5(k),
respectively. The oscillatory behaviour of electrical torque of Ga due to the cessation of
active power transfer can also be observed in Figure 5-5(j). The decrease of DC voltage
causes the rectifier side to switch from DC current control to DC voltage control, while the
inverter side is switched from minimum extinction angle control to DC current control. As a
consequence, both the firing angles of rectifier side and inverter side are decreased as shown
in Figure 5-5(c) and Figure 5-5(d), respectively. The drop of DC current causes a drop of the
currents flowing through the valves at inverter side (Figure 5-5(h)). It should be pointed out
that the dynamic behaviours related to the synchronous machines are normally not available
using the traditional RTS due to the limitation of computational resources. Instead of detailed
representation of the synchronous machines, Thevenin equivalents are adopted to reduce the

computational burden in traditional RTS.

When fault is cleared, low frequency oscillation can be observed in all of the electrical
variables shown in Figure 5-5. This is again due to the detailed representation of synchronous

generators at either side of the AC system.
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Figure 5-6 Simulation results with 100ms fault at inverter side

Figure 5-6 shows the simulation results of a 100ms three-phase fault at inverter side. When
fault is initiated, the inverter side AC voltage is dropped to zero as shown in Figure 5-6(b).
This significant voltage drop directly causes the commutation failures as seen from Figure
5-6(c). The commutation failure leads to a DC short circuit at inverter side and therefore

causes the drop of DC voltage (Figure 5-6(d)) and DC active power transfer (Figure 5-6(e)).
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With the decrease of active power transfer, the reactive power consumption at rectifier side is
also significantly decreased. This causes an increase of rectifier side voltage as shown in
Figure 5-6(a). Figure 5-6(f) shows the dynamic behaviour of electrical torque of synchronous
machine Ga. The average torque is decreased as the loading is decreased due to the cessation
of active power transfer. Figure 5-6(g) and Figure 5-6(h) show the impacts of fault on the
electrical torque of synchronous machine Gb and the three-phase line current of TLb as

highlighted in Figure 5-4.

Similar to the results from rectifier fault, the dynamic effects of synchronous generator on the
behaviours of HVDC system can be observed in most of the electrical variables as shown in
Figure 5-6. At the same time, the impacts of HVDC system on the synchronous generators at
both sides of the AC system can be simulated. It is important that these aspects can be
correctly simulated as the interaction between AC and HVDC system can become stronger

with increasing installed capacity of HVDC systems.

Results comparisons between the co-simulator and RTDS are not made for this case because
the model and algorithm verifications have already been carried out at both component level
(Chapter 2) and system level (Chapter 3 and Chapter 4). Similar method of verification is also
adopted by RTDS and other commercial simulators. Furthermore the very large size of the

system used in this case study is beyond our available RTDS simulation capability.
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5.6.4 Discussions
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Figure 5-7 Breakdown of minimum simulation time-step

Figure 5-7 shows how the simulation time-step is affected by the processing time of
paralleled hardware modules. There are some notable differences when comparing with the
time-step break down of Case 1 in Chapter 4(Figure 4-14). It is mainly due to the changes of
the number of different power system components. For example, in step 1, the most time-
consuming module becomes the transmission line module instead of rotor speed and angle
prediction module because the number of transmission lines in this case is significantly larger
than that of Case 1 in Chapter 4. Also, as the number of buses increases, the time required for
nodal voltages calculation increases accordingly. However, although the number of
synchronous machines is increased by several times, the computation time required for
synchronous machine modules are more or less kept the same. This is because more
paralleled hardware modules have been implemented for the synchronous machines,
considering the complexity of the associated calculations. So the calculations of synchronous
machines are massively paralleled, resulting in small increase of the computation times. For
this case study, the achieved minimum simulation time-step is 22us under a 100MHz FPGA

clock.
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5.7 Summary

This chapter describes the developed multi-FPGA based co-simulator for the simulation of
large scale power systems. The network partition and the design of communication interfaces
are discussed in detail. The capability of the simulator is analysed by considering the
interactive effects between the hardware resources, the simulation time-step and the size of
the network. Simulation studies of a large scale power system with more than 4000 nodes and
detailed power system components have been carried out to demonstrate the capability of the
proposed co-simulator. Based on the simulation results, aspects of the minimum simulation

time-step and expandability of co-simulator is discussed.
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Chapter 6

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

The modern electrical power system is undergoing dramatic changes, which leads to the
continuous increase of its size and complexity. Power system simulation technology, as one
of the most important tools in power system planning, operation and analysis, is facing two
main challenges. One is the increasing requirement on simulation accuracy and the other is
the requirement of efficient simulation of larger scale power systems. One of the most
popular methods to accommodate larger AC system is to interface TS with EMT programme.
However it requires complex design of interface techniques and the interface error cannot be
eliminated. One of the most widely used methods to achieve both simulation speed and
accuracy is the EMT-based RTS [1, 2]. However, most of the currently available RTS
platforms are either not economical or not powerful enough when simulating large scale
power systems (power system with more than 100 three-phase buses [2]). Therefore this
thesis proposes an FPGA-RTDS co-simulator to achieve the efficient and accurate simulation
of large scale power system. The proposed co-simulator combines the advantages of 1)
paralleled architecture and high clock speed from FPGA and 2) better modelling flexibility
and user-friendly GUI from RTDS together. The main contributions of this thesis and the

development milestones are listed as follows:
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A library of power system components (including synchronous machines,
transmission lines, passive RLC elements, voltage/current sources, circuit breakers
and the associated control systems) using EMT models have been developed in FPGA.
The components models in continuous-time domain have been discretized and then
implemented using the hardware description language of VHDL. The accuracy of the
models has been verified through comparison with SIMULINK and RTDS. Close
agreement with both SIMULINK and RTDS have been reached.

Based on the established models of power system components and control systems,
the FPGA-based real-time EMT simulator has been developed for the simulation of
AC power systems. It has been shown that in discretized-time domain, the linear
power system components can be represented as Norton equivalent circuits. Therefore
the nodal voltage equations can be conveniently formulated for the solution of the
complete AC system. To handle the nonlinear components such as synchronous
machines, the compensation method has been used to interface with the rest of the AC
network. For the solution of nonlinear control systems, the values of feedback signals
from previous time-step have been used to greatly reduce the computational burdens.
The simulator global controller module has been designed to coordinate the
computation of different hardware modules. The power system solver module has
been designed to solve the network. Taking advantage of the inherent parallel
architecture of FPGAs, the parallelism between different system components and the
parallelism of computations within the component modules have been fully exploited
for maximized simulation efficiency.

By integrating RTDS with the FPGA-based EMT simulator, the real-time FPGA-
RTDS co-simulator has been developed to further extend the simulation flexibility

and capability. The proposed co-simulator combines the advantages of 1) paralleled
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architecture and high clock speed from FPGA and 2) better modelling flexibility and
user-friendly Graphical User Interface (GUI) from RTDS together. The interface
errors are eliminated by the use of EMT models on both FPGA and RTDS. In the
proposed co-simulator, the system of interest (study system) is simulated in RTDS
while the rest of system (external system) is simulated in FPGA. The decoupling
effect due to traveling time delay of transmission line has been utilized to achieve
independent and parallel computation of the study system and the external system.
The exchange of interface signals have been implemented through direct fibre
connection between FPGA and processor cards of RTDS. Fibre connection is used to
export the simulation results from FPGA to RTDS so that simulation results from
both parts of the co-simulator can be conveniently accessed through RSCAD.
Comparisons of simulation results using the proposed co-simulator and RTDS have
been made to verify the accuracy of the co-simulator. A large AC system with 141
buses has been simulated to demonstrate the capability of the proposed co-simulator.
For better expandability of the proposed co-simulator, the hardware modules for
power system components have been designed as fully self-contained components
with dedicated interface signals. Then expansion of AC network can be conveniently
accommodated by pipelining the additional power system component data into
existing hardware modules. It leads to minimal increase of the hardware resources and
simulation time. Case studies have been used to demonstrate that the minimum
simulation time-step is only increased by less than four times when the size of the AC
network is increased by more than 20 times. At the same time the utilization of
hardware resources is only increased by about 3.5 times.

The extension to multi-FPGA platform significantly improves the simulation

capability of the FPGA-RTDS co-simulator. This development is particular suitable
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for the simulation of very large power systems with thousands of buses. To optimize
the hardware utilization and minimize the intercommunication requirement between
FPGAs, the AC network to be simulated is firstly partitioned into subsystems with
interconnecting transmission lines. Then each FPGA is used to simulate one of the
subsystems. The required communications between FPGAs depend on the number of
interconnected lines and direct fibre connections have been implemented for the
intercommunications. The simulation system with large AC networks connected
through HVDC link has been modelled using the proposed multi-FPGA based co-
simulator. The HVDC link is simulated using the RTDS while the AC systems at
rectifier and inverter side are simulated using the multi-FPGA boards. The AC
systems with total of 4080 nodes have been used to demonstrate the simulation
capability of the proposed method. The interactions between HVDC system and the
AC system have been observed from the simulation results, which are usually not
available with traditional methods, as the AC system is normally simplified to
Thevenin equivalent circuits. In addition, the analysis of hardware utilization has
indicated that the proposed method has the potential of simulating even larger power

systems.

One of the main difficulties in implementing the proposed method is the lack of user-friendly

GUI for power system modelling. This can be partially overcome by utilizing the GUI of

RTDS in the proposed co-simulator. The hardware implementation of the detailed power

system components requires a relatively high level of programming skill of FPGA. In

particular, detailed knowledge on the parallel processing and pipelined design of FPGA is

needed to maximize the benefits (fast simulation speed with high accuracy) brought by the

use of FPGA in power system simulation.
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6.2 Future Work

The following is a list of the possible future work:

A GUI could be developed for the system modelling using FPGA. At the moment,
access to FPGA programming is still limited to hardware level. Reasonable
understanding of FPGA and its programming language is required for the modelling
of power system using FPGA. With GUI, similar to RSCAD for RTDS, the potential
of the co-simulator can be maximized.

Detailed transformer models could be developed for the integrated simulator.
Different models could be developed for various types of transformers such as auto-
transformers, multi-winding transformers and quadrature boosters. The nonlinear
behaviour and different configurations of these transformers can be modelled to
improve the comprehensiveness of the proposed simulator.

To generalize the FPGA-based simulator as a generic simulation extension to various
types of real-time or non-real-time simulators. A generic interface between the FPGA-
based simulator and other simulators could be developed to achieve this objective. It

would provide a techno-economic feasible solution to the existing simulators.
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Appendix A.
Data of Case Study in Chapter 2

A.1 Case 1

Synchronous Machine Parameters:
555MVA, 24kV, 1 pole pair, 60Hz, 3600RPM, Field circuit current: 1300.2A;
The winding resistances and leakage inductances are listed in Table A.1. The machine rated

values are used as the base values.

Table A.1 Synchronous Machine Parameters

Winding Resistances (p.u.) Leakage Inductances (p.u.)
Ry 0.003 Laa 1.66
R, 0.003 Lag 1.61
Ro 0.003 Lo 0

Rpi 0.0284 L 0.15
Roi 0.00619 Lia 1.66
Ro> 0.02368 Ly 1.825
Ry 0.0006 Liig 2.3352
Li1a 1.8313
Ly 1.735

Constant excitation voltage v=123.8825 (V).
Constant mechanical torque T,,=671380 (N*m).

Voltage source: 24kV (phase-to-phase RMS), 60Hz. System equivalent impedance: 5Q.

A.2 Case 2:

The machine rated values are used as the base values.

190



Excitation System:

based on IEEE standard AC1A excitation system model [150]:
Low-pass filter time constant: 7,=20e-4(s)

Voltage regulator gain and time constant: K,=400, 7,=0.02(s).
Voltage regulator internal limits: V,;,=-14.5 (pu), Vana=14.5 (pu).
Voltage regulator output limits: Vgyi,=-5.43 (pu), Vrmax=6.03 (pu).
Damping filter gain and time constant: K=0.03, T=1.0.

Lead and lag time constants for transient gain reduction: 7;,=0 (s), T7,=0 (s).
Exciter gain and time constant: K,=1.0, 7.=0.80 (s).

Exciter alternator voltage values: V,;=4.18 (pu), V.,=3.14 (pu).
Exciter saturation function values: SeVel=0.10 (pu), SeVe2=0.03 (pu).
Demagnetizing factor: K;=0.38 (pu).

Rectifier loading factor: K.=0.20 (pu).

Governor System:

Speed reference: 0.998 (pu)

Percentage droop: 5%

Load reference set point: 0.5 (pu)

Time constant of governor: 0.2 (s)

Time constant of main inlet volumes and steam chest: 0.3 (s)

Base torque: 1.47218e+06 (N*m)

Initial torque: O (pu)

Synchronous Machine Parameters: The same as Case 1.

Voltage source: 24kV (phase-to-phase RMS), 60Hz. System equivalent impedance: 20€).

A.3 Case 3:
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Transmission line:

Number of phases: 3

MVA base: 100 MVA

Frequency used for RLC specifications: 60Hz

Resistance per unit length:  r; (positive and negative sequence)=0.0529 (pu/km),
ro (zero sequence)=0.3864 (pu/km)

Inductance per unit length:  [; (positive and negative sequence)=1.4032e-3 (pu/km)
lo (zero sequence)=4.1264e-3 (pu/km)

Capacitance per unit length: c¢; (positive and negative sequence)=8.7751e-9 (pu/km)
co (zero sequence)=7.751e-9 (pu/km)

Line length: 114 (km)

Three phase inductance: L=2 (pu)

Three phase capacitance: C= 3e-10 pu

Voltage source: 24kV (phase-to-phase RMS), 60Hz.

Phase A to ground fault resistance: 0.01 (pu)
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Appendix B.
Data of Two-Area Four-Machine Power System [147]

Transmission line:

Number of phases: 3

Frequency used for RLC specification: 60Hz

Resistance per unit length: 7,=0.0001 (pu/km), r,=0.0002 (pu/km)

Inductive reactance per unit length: x;=0.001 (pu/km), xy=0.002 (pu/km)
Capacitive reactance per unit length: 5;=0.00175 (pu/km), by=8.75e-4 (pu/km)
Line length: TL56=25(km), TLI011=25(km), TL67=10 (km), TL910=10 (km),
TL78=110(km), TL89=110(km)

Transformer T1 and T3 impedance: X7=0.15 (pu)

Load data and shunt capacitors at bus 7 and 9:

Bus7: P;=967MW, O;=100MVAr, Q=200MVAr.

Bus9: P;=176TMW, Q;=100MVAr, Q-=350MVAr.

Bus 7 fault resistance: 0.01(pu)

Synchronous machines parameters: The same as A.1.

Excitation and governor system: The same as A.2.
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Appendix C.
Data of IEEE 68-Bus, 16-Machine System [154]

C.1 Transmission Line Parameters

Table C.1 Transmission Line Parameters

No. | From bus | To bus R (p.u.) X (p.u.) b (p.u.) | Tap ratio

1 53 54 0.007 0.0822 0.3493

2 53 30 0.0008 0.0074 0.48

3 54 55 0.0013 0.0151 0.2572

4 54 25 0.007 0.0086 0.146

5 54 1 0 0.0181 0 1.025
6 55 56 0.0013 0.0213 0.2214

7 55 52 0.0011 0.0133 0.2138

8 56 57 0.0008 0.0128 0.1342

9 56 66 0.0008 0.0129 0.1382

10 57 58 0.0002 0.0026 0.0434

11 57 60 0.0008 0.0112 0.1476

12 58 59 0.0006 0.0092 0.113

13 58 63 0.0007 0.0082 0.1389

14 58 2 0 0.025 0 1.07
15 59 60 0.0004 0.0046 0.078

16 60 61 0.0023 0.0363 0.3804

17 61 30 0.0019 0.0183 0.29

18 62 63 0.0004 0.0043 0.0729

19 62 65 0.0004 0.0043 0.0729

20 62 3 0 0.02 0 1.07
21 64 63 0.0016 0.0435 0 1.06
22 64 65 0.0016 0.0435 0 1.06
23 65 66 0.0009 0.0101 0.1723

24 66 67 0.0018 0.0217 0.366

25 67 68 0.0009 0.0094 0.171

26 68 37 0.0007 0.0089 0.1342
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27 68 19 0.0016 0.0195 0.304

28 68 21 0.0008 0.0135 0.2548

29 68 24 0.0003 0.0059 0.068

30 37 52 0.0007 0.0082 0.1319

31 37 27 0.0013 0.0173 0.3216

32 19 20 0.0007 0.0138 0 1.06
33 19 4 0.0007 0.0142 0 1.07
34 20 5 0.0009 0.018 0 1.009
35 21 22 0.0008 0.014 0.2565

36 22 23 0.0006 0.0096 0.1846

37 22 6 0 0.0143 0 1.025
38 23 24 0.0022 0.035 0.361

39 23 7 0.0005 0.0272 0

40 25 26 0.0032 0.0323 0.531

41 25 8 0.0006 0.0232 0 1.025
42 26 27 0.0014 0.0147 0.2396

43 26 28 0.0043 0.0474 0.7802

44 26 29 0.0057 0.0625 1.029

45 28 29 0.0014 0.0151 0.249

46 29 9 0.0008 0.0156 0 1.025
47 61 30 0.0019 0.0183 0.29

48 61 36 0.0022 0.0196 0.34

49 61 36 0.0022 0.0196 0.34

50 36 17 0.0005 0.0045 0.32

51 34 36 0.0033 0.0111 1.45

52 35 34 0.0001 0.0074 0 0.946
53 33 34 0.0011 0.0157 0.202

54 32 33 0.0008 0.0099 0.168

55 30 31 0.0013 0.0187 0.333

56 30 32 0.0024 0.0288 0.488

57 53 31 0.0016 0.0163 0.25

58 31 38 0.0011 0.0147 0.247

59 33 38 0.0036 0.0444 0.693

60 38 46 0.0022 0.0284 0.43

61 46 49 0.0018 0.0274 0.27

62 53 47 0.0013 0.0188 1.31
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63 47 48 0.0025 0.0268 0.4
64 47 48 0.0025 0.0268 0.4
65 48 40 0.002 0.022 1.28
66 35 45 0.0007 0.0175 1.39
67 17 43 0.0005 0.0276 0
68 43 44 0.0001 0.0011 0
69 44 45 0.0025 0.073 0
70 39 44 0 0.0411 0
71 39 45 0 0.0839 0
72 45 51 0.0004 0.0105 0.72
73 50 18 0.0012 0.0288 2.06
74 50 51 0.0009 0.0221 1.62
75 49 18 0.0076 0.1141 1.16
76 18 42 0.004 0.06 2.25
77 42 41 0.004 0.06 2.25
78 41 40 0.006 0.084 3.15
79 31 10 0 0.026 0 1.04
80 32 11 0 0.013 0 1.04
81 36 12 0 0.0075 0 1.04
82 17 13 0 0.0033 0 1.04
83 41 14 0 0.0015 0 1
84 42 15 0 0.0015 0 1
85 18 16 0 0.003 0 1
86 53 27 0.032 0.32 0.41 1
The base value for power is 100 MV A and for frequency it is 60 Hz.
C.2 Load Parameters
Table C.2 Load Parameters
Bus No. Active Power (MW) | Reactive Power (MVar)

17 6000.00 300.00

18 2470.00 123.00

20 680.00 103.00

21 274.00 115.00
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23 248.00 85.00
24 309.00 -92.00
25 224.00 47.00
26 139.00 17.00
27 281.00 76.00
28 206.00 28.00
29 284.00 27.00
33 112.00 0.00
36 102.00 -19.46
39 267.00 12.60
40 65.63 23.53
41 1000.00 250.00
42 1150.00 250.00
44 267.55 4.84
45 208.00 21.00
46 150.70 28.50
47 203.12 32.59
48 241.20 2.20
49 164.00 29.00
50 100.00 -147.00
51 337.00 -122.00
52 158.00 30.00
53 252.70 118.56
55 322.00 2.00
56 200.00 73.60
59 234.00 84.00
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C.3 Generator Parameters

Table C.3 Generator Parameters

No. 11}(?;2. Xii Ry Xai Xa X T toi T toi X,i X, X', T poi T i H;
Gl 2200 | 0.0125 0 1.8 0.56 0.45 10.2 0.05 1.24 0.5 0.45 1.5 0.035 2.33
G2 800 0.035 0 1.8 0.43 0.31 6.56 0.05 1.72 0.37 0.31 1.5 0.035 4.95
G3 800 0.0304 0 1.8 0.38 0.32 5.7 0.05 1.71 0.36 0.32 1.5 0.035 4.96
G4 800 0.0295 0 1.8 0.3 0.24 5.69 0.05 1.77 0.27 0.24 1.5 0.035 4.16
G5 700 0.027 0 1.8 0.36 0.27 54 0.05 1.69 0.33 0.27 0.44 0.035 4.77
G6 900 0.0224 0 1.8 0.35 0.28 7.3 0.05 1.71 0.32 0.28 0.4 0.035 491
G7 800 0.0322 0 1.8 0.3 0.24 5.66 0.05 1.78 0.27 0.24 1.5 0.035 4.33
G8 800 0.028 0 1.8 0.35 0.28 6.7 0.05 1.74 0.31 0.28 0.41 0.035 3.92
G9 1000 | 0.0298 0 1.8 0.49 0.38 4.79 0.05 1.75 0.43 0.38 1.96 0.035 4.04
G10 1200 | 0.0199 0 1.8 0.49 0.43 9.37 0.05 1.22 0.48 0.43 1.5 0.035 2.91
Gl11 1600 | 0.0103 0 1.8 0.25 0.17 4.1 0.05 1.73 0.21 0.17 1.5 0.035 2.01
G12 1900 0.022 0 1.8 0.55 0.45 7.4 0.05 1.69 0.5 0.45 1.5 0.035 5.18
G13 12000 | 0.003 0 1.8 0.33 0.24 5.9 0.05 1.74 0.3 0.24 1.5 0.035 4.08
Gl14 10000 | 0.0017 0 1.8 0.29 0.23 4.1 0.05 1.73 0.25 0.23 1.5 0.035 3

G15 10000 | 0.0017 0 1.8 0.29 0.23 4.1 0.05 1.73 0.25 0.23 1.5 0.035 3

Gle6 11000 | 0.0041 0 1.8 0.36 0.28 7.8 0.05 1.69 0.3 0.28 1.5 0.035 4.45
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Appendix D. Xilinx ISE Design Suite Environment

D.1 Coding Environment

Figure D.1 shows the coding environment of FPGA design where the left hand side is the list of code files and the right hand side is the VHDL

codes.

- — - _ —
o ISE Project Navigator (P.20131013) - C:\Xilinx\Projects\MultiFPGA68\MultiFPGABB.xise - [TOP_connection.vhd]

Edit View Project Source Process Jools Window Layout Help _[[a][x
HF L i DBXx|/wa| » 2R~ i AP ESL
~08 x| & wealm 0 :out 5TD_LOGIC -
[ [ view: © £5 implementation e addrTm 0:out STD_J VECTOR {1 downto 0
dinTm 0:out STD_LOSIC VECTOR {31 downto 0
& [iearcry inTm 0:ouf ) 1 (31 downto 0)
2| & © MutiFpass - :state0_Tm :out STD_LOGIC VECTOR (7 downto 0):
=g -[2] RTDSRefDesign_MLE05_pad.txt 313 --RAM ab_Im =
i | 2 €3 xcbvb240t1F71156 314  wea ab Tm : out STD L
= - [i§) NetworkSolver - Behavioral (NetworkSclvervhd) “ 315 addr_rl_ab_Tm,addr_r2_ab_Tm,addr_w_ab_Tm :out STD_LOSIC_VECTOR (3 downto 0);
Q e [ gate FFPMAC - FFPMAC - Behavioral (FFPMAC. IS 316 doutl_ab Tm,dout2 b Tm : out STD_LOGIC_VECTOR (31 downtec 0):
%] gate_FPmul - FPmulDSP (FPmulDSPxco) A 317 din_ab Tm :out STD_LOGIC_VECIOR (31 downto 0);
- gate FP2FIX - FP2FIX (FP2FIXxco) % 318 ———computation
.
%y accum 0 - FIX_accum (FIX_accum.xco) 319 P1_Tm, P2_Tm,a_Tm,b_Tm,v_Tm :out 5ID JECTOR (31 downto 0)
- 4] accum 1 - FIX_accum (FIX_accum.xco) * 320 ):
.
% gate_FIXZFP - FIX2FP (FIX2FPxco) x4 321 end TOP connection;
7 RAM_Ih_IH - bBRAM IRIH_NS (bRAM IhIH_NSxce | — 322
[a ROM_cfg_NS - vhdIROM _cfg_NS - Behavioral (bl | (3 323 architecture Behavioral of TOF_connection is
%] RAM _Inode_vs_iG - bRAM Inode_vs_NS (bRAM_ 324
%] RAM_vo_iG - BRAM_vo_iG_NS (bBRAM_vo_iG_NS. 325 COMPONENT mainControl
[fg] OUTPUTlogic - Behavioral (QUTPUTlogic.vhd) 326 Port (clk,reset,TriggerSendData, CORTDSOVer,sys_Ne : in  SID_
[] for_impl - RTL (interfacedimpl.vhd) 327 addr_ram toRTDS: in STD_LOGIC VECTOR (5 dewnto 0);
- [W] for_testing - RTL (NYNEG8_Vs.vhd) 328 So_cmd, FE_cmd, FA_cmd, FB_cmd, 6JE_cmd, Ab_cmd, vhist_cmd,w_Te_cmd, SA_P_cmd, Tm cmd,vE_cmd: out STD_LOST
=+ [ sysA - TOP_connection - Behavioral (TOP_conne 329 TL_cmd,NS_cmd : out STD_LOGIC VECTOR (2 dewnto 0);
[y gate_mainCentrel - mainControl - Behaviore 330 So_done, PE_done, TL_done,N5_done, FA_done, FB_done, GJE_done, Bb_done, vhist_done,w_Te_done,5A_F_done, Tm_done,vE_
b gate_So - Source - Behavioral (Sourcel UTvh 331 ram No : in std logic vector(é downte 0):
[ gate_PE - PE - Behavioral (PE_ikm.vhd) 332
[ gate TL - TL - Behavioral (TLvhd) 333 state0_Control : cut ST (7 downto 0):
[ gate_NS - NS2 - Behavioral (NS2.vhd) 334 init_0,toRIDS_0 :out 51D m_done_0
[ gate vhist - vhist - Behavioral (vhist.vhd) 335 wearam: out ST
[ gate_SA_Park - SA_Park - Behavioral (SA_Parl 336 addrram:out 5T] VECTOR (5 downto 0);
b FA_vdq00_invP - FFPMAC_A - Behavioral (FF 337 dinram: out STD OR (31 downto 0);
[ FB_iG_lumda - FFPMAC_B - Behavioral (FFPM 338
& gata,ﬁ;tlg Cicp’f,bf,s-efivlgr.il (E?‘mw\b o 339 dout_ram : out std_logic_vector(3l downte 0): u
1 iy = C L T r
=8 Design |E ibraries | ([ Fies | o start | vhdDPRAM _asy.vhd vhdSDPRAM_asy_w_Te_Thist.vhd MetworkSolver.vhd interface4mpl.vhd T0P_connection.vhd (£ [[4][
e T T BrrrEEYS woax
Started : "Launching ISE Text Editor to edit interfacedimpl.vhd". .
Started : "Launching ISE Text Editor to edit TOP_connection.vhd".
< [; I ] %
A\ Warnings | [ Console |@ Erors | 4 Findin Files Resuts

Ln323 Coll VHDL

Figure D. 1 ISE coding environment
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D.2 Design Reports Summary Window

Figure D.2 shows the summary of reports (for example the utilization rate of hardware resources, numbers of warnings and errors) after

compiling the VHDL codes of hardware components.

— —— — — = = ——— — —— N B
‘L]SE Project Navigator (P.20131013) - C:AXilime\Projects\MultiFPGA6B\MultiFPGAB8.xise - [Design Summary (Synthesized)] . I . - - ‘ K -I. g-
I FEile Edit View Project Source Process Tools Window Layout Help E"Elzl
DAHF L[4 DOX|wa| -2, 2@ PRI B0 ,seircL)Q
Design ~08 x| & & Des'é‘ %"’e""‘a"" & GJE Project Status (12/03/2017 - 22:10:10) ‘ E:
View: @ {5} Implementation a O Igén;c?;mﬂ Project File: MutIFPGAGE sise Parser Errors: No Erors
Hierarchy - 2 ] Module Level Utiliz... Module Name: Source Implementation State: Synthesized
- 47 RAM_Inode_vs_iG - BRAM Inode_vs_NS (8RAM_Inode_vs_NS. | @ [} Timing Constraints Target Devices schvb24in-1ff1156 * Errors: No Errors
%] RAM_vo_iG - bRAM_vo_iG_NS (bRAM vo_iG_NSxco) %] -1 Pinout Report Product Version: ISE 147 « Warnings: 28 Warnings (28 vev)
Fie] OUTPUTIogic - Behavioral (QUTPUTlogic.vhd) [ Clock Report = =
&[5 for_impl - RTL (interfacedimpl.vhd) m (Y Static Timing besigs Bh Eeteed sRumnig Resplt
= [ha] sysl - TOP_connection - Behavioral (TOP_connection.vhd) % =i Errors and Warnings = ||| | Design Strategy: il Defeuk (unlocked) * Timing Constraints:
gate_mainControl - mainCentrol - Behavioral (mainContr Lok E Parser Messages Environment: System Settings + Final Timing Score:
% gate So - Source - Behavioral (Sourcel UT.vhd) M - [2] Synthesis Messages
RAM_pha - vhdIRAM_pha - Behavioral (vhdIRAM_pha. | — - [@] Translation Messages
pha_update - FPadd (FPadd.xco) - [ Map Messages Device Utilization Summary (estimated valuas) Ell =
N new_pha_360 - FPadd (FPadd.xco) | P!ace and Route M... Logic Urilization Used Available Utilization
.\i compare_new_phal - FPcompare (FPcomparexco) 3 Timing M Number of Slice Registers 43 301440 P
q Pds3 - FPmulDSP (FPmulDSPxco) - [7] Bitgen M
4] gate_ FP2FIX - FPIFIX_So (FP2FIX So.xco) B Alllmplementation,.. | || Number of Siks LUTs 1268 proeee .
4 sinROM_1pi4096 - sinROM (sinROM.xca) = Detailed Reports Number of fully used LUT-FF pairs 516 1302 I9%
= gate PE - PE - Behavioral (PE_ikm.vhd) [2] Synthesis Report Number of bonded IOBs 250 00 48%
: PLxi_P2uvkm - PEclass] - Behavioral (PEclassl.vhd) [ Translation Report e oF Dok RAEIED p: P Py
RAM ve - hRAM ve TI (hRAM ve Tl veol i [ Map Report
< i | 3 - [] Placeand RouteRe.. _ Number of BUFG/BUFGCTRLs 1 32 3%
I * Number of DSP48ELs 3 TeE 0%
I P | €2 Mo Processes Running Design Properties
l:jt Processes: gate_So - Source - Behavioral = -~ [E] Enable Message Filtering (=
Optional Design Summary Contents Detailed Reparts =1
% E: Demnsummary/Repoits [ Show Clack Repart Report Name Status | Generated Errors | Warnings Infos
s g Design Utilities E - [7] Show Failing Constraints - - -
2 User Constraints 3 7] Show Warmnings Syrthesis Repory Currene | Sun 3, Dec 2:10:08 2017 |0 2B Wiarnings (28 new) | 66 Infos (63 new)
= 824\ Synthesize - XST -] Show Errors Translation Report
4 View RTL Schematic ! Map Report
View Technology Schematic
fJ  Check Syntax Phace arsl Routs Report
2 Generate Post-Synthesis Simulation Model L Power Report o
L g
o Start | B3 Design | Fles [ Libranes | | X Design Summary (Synthesized) [ | [E] Networksovervhd [ [ [E] interfacedmol.vhd [ | [E] T0P_connection.vhd (] | [ source ML) [ |
Console +0O8f X
Started : "Launching RTL Schematic Viewer for Source.ngr”. -
I, WARNING: ProjectMgmt - File C:/Xilinx/Projects/MultiFPGA68/for impl.syr is missing.
I, WARNING:ProjectMgmt - File C:/Xilinx/Projects/MultiFPGA68/for_impl.syr is missing. L
« m C
Console Errors | L Warnings | {3 Find in Files Results | [ view by Category

Figure D. 2 Design Summary Window
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D.3 RTL (Register Transfer Level) Schematic Environment

Figure D.3 shows the RTL schematic view for FPGA design. RTL schematic shows the representation of hardware design in terms of logic

elements such as adders, multipliers, AND gates and OR gates. It allows designer to visualize a gate-level representation of VHDL codes.

o ISE Project Navigator (P.20131013) - C:\Xilinx\Projects\MultiFPGAB8\MultiFPGABS.xise - [SA_Park (RTL1)]

==

,; Eile Edit Miew Project Source Process Jools Window Layout Help
o2 | X|wa| > 2ALrpRLARIA ZE I LR P £
Design +0F x
[0 | View: @ {88} Implementation [ simulation .
& |
G‘EJ [4 ROM_cfg Inode - vhdIROM_cfg Inode - Behar

g _cfg_vo - v |_cfg_ve - Behaviora
ROM _cfi hdIROM_cf Beh I(
m ROM_ai - vhdIROM_ai_dvo - Behavioral (vhdIF
) _cfg_ve - vl _cfg_vc - Behavioral [
ROM _cfg hdIROM_cfg Beh 1
\T RAM Inode_vs iG - bRAM Inode_vs NS (bRAF ]
{5 RAM_vo_iG - bRAM vo_iG_NS (bRAM _vo_iG_l DL’}
4l

] n gate_vhist - vhist - Behavioral (vhist.vhd)

;ﬁ, gate_SA_Park - 5A_Park - Behavioral (SA_Park .
(4 RAM_wl - vhdIRAM_w - Behavioral (vhdIRAM
m RAM_w2 - vhdIRAM_w - Behavioral {vhdIRAM Gl
[y RAM_Beta - vhdIRAM_Beta - Behavioral (vhdlf
Comp_2wl - FPmulDSP (FPmulDSPxco) 1A
delay_w2 - delay_mul_32bit (delay_mul_32bit.: S
Comp_wp - FPsub (FPsub.xco) ]
delay_wl - delay_mul_n_add_32bit (delay_mul At
Comp_dB - FPadd (FPadd.xco) O

1| © = |

e ¥ ¥e e ¥e Ve I 5 F5l

P

rad?den - FPrulNSP (FPmulDSPxren)
T

2 Mo Processes Running

| Processes: gate SA Park - SA_Park - Behavioral

e

Design Summary/Reports
Design Utilities

Hi|m

[F]
&}

|
& Start

View by Category

| Instances

User Constraints

kS

=8 Design

| & & SA_Park

Wiew RTL Schematic

| = B2L Synthesize - XST
Wiew Technology Schematic

Check Syntax
Generate Post-Synthesis Simulation Model

. i
7 Fles | [y vibraries |

Design Objects of Top Level Block

| | Pins

& D addrP(3:0)

[E] console @ Errors | 1% Warnings | (3 Find in Files Results

£ Design Summary (Synthesized)

| | Signals
| & & SA_Park
#- == addrw(l1:0)

View by Category

NetworkSolver.vhd

interface4impl.vhd

| Name
| X_CORE_INFO
- |Type

TOP_connection.vhd

Properties of Instance: SA_Park

Value

floating_point_v5_0, Xilinx CORE Generator 14.7

SA Park:l

) sarak®RLY B

= [ =

m,

[4012,1692]

Figure D. 3 RTL schematic view
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D.4 ISIM Simulation Environment

Figure D.4 shows the simulation environment of the hardware design using the built-in ISIM simulation tool from XILINX ISE. This simulation

verifies the functionality and reports errors of the design before on-board testing.

£ 1Sim (P.20131013) - [Default wefg*] [ ——

jEiIa Edit  View Simulation Window Layout Help
ODPFE|SXE X® oo Min HE DG AR b Aol | b= @b pE oo ]r]l= | 63 Redaunch

2 240 ns 240 ns 0ns 0ns
bfda7zel = ( Sfceld?  ¥3fe7a. ) bipdyael  WSfeda..f bfddZael ¥  0Qoodoon |
_* e e e e ——— R —)

00000000

00000000
40200005
41000008
00000000
T£e00000
| ooooonoo
| cooooo0o
o8 G 5z 5 0 D55 (Coe 0 X o Y_oa ¥ oe ¥ o ) m

oo I 0

0 SN WD NS SEN— S S S E—
0 [0 = @ Wb e y b ¥ o} [T 5 T ¥ s ¥ X T o5
3
00000000
00000000
00000000

00000000

0o

00000000
00000000

= Default.wefg™ 8
Console +08 x
at 45 nsfzj, Instance f’testfmterface,fuutfs;rsajaateiwaeanm‘pfahfmmusﬁcdfuﬂ,fFPfon s Warnina: CONV_INTEGER: There is an 'U'|"%'|"W'|'Z'|"-' in an arithmetic n'perand, and it has been converted to 0. =

at 45 ns(2), Instance ftest_interface/uut/sysB/gate_w_Te/Comp/ab_minus_cd/U0/FP_OP/ : Warning: CONV_INTEGER: There is an 'U'|"¢'|"W'|'Z'|'-" in an arithmetic operand, and it has been converted to 0.

at 45 ns(2), Instance ftest_interface/uut/sysB/gate_vf/gate_FFPMAC/gate_FP2FI{/U0/FP_OP/ : Warning: CONV_INTEGER: There is an 'U'|X'|'W'|'Z']"-" in an arithmetic operand, and it has been converted to 0.

at 45 ns(2), Instance /test_interface/uut/sysB/gate_vf/gate_FFPMAC/gate_FP2FI{/U0/FP_OP/ : Warning: CONV_INTEGER: There is an 'U'|"X'|'W'|'Z']"-" in an arithmetic operand, and it has been converted to 0.

at 55 ns(2), Instance ftest_interface/uut/sysA/gate_PE/P1xi_P2xvkm/axb/U0/FP_OP/ : Warning: There is an 'U'|"X'|'W']'Z'|'-" in an arithmetic operand, the result will be "X'(es). -
& Console j Compilation Log | @ Breakpoints | (a4 Findin Files Results | g Search Results

Sim Time: 5,000,000 ps

Figure D. 4 ISIM simulation environment
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D.5 List of Main Code Files for Case Study 2 in Chapter 4

Figure D.5 shows the design structure in Xilinx ISE Project for case 2 in Chapter 4. Each file
in the list represents a VHDL code file for one hardware module. One of the code files is

shown in Appendix E as an example.

= B MultiFPGAGS

[g RTDSRefDesign_MLE0S_pad.txt

xcbvh240t-1ff1156

NetworkSolver - Behavioral (NetworkSolvervhd)

QUTPUTIogic - Behavioral (OUTPUTlogic.vhd)

+ for_impl - RTL (interfacedimpl.vhd)

2] for_testing - RTL (NYNEG8_Vs.vhd)

=] interfaceRTDS - RTL (interfaceRTDS.vhd)

= IE sysA - TOP_connection - Behavioral (TOP_connection.vhd)
= E gate_mainControl - mainCentrel - Behavioral (mainControl.vhd)

% RAM_toRTDS - bRAM_toRTDS (bRAM_toRTDS.xco)

=] E ate_So - Source - Behavioral (SourceLUT.vhd)

RAM_pha - vhdIRAM_pha - Behavioral (vhdIRAM_pha.vhd)

pha update - FPadd (FPadd.xco)

new_pha_360 - FPadd (FPadd.xco)

compare_new_phal - FPcompare (FPcomparexco)

P43 - FPmulDSP (FPmulDSPxco)

gat:,_FPZFIX FP2FIX_So (FP2FIX_So.xco)

sinROM_1pi4096 - sinROM (sinROM.xca)

=} te__Pf PE - Behavioral (PE_ikm.vhd)
Pl)(l P2ivkm - PEclass0 - Behavioral (PEclass0.vhd)
§ vk_minud_vm - FPsubDSP (FPsubDSPxco)

m

.c"‘«é‘ SLIL LI,

P1_delay - delay_add_32bit (delay_add_32bitxco)

iken_delay - delay_add_32bit (delay_add_32bit.xco)

P2_delay - delay_add_32bit (delay_add_32bit.xco)

a:cb - FPmulDSP (FPmulDSPxco)

cxd - FPmulDSP (FPmulDSPxca)

ab_plus_cd - FPadd (FPadd.xco)
RAM_ve - bRAM_ve_TL (bRAM_ve_TLxco)
RAM_IhPE - bRAM_ikm_Ih_PE (bRAM_ikm_Ih_PE.xco)
RAM_lI:m bRAM _ikm_Ih_PE (bRAM_ikm_lh_PExco)
ROM_P12Y - vhdIROM_P12Y_PE - Behavioral (vhdIROM_P12Y_PE.vhd)
ROM_cfg_PE - vhdIROM_cfg_PE - Behavioral (vhdIROM_cfg_PE.vhd)
2 ate_TL - TL - Behavioral (TL.vhd)

é azb _plusd - axb_dplus - Behavioral (axb_dplus.vhd)

Plxa - FPmulDSP (FPmulDSPxco)
P2xb - FPmulDSP (FPmulDSPxco)
P3xc - FPmulDSP (FPmulDSPxco)
P43 - FPmulDSP (FPmulDSPxco)
Pla_plus_P2b - FPadd (FPadd.xco)
P3c_plus_P4d - FPadd (FPadd.xco)
e_plus_f - FPadd (FPadd.xco)
{ RAM_vc - bRAM_vc_TL (bRAM_vc_TLxco)
RAM_lkaL_sent bRAM_ikmTL_TL (bRAM_ikmTL_TL.xco)
RAM_ikmTL _recieve - BRAM_tkmTL_TL (bRAM_ikmTL_TLxcc)
RAM_H_sent - bBRAM_H_TL (bRAM_H_TL.xco)
RAM_H_recieve - bRAM_H_TL (bRAM_H_TL.xco)
ROM_P1234YTL - vhdIROM_P1234_TL - Behavioral (vhdIROM_P1234_TL.vhd)
ROM_cfg_TL - vhdIROM_cfg_TL - Behavioral (vhdIROM_cfg_TL.vhd)
RAM _delay - vhdIRAM_delay_TL - Behavioral (vhdIRAM_delay_TL.vhd)
= m gate_NS - NS2 - Behavioral (NS2.vhd)

=] gate_FFPMAC - FFPMAC - Behavioral (FFPMAC.vhd)
{ gate_FPmul - FPmulDSP (FPmulDSPxce)
{ gate_FP2FIX - FP2FIX (FP2FD{xco)
accum_0 - FIX_accum (FIX_accum.xco)
; accum_l - FIX_accum (FIX_accum.xco)
[ gate FIX2FP - FIX2FP (FIX2FPxco)
% RAM_Th_IH - bRAM _ThIH_NS (bRAM_ThIH_NS.xcc)
B

mz:zm

.{m.ﬁm.ﬁm

Mﬂc{mmz\

ROM_cfg_Inode - vhdIROM_cfg_Inode - Behavioral (vhdIROM_cfg_Inode.vhd)
ROM_cfg_vo - vhdIROM_cfg_ve - Behavioral (vhdIROM_cfg_vo.vhd)
ROM _ai - vhdIROM _ai_dvo - Behavioral (vhdIROM _ai 4vo.vhd)
ROM_cfg_vc - vhdIROM_cfg_vc - Behavioral (vhdIROM_cfg_vc.vhd)
{ RAM_Inode_vs_iG - bRAM Inode_vs_NS (bRAM _Inode vs_MS.xco)
RAM_vo_iG - bRAM_vo_iG_NS (bRAM_vo_iG_NSxco)
= E ate_vhist - vhist - Behavioral (vhist.vhd)
=] E Comp - Comp_vhist - Behavioral (Comp_vhist.vhd)
G delay_Pla - delay_mul_32bit (delay_mul_32bit.xco)
§ P2xb - FPmulDSP (FPmulDSPxco)
P3xc - FPmulDSP (FPmulDSPxco)
§ P4dxe - FPmulDSP (FPmulDSPxco)
é adderl - FPadd (FPadd.xco)
adder2 - FPadd (FPaddxco)
é: adder3 - FPadd (FPadd.xco)
RAM_idg0 - vhdIRAM_idq0 - Behavioral (vhdIRAM_idg0.vhd)
RAM_vdq00f - vhdIRAM_idq0 - Behavioral (vhdIRAM _idg0.vhd)
RAM_lumda - vhdIDPRAM_lumda - Behavioral (vhdIDPRAM_lumda.vhd)
RAM_w - vhdIRAM_w - Behavioral (vhdIRAM_w.vhd)
ROM_P2 - vhdIROM_P2_vhist - Behavioral (vhdIROM_P2_vhist.vhd)
ROM_cfg_vhist - vhdIROM_cfg_vhist - Behavioral (vhdIROM_cfg_vhist.vhd)
=] IEJ gate_SA_Park - SA_Park - Behavioral (5A_Park.vhd)
RAM_wl - vhdIRAM_w - Behavioral (vhdIRAM_w.vhd)
RAM_w2 - vhdIRAM_w - Behavioral (vhdIRAM_w.vhd)
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RAM_Beta - vhdIRAM_Beta - Behavioral (vhdIRAM_Beta.vhd)
Comp_2wl - FPmuIDSP (FPmulDSPxco)
delay_w2 - delay_mul_32bit (delay_mul_32bit.xco)
Comp_wp - FPsub (FPsub.xco)
delay_wl - delay_mul_n_add_32bit (delay_mul_n_add_32bitxco)
Comp_dB - FPadd (FPadd.xco)
rad2deg - FPmulDSP (FPmulDSPxco)
Beta_update - FPadd (FPadd.xco)
Betal_360 - FPsub (FPsub.xco)
delayBetal - delay_add_32bit (delay_add_32bit.xco)
compare_B1 - FPcompare (FPcompare.xco)
Beta2addr - FPmulDSP (FPmulDSPxco)
gate_FP2FIX - FP2FIX_So (FP2FIX_So.xco)
sinROM_1pi4096_06667 - sinROM_Park (sinROM_Park.xca)
ROM_iniBeta - vhdIROM_iniBeta - Behavioral (vhdIROM_iniBeta.vhd)
A_vdg00_inwP - FFPMAC_A - Behavioral (FFPMAC_A.vhd)
| gate_FFPMAC - FFPMAC - Behavioral (FFPMAC.vhd)
gate_FPmul - FPmulDSP (FPmulDSPxco)
gate_FP2FIX - FP2FIX (FP2FIX.xco)
accum_0 - FIX_accum (FIX_accum.xco)
accum_1 - FIX_accum (FIX_accum.xco)
gate_FIX2FP - FIX2FP (FIX2FPxco)
o RAM_P - vhdIRAM_P - Behavioral (vhdIRAM_P.vhd)
o RAM_vo - vhdIRAM_vo - Behavioral (vhdIRAM_vo.vhd)
] ROM_cfg_vdg00 - vhdIROM _cfg_vdg00 - Behavioral (vhdIROM_cfg_vdq00.vhd)
“ig ROM_C - vhdIROM_C - Behavioral (vhdIROM_C.vhd)
Mg ROM_cfg_invP - vhdIROM_cfg_invP - Behavioral (vhdIROM_cfg_invP.vhd)
= [%) FB_iG_lumda - FFPMAC_E - Behavioral (FFPMAC_B.vhd)
B @ gate_FFPMAC - FFPMAC - Behavioral (FFPMAC.vhd)
gate_FPmul - FPmulDSP (FPmulDSPxco)
gate_FP2FIX - FP2FIX (FP2FIX.xco)
accum_0 - FIX_accum (FIX_accum.xco)
accum_1 - FIX_accum (FIX_accum.xco)
gate_FIX2FP - FIX2FP (FIX2FPxco)
o RAM_invP - vhdIRAM_invP - Behavioral (vhdIRAM_invP.vhd)
Wy| RAM_idq0 - vhdIRAM_idq0 - Behavioral (vhdIRAM _idg0.vhd)
ﬂ ROM_cfg_iG - vhdIROM_cfg_iG - Behavioral (vhdIROM_cfg_iG.vhd)
"] ROM_LG - vhdIROM_LG - Behavioral (vhdIROM_LG.vhd)
" ROM_cfg_lumda - vhdIROM_cfg_lumda - Behavioral (vhdIROM_cfg_lumda.vhd)
m gatq_Ab Comp_Ab - Behavioral (Comp_Ab.vhd)
/| Comp_A - FPmulDSP (FPmulDSP.xco)
RAM_wp - vhdIRAM_w - Behavioral (vhdIRAM_w.vhd)
ROM_cfg_A - vhdIROM_cfg_A - Behavioral (vhdIROM_cfg_A.vhd)
gate_c_minus_d - FPsub (FPsub.xco)
RAM _vdq00f - vhdIRAM_idg0 - Behavioral (vhdIRAM _idg0.vhd)
RAM_vhist - vhdIRAM_idg0 - Behavioral (vhdIRAM_idg0.vhd)
ROM_cfg_b - vhdIROM_cfg_b - Behavioral (vhdIROM_cfg_b.vhd)
= m ate_idq0 - GIE - Behavioral (GJE.vhd)
é Elil - Eli - Behavioral (Eli.vhd)
= m c_axb - c_minus_axb - Behavioral (c_minus_axb.vhd)
§ gate_axb - FPmulDSP (FPmulD5Pxco)

m

-
=]

gate_delay_mul_time - delay_mul_32bit (delay_mul_32bit.xco)
4 gate_c_minus_ab - FPsub (FPsubxco)
delay_a - delay_div_32bit (delay_div_32bit.xco)
delay_c - delay_div_32bit (delay_div_32bit.xco)
B E; Eli2 - Eli - Behavioral (Eli.vhd)
m c_axb - c_minus_axb - Behavioral (c_minus_axb.vhd)
gate_axb - FPmulDSP (FPmulDSPxco)
gate_delay_mul_time - delay_mul_32bit (delay_mul_32bit.xco)
i gate_c_minus_ab - FPsub (FPsub.xco)
delay_a - delay_div_32bit (delay_div_32bitxco)
delay_c - delay_div_32bit (delay_div_32bit.xco)
& [ag Elid - Eli - Behavioral (Elivhd)
= c_axb - c_minus_axb - Behavioral (c_minus_axb.vhd)
gate_axb - FPmulDSP (FPmulD5Pxco)
4 gate_delay_mul_time - delay_mul_32bit (delay_mul_32bit.xco)
gate_c_minus_ab - FPsub (FPsub.xco)
delay_a - delay_div_32bit (delay_div_32bit.xco)
g delay_c - delay_div_32bit {delay_div_32bitxco)
=] @ Eli5 - Eli - Behavioral (Elivhd)
=) [‘a ¢_axb - ¢_minus_axb - Behavioral (c_minus_axb.vhd)
4 gate_axb - FPmulDSP (FPmulD5Pxco)
gate_delay_mul_time - delay_mul_32bit (defay_mul_32bit.xco)
4 gate_c_minus_ab - FPsub (FPsub.xco)
delay_a - delay_div_32bit (delay_div_32bit.xco)
delay_c - delay_div_32bit (delay_div_32bit.xco)
= [ Ei6 - Eli - Behavioral (Elivhd)
=[] c_axb - ¢_minus_axb - Behavioral (c_minus_axb.vhd)
[ gate_axb - FPmulDSP (FPmulD5Pxco)
gate_delay_mul_time - delay_mul_32bit (delay_mul_32bitxco)
gate_c_minus_ab - FPsub (FPsub.xco)
4] delay_a - delay_div_32bit (delay_div_32bit.xco)
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Q delay_c - delay_div_32bit (delay_div_32bitxco)
= EI'T Eli - Behavioral (Eli.vhd)
= c_axb c_minus_axb - Behavioral (c_minus_axb.vhd)
gate_axb - FPrmulDSP (FPmulDSPxco)
gate_delay_mul_time - delay_mul_32bit (defay_mul_32bit.xco)
; gate_c_minus_ab - FPsub (FPsub.xco)
delay_a - delay_div_32bit (delay_div_32bit.xco)
delay_c - delay_div_32bit (delay_div_32bitxco)
RAM_Abrl - vhdIRAM_Abr_TDP_asy - Behavioral (vhdIRAM_Abr.vhd)
RAM_Abr2 - vhdIRAM_Abr_TDP_asy - Behavicral (vhdIRAM_Abr.vhd)
RAM_Abrd - vhdIRAM_Abr_TDP_asy - Behavioral (vhdIRAM_Abr.vhd)
RAM_AbrS - vhdIRAM_Abr_TDP_asy - Behavioral (vhdIRAM_Abr.vhd)
“ig RAM_Abrb - vhdIRAM_Abr_TDP_asy - Behavioral (vhdIRAM_Abr.vhd)
"ig RAM_Abr7 - vhdIRAM_Abr_TDP_asy - Behavioral (vhdIRAM_Abr.vhd)
“ig RAM_b3 - vhdIRAM_b3 - Behavioral (vhdIRAM_b3.vhd)
(4 ROM_A33 - vhdIROM_A33 - Behavioral (vhdIROM_A33.vhd)
g

o o e o

ROM_ADr2 - vhdIROM_rstADr2 - Behavioral (vhdIROM_rstAQr2.vhd)
ROM_ADr4 - vhdIROM_rstADrd - Behavioral (vhdIROM_rstAOrd.vhd)
ROM_ADIS - vhdIROM_rstADrS - Behavioral (vhdIROM_rstAOr5.vhd)
ROM_ADr6 - vhdIROM_rstAOr6 - Behavioral (vhdIROM_rstA0r6.vhd)
ROM_ADr7 - vhdIROM_rstADr7 - Behavioral (vhdIROM_rstAOr7 vhd)
ROM_cfg - vhdIROM_cfg_GJE - Behavioral (vhdIROM_cfg_GJE.vhd)
delay_addr_result - delay_addr_GIE (delay_addr_GJE.xco)
delay_i_gate - delay_i_GJE (delay_i_GJE.xco)
ate_w_Te - w_Te - Behavioral (w_Te.vhd)
| Comp - ab_minus_cd_pluse_ef - Behavioral (ab_minus_cd_pluse_efwvhd)

axb - FPmulDSP (FPmulDSPxce)

cxd - FPmulDSP (FPmulDSPaxca)

exf - FPmulDSP (FPmulDSPxco)

delay_ef - delay_add_32bit (delay_add_32bit.xco)

ab_minus_cd - FPsub (FPsub.xco)

g_plus_ef - FPadd (FPadd.xco)
o RAM_lumda - vhdIDPRAM_asy - Behavioral (vhdIDPRAM_asy.vhd)
|dqﬂ vhdIDPRAM _asy - Beha\noml (vhdIDPRAM _asywhd)

Fac_a_div_b - FPdiv_GIE (FPdiv_GJE.xco)
% ROM_ADr] - vhdIROM_rstADr1 - Behavioral (vhdIROM_rstAOrL vhd)

& [l
=]

RAM Th!st vhdISDPFMM asy w_ Te Thlst Behavioral (\rhdISDPRAM asy_w‘TehThm vhd)
| RAM_Te - vhdISDPRAM _asy_w_Te_Thist - Behavioral (vhdISDPRAM _asy_w_Te_Thist.vhd)
| RAM_Tm - vhdISDPRAM_asy_w_Te_Thist - Behavioral (vhdISDPRAM_asy_w_Te_Thist.vhd)
ROM_cfg_wTe vhdIROM_cfg_wTe - Behavioral (vhdIROM_cfg_wTe.vhd)
= IB ate_vf - Excitation - Behavioral (Excitation.vhd)
é gate_FFPMAC - FFPMAC - Behavioral (FFPMAC.vhd)

gate_FPmul - FPmulDSP (FPmulDSPxco)

gate_FP2FIX - FP2FIX (FP2FIX.xco)

accum_0 - FIX_accum (FIX_accum.xco)

accum_1 - FIX_accum (FIX_accum.xco)

gate_FDX2FP - FIX2FP (FLX2FPxco)
o vhdIRAM_B - vhdIRAM_B_vf - Behavioral (vhdIRAM_B_vf.vhd)
RAM_A - vhdIRAM_A_vf - Behavioral (vhdIRAM_A vfvhd)
o RAM_Comp - vhdIRAM_Comp_vf - Behavioral (vhdIRAM_comp.vhd)
ROM_cfg_FFPMAC - vhdIROM_cfg_FFPMAC_vf - Behavioral (vhdIROM_cfg_FFPMAC vfvh
o] ROM_cfg_Comp - vhdIROM_cfg_Comp - Behavioral (vhdIROM_cfg_Comp.vhd)
"ty ROM_rstA - vhdIROM_rstA_vf - Behavioral (vhdIROM_rstA_vfvhd)
| ROM_Q3 - vhdIROM_Q3 - Behavioral (vhdIROM_Q3.vhd)
o RAM_div_b - vhdIRAM_divb - Behavioral (vhdIRAM_divb.vhd)
g RAM_Q7 - vhdIRAM_QT - Behavioral (vhdIRAM_Q7.vhd)
sqrt - FPsgrt (FPsqrt.xco)
FPdiv - FPdiv_vf (FPdiv_vfxco)
FPcompl - FPcomp_vf (FPcomp_vfxco)
FPcomp2 - FPcomp_vf (FPcomp_vfxco)
FPcomp3 - FPcomp_vf (FPcomp_vfxco)
delay_addr_FFPMAC - delay_addr_vf (delay_addr_vfxco)
| delay_addr_div - delay_addr2_vf (delay_addr2_vfxco)
= E gate_Tm - Governor - Behavioral (Governorvhd)

= Plxa_plus_P2xb - ab_plus_cd - Behavioral (ab_plus_cd.vhd)
% axb - FPmulDSP (FPmulDSPxco)

cxd - FPmulDSP (FPmulDSPxco)
ab_plus_cd - FPadd (FPadd.xco)
RAM_ab_Tm - vhdIRAM_ab_Tm - Behavioral (vhdIRAM_ab_Tm.vhd)
RAM_cfg_Tm - vhdIROM_cfg_Tm - Behavioral (vhdIROM_cfg_Tm.vhd)
ROM_P - vhdIROM_P_Tm - Behavioral (vhdIROM_P_Tm.vhd)
delay_addr_y - delay_addry_Tm (delay_addry_Tm.xco)
= m sysB - TOP_connection - Behavioral (TOP_connection.vhd)
@ [%) gate_mainControl - mainControl - Behavioral (mainControl.vhd)
.l gate_So - Source - Behavioral (SourceLUT.vhd)
| gate_PE - PE - Behavioral (PE_ikm.vhd)

gate_vhist - vhist - Behavioral (vhist.vhd)
ol gate_SA_Park - SA_Park - Behavioral (SA_Park.vhd)
J FA_vdg00_inwP - FFPMAC_A - Behavioral (FFPMAC_A.vhd)

205



FA_VOGQUU_INVE - FEFIVIAL_A - BENAVIORAI |FFFIVIAL_ANNO)
FB_iG_lumda - FFPMAC_E - Behavioral (FFPMAC_B.vhd)

gate_Ab - Comp_Ab - Behavioral (Comp_Ab.vhd)

gate_idql - GJE - Behavioral (GJE.vhd}

gate_w_Te - w_Te - Behavioral (w_Tewvhd])

gate_vf - Excitation - Behavioral (Excitation.vhd)

[ gate_Tm - Governor - Behavioral (Governorvhd]

- [%] i_RTDS InterfaceModule - RTDS InterfaceModule (RTDS InterfaceModule.nge)
'] RTDSRefDesign_MLAOS.ucf

RTDSRefDesign_MLE0S (RTDSRefDesign_MLE0S.ngc)

chipscope_icon_isel3_2 (chipscope_icon_isel3_2.ngc)

chipscope_ila_isel3_2 (chipscope_ila_isel3_2.ngc)

fifol6_18 (fifol6_18.ngc)

fifol6_8 (fifol6_8.ngc)

fifo512_64_ft (fifo512_64_ft.ngc)

&
S e I I I I

T

m

1|

Figure D. 5 FPGA project design structure
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Appendix E.
Sample VHDL Codes

E.1 Upper Layer Codes of the Global Controller Module

The top layer codes with comments for the global controller module (described in Section 3.3)
are shown below as an example. The codes are used to design the finite-state machine (FSM)

shown in Figure 3-5.

—— Company: TUniversity of Birmingham
—— Engineer: Conghuan Yang

—— Create Date: 12:32:18 03/25/2017

—— Design Name: Global Controller

—— Mpdule Name: mainControl - Behavioral
—— Project Name: Co-simulation System

—— Target Devices: Xilinx Virtex 6
—— Revision 0.01 - File Created

—— BAdditional Comments:

library IEEE:

use IEEE.STD LOGIC 1164.ALL;

nse :i_eee.sr.d:logic:arith.all;

uge ieee.std logic_unsigned.all:;

—— Uncomment the following library declaration if using
—— arithmetic functions with Signed or Unsigned values

—- Uncomment the following library declaration if instantiating
—— any Xilinx primitives in this code.

——library UNISIM;

——use UNISIM.VComponents.all;

entity mainControl is
Port ( clk,reset,TriggerSendData,toBIDSover,sys No : in S5TD_LOGIC:
addr ram taoRTDS: in STD LOGIC VECTOR (5 downto 0);
So_cmd,PE cmd,FA cnd,FB_cmd,GJE cmd,Bb cmd,vhist cmd,w Te cmd,SA P cmd,Tm cmd,vE cmd: out
S5TD LOGIC VECTOR {1 downto 0);
- -  TIL cmd,NS_cmd : out STD LOGIC VECTOR (2 downto 0} 7
S50 done,PE done,TL done,NS done,FA done ,FB done,&IE done,Ab done,vhist done,w Te done,SA P don
e,Tm done,vE done: in S5TD LOGIC: h B B h T T
ram No : 1in std logic wvector({t downto 0);
douE_ra.m : ont ;td_'_oaic_-.rectorté'_ downto 0);
stated Contreol : omt SID LOGIC VECIOR (7 downto 0);
init_0,toRID5_0 :cut STD LOGIC:--,ram_done 0
wearam: ont STD LOGIC;
addrram:ont STB:LCGZC_‘ECTCR (- downto CO);
dinram: out 5TD LOGIC VECTOR (31 downto 0O});

weaVscr : in 5ID LOGIC VECTIOR (0 downto 0);
addrvscr : in 5TD LOGIC VECTOR (2 downto >
dinVscr : in STD LOGIC_VECTIOR (31 downto

0} ?
0y :
———gutput Ih
weaTh : in STD LOGIC VECTOR (0 downto 0} ;
addrTh: in 5TD LOGIC VECTOR(7 DOWNTO 0);
dinTh: in SID LOGIC VECTOR(31 DOWNTO 0):
———output ikm -
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weaiPE : in 3TD LOGIC_VECTOR (0 downto 0}
addriPE: in 3TD_LOGIC VECTOR(T DOWHTO 0} ;
dini PE: in 3TD LOEIC_VECTOR (21 DOWHTO 0} ;

addrH : in =td logic wvector(? dosnmto 0) ;
weaHs weaHr: in S5TD_LOGIC VECTOR (0 downto 0} ;
HTL,IHTL =,IHTL r: in std logic_vector{il downto 0} ;
————RAM SkmTL
weair: in STD LOGIC VECTOR {0 downto 0);
addrir: in 3TD_LOSIC VECTOR {7 downto O
dinir: in STD_LOGIC VECTOR {31 downto O
weais: in STD_LOGIC VECTOR (0 downto 0}

v

ettt

]

addri=s: in E'ID_LOEI:_'."EL'IGR {7 downto
dinis=s: in J3TD LOGIC_VECIOR (21 downto

[

[
v

addrface :-in ETD_LOSIC_'.".E:IOR (2 downto 0) ;—from
weaface : in  STD LOGIC_VECTCR (0 downto 0);
dinface : in STD _LOGIC_VECIOR (31 downto 0);
:.d.d.r_ﬂzzllrzl : Anm E'ID_LGSIE_‘.TE CICR (2 downto 0) ;——from
wea Bxsys - in  §TD LOGIC_VECTOR (0 downto 0} ;
din Bxsys : in STD_LOGIC VECTOR (21 downte 0} ;

weaTo : in E'ID_LC'SI‘C_'.-'ECIOR (0 downto 0} ;
addrvo: in STD_LOSIC_VECTCH (7 DOWHTO 0} ;
dinvo: in 3TD LOGIC_VECTOR(:21 DOWHTO 0} ;

weaTo @ in ﬂTD_LGGI:_".-'.ET_'IGR (0 downto 0} ;
addrve: in §TD_LOGIC_VECTCH (7 DOWNTO 0);
dinve: in 3TD LOGIC _VECTCR {21 DOWNTO 0} ;

——HRaM Inode

wea_Inode :in STD LOGIC_VECTOR {0 downto O
addr_Incde:in STD_LOGIC_VECTOR(7 DOWNTO 0)
din_Inode :in 5TD_LOGIC_VECTOR (21 DOWNTO O

—--- " wea Th N3 : in 3TD LOGIC VECTOR (0 downto 0);
- addr Th NS:in STD LOGIC VECTOR (9 DOWNTO 0} ;
- din Th W3 :in STD_LOGIC_VECTOR (31 DOWNTO 0 ;

; weavhist : in 3TD_LOGIC ;
addrvhi=st :in E'I'D_LG SIC_‘.T.EC'IGR 2 downto 0},
dinvhist : in 3TID LOGIC_VECTOR (21 downto 0);

—————— 5a_F
B weaP : in S5TD LOGIC ;

addrP : in STD LOGIC_VECIOR ({2 downto 0} ;

dinP : in STD LOGIC VECICR (21 downto 0} ;
----- FA-invP B -

weainvP : in 3TD LOGIC
addrinvE: in 3TD_LOGIC_VECTOR (¢ downto 0} ;
dininvP : in STD LOGIC VECTOR {21 downto 0};
————— FB —iabc,lumda, invP B o
weaif : in STD LOGIC_VECTOR (0 downto 0} ;
addriG: in STD LOGIC_VECTOR (Z downto 0);
dini€ : in 3TD_LOGIC VECTOR {21 downto 0} ;
wealumda : irn 3TD LOGIC ;
addrlumda: in STD_LOGIC VECTOR (2 downto 0});
dinlumda : in STD_LOGIC VECTOR (31 downte 0} ;
-—-ik-b wdgOOf - -
send wdg00 : in 3TD_LOGIC ;
send addredgl0 : in STD_LOGIC VECIOR (2 downto 0);
send_dinwdgll : in STD LOGIC_VECTOR (21 downto 0);
weahhrl wealhrZ: in 3TD LOGIC;

addribr : in 3TD LOGIC_VECTOR (2 downto 0} ;

dinAbr : in 3TD LOGIC_VECTOR (21 downto 0} ;
-———idqgil,

weaidg® : in STD_LOGIC;

addridgl : in STD LOGIC VECTOR (2 downto 0});

dinidgll : in STD LOGIC VECTCR {21 downto 0} ;
----- w Te Thist

weaw - in 3TD LOGIC

addrw : in STD LOGIC_VECTOR (1 downto 0} ;

dinw : in S5TD LOGIC VECICR (21 downto 0};
weaTe -in STD_LOGIC; 5
addrTe:in ITD_LOGIC VECICR (1 downto 0} ;
dinTe:in 3TD LOGIC VECTCR (31 downto 0);
weaThist -in 3TD LOGIC;
addrThist:ir STD LOGIC VECTOR {1 downto 0};
dinThist:in STD LOGIC_VECTOR (21 downte 0)

———E
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;=end B vE-in 3TD LOGIC;
send _addr B v£ : in 3TD_LOGIC_VECTOR (5 DOWNTO 0} ;
send doutB wE : in STD_LOGIC VECTOR(21 DOWNTO 0}
-——Tm B B B
; mend ab Tm : in 3TD LOGIC;
send addr_ab Tm -in 3T0_LOGIC VECTOR (& downto 0);
send_dinak Tm :ir 3TD LOGIC_VECTOR {21 downto 0}

¥;

end mainControl;
architecture Behavioral of mainControl is

COTPOMENT bRAM toRTD3
PORT
clka @ IN 3TD LOGEIC;
wea @ IN 3TD LOEIC_VECTIOR (O DOWHTO O} ;
addra : IN 3TD_LOGEIC VECTCR(S DOWHTO 0} ;
dina : IN 3TD LOGIC_VECIOR (21 DOWNTO 0O} ;
douta : OUT 3TD LOEIC VECTOR(2 1 DOWHTO O}

¥
END COFPOMENT ;
———HRAM toRTDI
signal wea ram: E'ID_LOSI:_'.".ET_'IGR (0 downto 0);
signal :.-d.d.r_r:.m = E'ID_LOSI:_".".ET_'IOR {5 downto 0});
signal d.in_rm: E'ID_LOSI:_'.".ET_'IGR (31 downto 0 ;—» d.nut-_ra.'m
type state type is= (=_zrst,s0,s1,s2,53,54,55,56,57,58,5%,510 ,511) ;——,=12,32_ 2
sigqnal state : state_type:=s0;

=ignal init,toRTDI: 3TD LOGIC;-—, ram done
signal J1 : E'ID_LC'SI:_"."ET_'IC'RIE DOWNTO 0} : ={others=="0"} ;

begin
= tes ting
init =init; toRID3 O<=tocRID3; ——ram done 0 <=ram done;
wearam=wea ram(l} ; addrram<=addr ram;dinram<=din ram;
FEQCESS t:t-a;e} = ==
begin
if state=s0 then statel Control<=x"007;
elcif state=sl then =t=|.EeI:I_Cnntru-1{="'?'_'
elsif state=sZ ther statel Control<=x"
elcif state=s3d then =t=.te-I]:C|:mtrnl{=:"'33"
elzif state==s4 then statel Control<=x"0

=
]

(=T

elcif state==3 then statel Control<—x"03°
elsif state=s€ then statel Control<=x"0&"
elzif state=3T7 then statel Control<=x"07"
elsif state=s8 then statel Control<=x"08"
elzif state==3% then statel Control<=x"057
elsif state==1l0 then statel Control-=x"0

elsif state=s3ll then statel Control-==x"0b";
—— el=aif state=s12 then statel Controle—x"0=";
elsif state=s rat then statel Control-=x"FC"
else statel Control-=x"107;
end if;
end prooesc ;
= s tindg

process (clk | reset)

begin

if reset="1" then
state<== r=t;
TL cmd<=(others=>"0"); FE omd<=(others=>"0") ;N3 omd<=({others=="0"}; So ocmd<=(others=>="0"}
FA_cmd<=(others=>'0"'} ;FE_cmd<= (others=+"0"} ;GJE_ocmd<=(others=>'0"}; Ab omd<= (cthers=="0"};
vhist cmd<=({others=="0"} ;w Te ocmd<={others=>"0") ;34 P omd<=(others=>"0"};
'I.‘m_l:lnE-:Z:Inth:r::C:-'I'};vf_m;d{;tnth:'rsib-'?}; o
init<="1";
Jl<=(others=>"0"}; woRIDI<="0";-—ram done<="0";

elsif clk"event and clk="1" then

= imnitialising

case state is
when 5 _rst=> ——reset initializing
'.I'.'I._l:lnd.{: (others=>"1"}); F‘:E'._r_'md.{= {others=>"1"}; Hn_r_'md.{= {others=>"1"} ;
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l:".!._l:lnd-q:= (others=>~"1"}; E'E-_m-d-::: (others=>"1") ;GJ’.E'._md-::: (others=="1"}) ;.!l.h_l:lnd.{= {fothers=="1") ;E.!l._P_
cmd<= {others=>"2"} ;

vhiat_:md—::: (others=="1"} ;'br_Te_l:lnd.{: (others=="1"} ;Tm_r:md.-ﬂ: ({others=="1"} ;vf_r.-md.{: (others=>="1"};
HE_md{: (others=>="0"}
toRTDS<="0";init="1";

if TL done= "1' and PE dome='"l" +then ——ram IHIL 545T
=E:|.te{==ﬂ; e

end if;

Jl<=d1+1;

e running—Main Loop s

when s0=> ——wait
J1<= {others=="0"} ;init<="0" ;——ram done<="0";
Jo_cmd<="00";

TL cmd=="000";
PE_cmd<="00";
W3 emd<="0007;
FA ocmd<="00";
FB cmd<="00";

toRTDS<="1" ; —=end to RTDS f£lag for RAM
ENMD IF;
if toRIDJower="1" then

toRID3<="0"; s=tate<==l;
end if;

.

a=

.

vE cmd="00";

if PE done="1" and vhist done="1' then
=|;=.t4:-=.:==|2; 52

and if;

=4 ="1" and vf dome="1" then
state<==3; —TL_cmd<="000";
end if;
when =3=>:
Jo_cmd-="
TL cmd-<="
FE cmd=="
¥3_cmd=="

—NW=cr
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vhist cmd<="00"
H

Ab_ cmd=="00"

5& P cmde="017;

FA_ cmd=="00"
w _Te omd<="
Tm_cmd<="010
£ cmd<="00"

1o
SR TR TR =

state<=s54%;
and if;
Jo_omd<="00";
TL cmd=="000";
FE cmd<="00";
W3 ecmd=="0107;

w_Te cmd=="00"
Tm cmd=="00%;
wf cmd<="00";

if W3_done="1"
statel=x5;
end if;

when =5=>

Jo_cmd=="00%;
TL cmd=="0007;

;
So cmd<="00";
TL cmd=="000";
FE_cmd=="00";
W3 cmd<="0007
vhi=t_cmd<="0
SA_P_cmd<="007
FA cmd<="00";
Ab cmd<="10";
FE_cmd<="00";
GJE_emdo=" 00" ;
w Te cmd<="00"
Tm cmd<="00";
»£ cmd=="00";

]

--32 F

and Ab done="1"

ther
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——Tm

L' and FB dome="1" then
state<=a%3; FB cmd=="00";

=

——lumda

and FB done="1" then
=tates=all = x
end if;
when =10=>
Jo_cmd-="
TL cmd-<="1
FE_cmd<="
H3 cmd<="

——ikmTL
——ikmPFE

vhist cmd-

state<==x11; TL_ cmd<="000";

end if;

when =11l=>
Jo_cmd="00%;
TL cmd<="110"; ———delay w14 irl
PE_cmd<="00";
N3 cmd<="0007";
vhist _cmd<="00";
Ja P cmd=="00";

]

——r=at idgl

and GJE done="1"'" then

when others=>
end case;
end if;
end process;

process (init ,J1,addr_ram toRTD3, toRTID3,clk)
begin
IF init="1l" then -—reset
addr ram<=J1; din ram<= (octhers=>"0"}; wea ram<="1";
ELSE
IF toRID3="1" THEN —-—=send to RID3
addr ram<=addr ram toRTDI;
d.in_;:.m-ﬂ: Enthe;::'}T 0%); wea ram="07;
ELSE ——write ram
if clk'event and clk="1" then
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IF weaface="1" THEN ——irZl isZZ7 vcld wcid

wea ram <= "17; din ram<=dinface;
if sys_HWo="0" THEN addr ram=="00"& addrface+35; -—-20-51
else addr ram<="00"& addrface+5l; ——52-€3
end if;

ELEIF wea Rw=sy=="1" THEHW o

wea ram <= "17; din ram<=din Bx=ays;
if sys No="0" THEMN addr ram<="00"& addr Hx=sy=s+51; ——52—€3
eloe ;.d.d.r_r:m.—ﬂ: 00T & :.dEr_Hz:yzH—:-'}.: ——20-51

end if;
ELSIF ram Wo=1 THEH

'm:a._r;m-::= weaVscr OF weavo;

IF weaV=cr="1" THEH
addr ram<= "000" & addrVacr+i&;
din ram=dinV=scr

ELSIF weavo="1" and addrvos=75 THEN
:.d.d.r_r:l.m{: addrvo (5 downte 0} -2
din ram<=dinvo;

ELEE
:.d.d.r_rmﬁ:tntb:r::}': "
-d.:i.u._r:.m-:::tn-thcr::'}'I'};

EMD IF;

ELZIF ram No=:Z THEH

Wes Tamds Weavo [

IF weavo="1" and addrvo<=112 and addrevo>=T7E& THEN
:.d.d.r_r:l.m{: addrvo (5 downte 0)-75;
din ram<=dinvo;

ELSE
ad.d.r_ram-ﬂ:tnth:r::c:—': L5
-d.in_r:.m{:tnther::’}':'};

EMD IF;

ELSIF ram Ho=:2 THEH

ma_r;m-d:= weaTo ;

IF weavo="1" and addrwvo<=152 and addrwvo>=115 THEM
addr ram<= addrvo(S dosnte 0)-11%;
-d.in_;:m{:dinvu;

ELSE
:.d.d.r_r:.m-ﬁ:tnthcr::::—'I i )
din ram=(octhers=="0"]} ;

END IF:

ELSIF ram No=: THEH
wWead Fame= Weavo;

=

IF weavo="1" and addrvo<=15Z and addrwvo>=152 THEH
ad.d.r_ram-ﬂ: addrwo (5 downto 0)-1353;
din ram=dinwvo;

ELSE

:.d.d.r_rmﬂ:tntb:r::}': L
-d.in_ram-ﬂ:tnth:r::b-'?}.:
EMD IF;
ELEIF ram No=5 THEN
'H'E:._r:.lnt:}¢ weavo(0) OF weaiPE(0) OR =end._:|.'h_'I.'m;
IF weavo="1" and addrwvo>=152 THEM
:.d.d.r_r:lm-ﬁ: addrvo (5 downto 0)-1
din ram<=dinvo;
ELSIF weaiPE="1" and addriPE>=157 THEM
addr ram<= addriPE(5 downto 0)-12%£;
din_ramo=diniFE;
ELSIF =end ab Twm="1" and =send addr ab Tm<=: THEH
addr ram<="(00"&=send addr ab Tm+2<; din ram<=send dinab Tm; —TIm
ELEE :.d.d.;_r:.m.—ﬁ: I:n-th:r::'}_' :'}? d.?.n_r:.m{:l:nﬂ:.ersib-':'}j -
EMD IF;
ELSIF ram Wo=¢f THEH
'm:a._r;m-d:= weaiPE;
IF weaiPE="1" and addriPE<=25 THEN
;dd.r_r:n:.-d:: addriPE (5 downto 0} ;
din ram=diniPE;
ELEE :.dEr_r:l.m.{: (others=>="0"}); d.in_r:.m{:l}nther::‘}'?'};
EMD IF;
ELSIF ram Wo=7 THEH
'me:l._r;m-d: weaiPE
IF weaiPE="1" and addriPE>=<0 and addriPFE<=TE THEH
:.d.d.r_r:lm-ﬂ: addriPE(5 downto 0)}-25;
din ram<=diniPFE;
ELEE =.|:|Er_r=.m.-=:= (others=="0"}; din_ramﬁ:tntb:r::c:—'?'};
EHMD IF;
ELSIF ram HNo=E THEH
vea_r;m{: weaiPE
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IF weaiPE="1" and addriPE>=T72 and addriPE<=117 THENW
ad.dr_ra.m{: addriPE(S downto 0)-7E;
din ram=diniPE;

ELSE =.d.d.r_r=.m-€= (others=>="0"}; d.in_ra.m-ﬂ: (others=>"0"};

EMD IF;

ELSIF ram NHo=C THEN

wea ram = weaiPE;

IF weaiPE="1" and addriPE>=1.E and addriPE<=15¢ THEN
:.d.d.r_r:l.ln-ﬁ: addriPE(5 downto 0)}-117;
din rami=diniPE;

ELSE addr ram<={others=>"0"}; din ram={(others=">"0"});

END IF; 0

ELSIF ram_ No=10 THEN
m:a._rmt?}{: weavc(0) COFR weaidgl OF weaTe CF weaw OF weaThist or :u:'nd._vd.qEIEI b=
IF weavwe="1" and addrwc>=<0 THEM
addr_rmﬂ:;ddrv:ti downto 0)-22; d.in_ra.m-ﬁ:dinvl:; —vC
ELSIF weaidgl='"1' THEM
addr ram=="00"&kaddridgl+i0; din ram<=dinidg0; --idgl
ELSIF weaTe="1' THENM

addr ram=="0000" &addrTe+t; din rami=dinTe; ——Te
ELSIF weaw="1"' THEN
addr ram=="0000" kaddrw+.2; din rami=dinw; ——w
ELSIF weaThist="1" THEN
addr ram<="0000" gaddrThist+.%; din ram<=dinThist; ——Thist
ELSIF s=end_wdgl0='1' and send addrvdglf==: THEH
addr ram=="00"&send addredgl0+25; din_ ram<=send dinvdg00; —-—vdgllf
ELSE addr ram<= {others=>"0"};din ram<={others=>"0"} ;
EWD IF; -

——EL3IF ram Wo=41 THENW
T 'brl:a_ra.m[tl:-c= weaH=[{0} OR weaP OB weavhi=st OR weafbrl OB wealbr?Z OR weaiG (0} OR

T IF weaH=="1" and addrH<=3 THEN

e addr ram¢=addrH({5 downto 0}+&0;din ram¢=IHTL =; ——H=1 —&1—-6&3
- ELSIF weaP='1' THEN = E

ey addr rame="00"LaddrP; din rame=dinPF; —F

N EL3IF weavhist="1" THEN

e addr ram—"[010"faddrvhist+15; din ram¢=dinvhist; ——vhist
- ELSIF weakbzrl='1' OR weakbrZ='1' THEN

=p addr rame="00"&addribr+30; din ramc=dindbkr; ——&

— EL3IF weaiG(0}="1" THENW

T addr rame="000"&addriG+45; din rame=dinil; ——if

v EL3IF weainvP='1l' and addrinvP«=% THEN

o addr rame="[0"saddrinvP+51l; din ram=dininvP; — invP

e EL3E :.d.d.;_r:m-c= [other==3"0"} ;d.in_r;m-c=[nt-h=r:=b-"l:l": 5

- ENMD IF;

——ELSIF ram No=4Z THEN
. wea ram [(0}<= weaH=(0} OR wealumda COR ::nd._B_?f;

= IF weaH=="1" and addrH«=3 THEN
- addr rame=addrH(5 downto 0}+E0;din ramc=IHTL =; ——H=1 —E&1—6&3
T EL3IF =end B wE£="1"' THEN
= addr rame=send addr B_vf; din ram¢=send doutB_v£; ——vE
o EL3IF wealumda="l" and addrlumda<=5 THEN
= addr rame="00"&addrlumda+51; din_ ram<=dinlumda; ——lumda
e EL3E :.d.d.r_r:.m-c=[nth=r==b—"l:|": ;d.in_r:.m{=[nthur==b-"ll": -
e ENMD IF;
ELSE wea ram="07;

:.d.d.r_rmﬂ:tnthcr::’}' i gk [
d.in_ra.m.-ﬂ: (others=="0"} ;

END IF;——-— ram Ko
end if;——clk
EMD IF;

END IF;
END PROCESS:

RAM toRTDS : bHAM toRTDI
PORT FRAP |
clka == clk,
wead =X wWea ram,
addra =» addr_ram,
dina =» din_ram,
douta == dout_ram
LI

end Behavioral;
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