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ABSTRACT
The aim of the thesis is to include a Field Programmable Gate Array (FPGA) based
electromagnetic transient simulation into a Real-time Digital Simulator (RTDS) power system
simulation. This will enable the simulation of high-frequency components of power electronic
converters such as DC-DC converters which were not previously resolvable using only RTDS
simulator. The FPGAs support parallel hardware designs with high clock rates, allowing fast
computation of the models. The approach of co-simulation is to divide and distribute components
of a complex power system onto different platforms and to simulate the models on the respective
platforms interacting with each other. Therefore existing models in RTDS can be leveraged in
conjunction with FPGA based models.

In this thesis, co-simulation is used to simulate approach several models, including RL model,
switched RL model and buck converter. The models are interfaced through a Bergeron T-line
interface model. Dommel’s EMTP algorithm is used. Norton equivalent models of the circuits
are derived, and a trapezoidal integrator is used for discretization of elements. Kirchoff’s voltage
(KVL) and current laws (KCL) are applied, and the equations are solved. For the FPGA
simulation, a very-small time-step of 360 µs is achieved. Floating point computation is used. The
results are compared with offline simulated models (MATLAB/SIMULINK) and real-time
simulation models (RTDS). Further, a real hardware buck converter using Power-Pole board is
designed, and the results are compared with the simulated model.

In summary, this thesis presents the inclusion of an FPGA platform with RTDS system thus
improving the capabilities of real-time models that can be simulated in RTDS.

x

CHAPTER 1
INTRODUCTION
The real-time computer simulation of complex electrical systems has proven to be a highly
useful technique for dynamic testing of physical devices. This method of hardware-in-the-loop
(HIL) simulation [1] provides a greater understanding and de-risking of the development of
devices before field insertion. The physical hardware interacts in real-time, via analog and digital
signals with a rest-of-the-system model that is simulated in software. This HIL simulation
provides a realistic operating environment for the physical device. At the same time the
computer simulation receives system information from the real-world device which propagates
into the real-time simulation in a closed loop. HIL simulation may consist of a physical
controller interacting with the simulated mode, known as controller hardware-in-the-loop
(CHIL), or may include a power device under test, with appropriate amplifiers and sensors,
which may be known as power hardware-in-the-loop (PHIL) simulation.

1.1

Motivation

Future electric ships, as well as retrofits to the existing systems, may employ an increasing
number of high frequency electric power converters. Figure 1.1, from IEEE Standard 1709-2010,
“IEEE recommended practice for medium voltage DC power systems” [2] suggests the expected
prevalence of such devices that could be deployed in medium voltage DC power systems. Hence,
significant research work is being focused on developing efficient high frequency power
converters and the capability to enable real-time simulation of their models for validation.
For the real-time modeling of power converters or voltage source converters, the time-step
required and the necessary interface to the controller presents a challenge to the researcher. A
common method used in real-time simulation systems is to use tightly linked multi-rate
co-simulations, with part of the simulation running at one time-step, and a more time-critical part
of the simulation running at a faster time-step. Since power converter modeling is desired in
1

high-fidelity simulations, and the switching frequencies of the controllers continue to increase,
new simulation techniques must be developed to meet the challenge.

Figure 1.1 Concept of MVDC system [2] ©2010 IEEE

1.2

Literature Review

Simulating high-frequency power electronic converters continues to be a challenge even though
researchers have been working on digital computer simulation of electromagnetic transient
responses since 1969 [3], [4]. However, these techniques are still relevant and used in
state-of-the-art research.

In the non-real time offline simulation, when multiple switching occurs, the simulation can
track-back and use methods such as interpolation to account for the event and update the
simulation results accordingly [5], [6]. However this is not possible in real-time fixed-time-step
simulations especially when switching occurs late. The simulation becomes more complex when
multiple switches are present. Multiple switching events can occur in a single time step, so
2

traditional interpolation methods are not feasible within the fixed time-step because of the
increase in computation time required to account for multiple switching events. Most state of the
art real-time simulators of the order of µs face problems of single or multiple switching events
within a simulation time step.

Many real-time simulation systems have hard real-time constraints. This means the results are to
be computed by a specific interval. So for real-time systems, the traditional methods are not
effective. Decreasing the simulation time-step is the most successful approach to accurately
model high-frequency converters. The use of small simulation time-steps in the order of
nanoseconds reduces this problem of accounting for switching events. Since the time-step is very
small, the simulation can neglect the need for interpolation algorithms or other corrective
measures and still achieve accurate results.

Previously, models of power electronic circuits using the Real Time Digital Simulator (RTDS)
have been implemented in the native RTDS small time-step size environment which, depending
on the complexity of the circuit, facilitates simulation time-steps between approximately 1.5 µs
to 3 µs [7]. Therefore such models may not be applicable for switching frequencies above 5 kHz.
In RTDS, Dommel’s Algorithm [3] is used to solve the nodal equations. The switches were
modeled as a small inductance when they are on and a small capacitance when they are off. The
advantage of this representation is that the computation matrix remains the same during
switching changes, hence eliminating the need to compute matrix inverses and therefore saving
considerable amount of computational time. However, there will be artificial switching losses as
we increase the frequencies. The typically switching frequencies of emerging high power SiC
converters expected to be in the range of 20 kHz to 80 kHz range significantly exceeds the
capabilities of the RTDS.

Alternate platforms such as Digital Signal Processors (DSP), Field Programmable Gate Arrays
(FPGA), Graphics Processing Units (GPU) are also used in literature to tackle the problem. Even
though DSP is really attractive for numerical solutions due to the specialized hardware,
simulating high-frequency converters is still not possible for frequencies more than 1-2 kHz. The
researchers at Chico [8] were able to achieve much better results using DSP arrays. However
3

with this approach, they must manually optimize and distribute the computation burden across
multiple processors and platforms for efficient results. This approach becomes cumbersome for
complex models.

Field Programmable Gate Arrays (FPGA) can help to solve the problem with their inherently
parallel architecture and high clock rates. Significant research work is being done in recent years
to use the FPGA as tool for this purpose, including proposals to build entire simulators with
FPGAs. In [9], the authors used FPGA as a platform to simulate high frequency power
converters. In their work, Dommel’s algorithm is used to solve the nodes using Euler’s method.
Similar work is reported in [10] [11] [12], using FPGAs as a platform for simulating power
components and the results are very encouraging. The limited availability of logic elements and
other resources, as well as the complexity involved in developing models using low level
hardware description languages like VHDL or Verilog make it difficult to develop complex
models of systems in FPGAs. Until the high-level languages or graphical user interface (GUI)
based programming that translate into hardware description languages mature, as well as the
reasonable set of libraries are developed for power systems, the potential of the FPGA-based
simulator will be limited. Recently, automatic generation of VHDL from circuits is being
developed. In this work netlist generated from PSIM and SPS is used to generate VHDL code.
[13]. This work uses the fixed admittance matrix which can result in artificial switching losses
due to the resistors.

In recent years, co-simulation or multi-rate techniques are gaining prominence. In this method,
limitations of a certain platform can be overcome by linking them with another platform that
provides advantage in that area [14]. In [15], the authors have co-simulated offline simulation
tools SIMULINK and SABER. Similarly in [16], the authors have used similar techniques to cosimulate real-time platforms RTDS and OpalRT. FPGA-based power system simulation,
combined with a PC-based co-simulation, has been described for a benchmark system in [17].

4

1.3

Thesis Statement

RTDS has the merits of specialized hardware, GUI interface, libraries of power system modules
and above all, it is specifically designed for power system electromagnetic transient simulation.
However because of the limitations of the RTDS regarding modeling of power electronic
converters with switching frequencies above 5 kHz, a co-simulation approach using FPGAs is
presented here in. An FPGA platform offers very encouraging results. A viable approach is to
co-simulate models of the high frequency components or the components which require “very”
small time-step size on FPGA, to interact with rest-of-the-system model in other simulators like
RTDS. Using this co-simulation approach, we can make use of the scalability of existing, or
more easily developed, RTDS models and leverage their performance using FPGA models when
required.

In this thesis, FPGA-based processor board is included into the real-time transient power
simulation system, RTDS. The Bergeron Transmission line model (TLM) is used to interface the
two platforms. The switches are driven by a Pulse Width Modulation scheme (PWM) generated
in another FPGA. This enables the researchers to simulate high-frequency power electronic
converters up to 100 kHz. A simple DC-DC converter is modeled and implemented on the cosimulation platforms and high frequencies are simulated and demonstrated. The simulation
results are analyzed, verified and validated using offline simulation tools, as well as real
hardware.

1.4

Thesis Outline

This thesis contains 6 chapters. The following chapters provide a detailed overview of the
simulation platforms considered, interface techniques used, algorithms employed, and design and
analysis of the simulated models. Chapter 2 introduces the two co-simulation platforms used in
the work, Real Time Digital Simulator (RTDS) and Virtex 5 based Field Programmable Gate
Arrays (FPGA). A detailed overview of both the simulator platforms along with the hardware
specifications, capabilities and limitations of their use in simulating high-frequency components
are presented. Alternative platforms are discussed as well and the merits of the co-simulation
approach are presented. Chapter 3 discusses Dommel’s EMTP and interfacing techniques that
5

allow co-simulation in PHIL and CHIL simulations and details the Transmission Line Model
(TLM) technique used in the thesis work. Further, the EMTP algorithm is utilized to implement
examples – a RL model and a switched RL model, thus demonstrate the working of this interface
and the general approach. These provide the proof of concept for the interface technique and for
simulation of high-frequency power converters through the co-simulation method between
RTDS and FPGA.

Chapter 4 presents the implementation of a high-frequency DC-DC converter. The working
principle of the DC-DC converter chosen, i.e. Buck Converter and its functionality are
introduced. Several techniques introduced for co-simulation in earlier chapters are applied on
this model, and the process is detailed. An overview on the experimental setup, including PWM
signal generation is presented. Initial comparison results of the co-simulation with
MATLAB/SIMULINK offline simulation models are presented to verify the implementation of
the co-simulation approach. Chapter 5 further investigates the verification and validation of the
simulation model using real-hardware set up and characteristic analysis of the simulation models
with comparison to real hardware. The waveforms from real and simulated results are extracted
and compared using MATLAB scripts and the error results are reported. The results are
comparable, shows the validity of our approach. Chapter 6 provides conclusions and outlines
areas of future work.

1.5

Summary

In this chapter, the motivation for the HIL simulations and in particular HIL simulations for
high-frequency power electronic converters is presented. An overview of the state-of-the-art is
presented in literature review. The problem statement and the premise of this thesis work are
introduced. Further, an overview of the structure this thesis is provided.
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CHAPTER 2
CO-SIMULATION PLATFORMS

2.1

Real Time Digital Simulator

Real Time Digital Simulator is specialized hardware specifically designed for simulation of
power system electromagnetic transients [18]. A real-time simulation capability with an
integrated 5 MW test facility has been established at the Center for Advanced Power Systems
(CAPS) at Florida State University. The integration of the facility equipment with an RTDS realtime digital simulator has allowed dynamic simulation and test procedures in a variety of HIL
experiments, as well as simulation model development and validation. The RTDS at CAPS is a
multi-processor machine, with 150 processors, including Analog and Digital Devices
ADSP21062, IBM PPC750GX, and Freescale MC7748. Dedicated digital and analog
input/output cards are connected via a 2 Gbps fiber interface to a subset of these processors.
Specialized software called RSCAD [19], similar to Power System Computer Aided Design
(PSCAD) [20], SIMULINK [21], contains library of models of different power system
components, power electronic, control, communication blocks and a run time environment for
obtaining and plotting results. With the help of these tools, different power system simulations
can be performed.
The optical fiber interface protocol implemented between the I/O cards and processor cards is a
low-latency, high-throughput protocol that is synchronized to the simulator time-step start, for
either the large (~50 us) or small time-steps (~2 us). Since the data carried on this fiber link are
in digital format with high bit resolution and very low noise, a proposal was made to RTDS
Technologies in 2009 to make the protocol details available to end users for the purpose of
implementing a user-specified interface card. Since this method would involve a complete
disclosure of the RTDS interface protocol, and possible re-implementation after any future
protocol changes, an alternative method is made available by RTDS technologies. The Xilinx
ML507 evaluation platform which is based on a Virtex 5 field programmable gate array (FPGA),
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is considered to interface to the RTDS fiber I/O data protocol. This card is referred to as Giga
Transceiver FPGA (GTFPGA).

2.2

Field Programmable Gate Array

The ML507 evaluation board is based on Virtex-5 field programmable gate array specifically
XC5VFX70T. The Configuration Logic Blocks (CLB) are arranged as 160 x 38 array with a total
of 11,200 virtex-5 slices available on the board. The distributed Ram is 820 Kb. There are 128
DSP48E slices, in which each slice contains a 25 x 18 multiplier, an adder and an accumulator. A
total Block RAM of 128 Kb is available, where each Block RAM/FIFO is fundamentally 36 Kb.
In addition to these there are 6 clock management tiles, with each tile consisting of 2 Digital
Clock Managers (DCM) and one Phase Locked Loop (PLL). A Power PC 440 microprocessor
blocks, Peripheral Component Interconnect Express (PCIE) endpoint blocks, Ethernet Media
Access Control block are available on the board. Rocket I/O GTX transceivers are designed to
run from 150 Mb/s to 6.5 Gb/s. A total of 19 I/O banks with 640 max user I/O are available.
Figure 2.1 shows the Xilinx ML507 development board. Table 2.1 shows the features of ML507.

Figure 2.1 Xilinx ML507 development board [22]
8

Table 2.1 Xilinx ML507 hardware specifications

COMPONENTS

RESOURCES

Configuration Logic Blocks
Array

160 x 38

Virtex-5 Slices

11,200

Max Distributed Ram (Kb)

820

DSP48E Slices

128

Block RAM Blocks (Kb)

5328

Clock Management Tiles

6

Power PC

1

Max Rocket I/O Transceivers

16

I/O Banks

19

User I/O

640

Endpoints for PCI Express

3

Ethernet MACs

4

Rocket I/O GTX transceivers

16
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Alternate platforms like DSPs, GPUs, CPUs have fixed hardware architecture. FPGAs on other
hand have high density of logic fabric and hardware description languages such as VHDL can be
used to define customized hardware. The programming for VHDL doesn’t follow the traditional
von Neumann model which is used for programming a conventional processor or a GPU. It is in
fact declarations, definitions of hardware units and the interconnections between them. The
variable is area or space i.e. the spread of logic around the chip versus the parallelization of the
algorithm implemented. The compiler thus tries to find the efficient packing of the logic on the
device in the minimum area subject to the constraints placed on it. Programming languages like
VHDL, Verilog, SystemC etc. are popular. Though graphical interfaces, or language converters
from C++, Matlab are gaining prominence, they are still in early stages.

2.3

Interface Between RTDS and GTFPGA

A necessary part of VHDL description is an “interface module” netlist provided by RTDS
Technologies. This module encodes and decodes the optical signal, and provides for bidirectional transfer of up to 64 values in each direction per simulation time-step – either 32
floating point or integer. The design of the VHDL is entirely up to the researcher according to
the needs of the project. The GTFPGA has been used for several real-time projects at CAPS and
results have been reported for a low-latency, multi-lane communication demonstration reported
in [4] and a wavelet-based power quality analysis in [5]. These and other efforts have been
focused on control-signal interfacing at the RTDS large-time-step boundary.
In contrast to the former control signal interface projects, this work introduces a new small-timestep model (i.e 1.5 - 2.5 µs time-step size) as a prototype model that allows electrical power flow
to the FPGA subsystem by means of bi-directional current injections through a simulated
Bergeron transmission line model. Figure 2.2 shows the design architecture of such a cosimulation using CAPS RTDS and GTFPGA subsystem. One half of the transmission line is
modeled in the RTDS and the other half is modeled in the FPGA. Figure 2.3 shows the library
component used in RSCAD for transmission line interface.

10

Figure 2.2 Interface architecture

Figure 2.3 Bergeron T-line terminal interface block in RTDS small time-step library [19]
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2.4

Summary

In this chapter, Real Time Digital Simulator (RTDS) and Virtex 5 based Field Programmable
Gate Arrays (FPGA), the two co-simulation platforms used in the work are introduced. A
detailed overview of both the simulator platforms along with the hardware specifications,
capabilities and limitations of their use in simulating high-frequency components are presented.
In the next chapter, Dommel’s Electromagnetic Transient Program (EMTP) algorithm used to
simulate the circuit is discussed.
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CHAPTER 3
DOMMEL’S ELECTROMAGNETIC TRANSIENT PROGRAM
The most common methods used for numerical solution and analysis of electric or magnetic
transients are State variable analysis and Numerical Integration Substitution. State variable
analysis is the ideal technique for power electronic transient simulations but is limited due to the
dependency on system variables. The other method is EMTP based on Numerical Integration
Substitution. Several improvements, variations in the EMTP-like programs have been put
forward over the years, but still Dommel’s EMTP Algorithm [3] is widely used due to its
simplicity and stability.

3.1

Dommel’s EMTP

The first step of the Dommel’s EMTP is to reduce the circuit model in Norton equivalent form. If
possible, model parameters can be lumped together to reduce the circuit. The circuit behavior is
then described using differential equations. To solve the equations on digital platform, we must
discretize the elements. Hence, the second step is to discretize the R, L and C elements present in
the circuit. The third step is to solve the equations resulting from nodal formulation.

3.1.1 Discretization of R, L, C Elements
Numerical Integration Substitution (NIS) is the basic component of Dommel’s Electromagnetic
Transient method. The digital solution can only provide snapshots of the data at time intervals
Δt. This discretization unavoidably results in inaccuracies. The trapezoidal integrator is
implemented for NIS because it offers simplicity, stability, and accuracy in most cases [6].
However, because it is based on truncated Taylors’s series, it can cause numerical oscillations
due to the neglected terms. Several methods are proposed to suppress these oscillations in EMTP
[4]. Other integrators such as Backward Euler’s integrator, were used in previous works [9],
however it is less accurate although it is stable. Higher order integrators are also used in non-real
time simulators but these increase the computation time and the length of the time-step. Orders
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higher than 3 do not result in much improvement in accuracy compared to the computational
costs involved at larger time-step. There are other techniques for discretization such as root
matching technique and complementary filtering [6] which are more stable but complex.

Discretization of R
Figure 3.1 shows a simple resistor and the equivalent current through it is shown in equation [6]

Figure 3.1 Resistor [6]

Discretization of L
In Figure 3.2, part a shows an inductor and part b shows the Norton equivalent model
respectively. Applying the Trapezoidal rule and eliminating higher order terms gives

where
As can be seen from the effective resistance,

very small values of the inductor L, can lead

to poor conditioning of the conductance matrix and thus the solution at every step. The history
current through the inductor is computed through the above equation.

14

Figure 3.2 Inductor and its Norton equivalent model [6]

Discretization of C
Figure 3.3 shows a capacitor and its equivalent Norton model. Applying the Trapezoidal rule and
eliminating higher order terms gives

where
As can be seen from the effective resistance,

, very large values of C, can cause poor

conditioning of the conductance matrix.

Figure 3.3 Capacitor and its Norton equivalent model [6]
15

Discretization of T-line
Figure 3.4, shows the two-port model of the lossless T-line. There is no direct connection
between the two nodes, and the relation is indirect. There is a time delay that is modeled as travel
time from one end to the other end.

Figure 3.4 Equivalent two-port network for lossless t-line [6]

If

and

are inductances and capacitance per unit length on the transmission line we have

Surge or characteristic impedance,
For

,

For

,

√

; Travelling time,

√

Thus the history currents of a two-port Bergeron lossless t-line model are computed.
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3.1.2 Network Solution
Once all the network components are represented by their Norton equivalent models and
substituted with their numerical integrators, the next step is to do a nodal formulation. The nodal
equation is formulated by applying Kirchhoff’s current laws (KCL) and Kirchhoff’s voltage laws
(KVL) across all the branches and at nodes.

The nodal equation to be computed is[6]:
[G] v(t) = i(t) + IHistory
where:
[G] is the conductance matrix
v(t) is the vector of nodal voltages
i(t) is the vector of external current sources
IHistory is the vector of history currents
The conductance matrix, [G] is symmetric. Usually a node in electrical network is connected to
just a few other nodes, giving a sparse matrix. With no switching elements, the matrix values and
hence [G] only depends on the time-step. However, with switching elements present, the
elements in matrix vary for different switching configurations. This is problematic since the
inverse of [G] need to be computed for solving the voltages v(t). The inverse of a matrix is a
computationally intensive operation especially as the size of the matrix increases, which is one of
the major design issues to be considered.

Several approaches have been proposed over the years to overcome the limitation. Special
Gaussian elimination algorithms are used for optimization of inverses. Special models for
inductor and capacitances are considered for Norton equivalents such that only history current
changes and the effective [G] remains the same. In other methods, different values of [G] for all
the configurations are considered and their inverses are pre-computed to reduce the computation
time. This has the limitation that it requires the knowledge of all the state configurations.
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3.2

FPGA Implementation

In FPGA, VHDL is used for implementation of the model. The clock for the design is derived
from a 100 MHz crystal oscillator. The same clock is used as a clock reference for the GTX
transceiver which interfaces fiber optical cable. Floating point adders and multipliers provided
by Synopsis are used for computations. These adders/multipliers require 3 clock cycles to
perform the calculation.

The inverses of conductance matrix values for different switching configurations used for
computing nodal voltages are pre-computed. This saves computation time. At the beginning of
small time-step RTDS sends a flag value to the FPGA which triggers calculations. It also sends
the values of current injections. Using these values, nodal voltages are computed by multiplying
conductance matrix with nodal currents. This matrix multiplication operation is parallelized,
thus giving us faster output. Further, equations for calculating branch currents and history
currents are solved.

E.g. equations for solving transmission line currents
A.
B.
E.g. equations for solving inductor currents
A.
B.

In the example equations of transmission line currents and inductor currents, Part As’ are
independent of each other while Part Bs’ are independent of each other. Hence, they can be
implemented and solved in parallel. So an adder (add1_ctrl) for the addition operation used in
Part A of transmission line current is instantiated along with another adder (add2_ctrl) for Part A
of inductor current. These values are computed simultaneously. Similar method is implemented
for multipliers. The history currents computed are saved and are used for next time step. The
code snippets provided gives the general template used for implementing such equations.
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% adder used in solving t-line currents

add1_ctrl : process(Clk100M)
begin
if rising_edge(Clk100M) then
add1_operation_nd <= '0';
Write_Ibranch(0)

<= '0' & Write_Ibranch(0)(3 downto 1);

Write_I_njn_export

<= '0' & Write_I_njn_export(3 downto 1);

----- Step calculating Tline Branch Currents
if process_counter = 16 then
add1_operation_nd <= '1';
add1_select_input <= "01";
end if;
end process;
with add1_select_input select
add1_a <=
mult1_result when "01", -- Prod_Gt_V1 1 clock early
mult1_result when "10", -- Prod_nhc_Itlineterminal0
mult1_result when others;
with add1_select_input select
add1_b <=
when "01",
Prod_Gt_V1 when "10",
Prod_Gt_V1

when others;

with add1_select_input select
add1_operation <=
FP_ADD

when "01",

FP_SUB

when "10",

FP_ADD

when others;
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% adder used in solving inductor currents

add2_ctrl : process(Clk100M)
begin
if rising_edge(Clk100M) then
add2_operation_nd <= '0';
Write_Ibranch(1)

<= '0' & Write_Ibranch(1)(3 downto 1);

----- Step calculating Inductor Branch Current
if process_counter = 16 then
add2_operation_nd <= '1';
add2_select_input <= "01";
end if;
end if;
end process;
with add2_select_input select
add2_a <=
mult2_result when "01", -- Prod_Gl_V1 1 clock early
mult2_result when "10", -- Prod_C_Inductorbranch
mult2_result when others;
with add2_select_input select
add2_b <=
when "01",
Prod_Gl_V1

when "10",

Prod_Gl_V1

when others;

with add2_select_input select
add2_operation <=
FP_ADD

when "01",

FP_ADD

when "10",

FP_ADD

when others;
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3.3

Test Cases for Proof of Concept

3.3.1 RL Model
As an initial demonstration, a transient power simulation using the Dommel’s algorithm was
implemented in FPGA for an RL load (R = 0.5 Ω, L = 1.33e-3 H) with the transmission line
parameters of the same R and L values. The demonstration FPGA model and RTDS case were
created by RTDS Technologies and provided to CAPS. The FPGA model calculates the current
injections for the co-simulation interface, using a 2 µsec time-step equal to the RTDS small timestep.
To validate this FPGA-based calculation, a comparison simulation was made at CAPS with two
interfaced small-time-step models, one consisting with two interfaced small-time-step models,
one consisting solely of the RL load, with a fiber connection between processor nodes and a
short transmission line model connecting these nodes. The setup is presented in chapter 4. The
source in each model was a 60 Hz single phase voltage with a 60 Hz magnitude of 1.0 and the
expected fundamental component of the current 0.7071 A in both instances. The calculated
deviations are presented in Table 3.1.

Table 3.1 Calculated deviations
Deviation in Magnitude For Fundamental 2.96e-11
Voltage Component(KV)
Deviation in Angle for Fundamental Voltage 4.79e-10
Component(rad)
Deviation in Magnitude for Fundamental 3.84e-5
Current Component (KA)
Deviation in Angle for Fundamental Current 5.41e-5
Component(rad)
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3.3.2 Switched RL Model
The FPGA based simulation offers specific increased capabilities due to parallel computational
capability and to its fast clock-cycle. The FPGA algorithm can thus execute faster than the RTDS
small time-step, creating in effect the opportunity for a “very-small-time-step”. In this example,
the algorithm executes in 300 ns and then waits for the beginning of the next RTDS small timestep and bi-directional current exchange, showing the possibility of multiple time-steps inside the
RTDS small time-step. The I/O pins on the FPGA are clocked at 100 MHZ as well, and subject
to signaling impedance, allow for rapidly changing inputs that could be used to resolve highfrequency Pulse Width Modulated (PWM) signals.
To demonstrate this capability, researchers at CAPS devised an FPGA-based electrical model
that switches between two RL loads at a PWM-determined rate. The loads are R = 0.5 Ω, L =
1.33e-3 H and R=0.1 Ω, L = 1.33e-3 H. In this model, the voltage source is 1KV DC. The travel
time is 1 time-step, i.e. (2 µs).The RL loads are first switched with the duty cycle indicated by
Figure 3.6, and then with duty cycle indicated by Figure 3.7. We demonstrate a fast switching
cycle here, but the time-step is still synchronized to the RTDS. Figure 3.8, shows the switching
transient response for the change in PWM.

Figure 3.5 RL circuit, Switch changing
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Figure 3.6 PWM pattern 1

Figure 3.7 PWM pattern 2
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Figure 3.8 Transient response to switching

Based on these test cases, we conclude that a switching DC-DC converter can be implemented
using Dommel’s EMTP on co-simulation platforms. The strategy of implementing a multi-switch
converter, such as DC-DC, dual active bridge, phase-shift control converter, is an extension of
this idea. For fast switching, it would be necessary to use a technique that avoids recalculation of
the network matrix, such as that described in [7] or the use of multiple pre-calculated matrices.
The size of the necessary FPGA circuit should be considered, however. To accurately model the
converter, in combination with its high-switching frequency controller, the FPGA must read the
firing pulse inputs, and the PWM must be sufficiently represented by enough significant digits.
Similarly the current functions must reflect the current switching state, the input current
injections, and any necessary inductances.
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3.4

Summary

In this chapter, different methods used for power system simulation are discussed. A detailed
overview of the Dommel’s EMTP which is used in this work is provided. A proof of concept for
the proposed simulation using the Dommel’s Algorithm and co-simulation platforms is presented
along with the results. An in-depth overview of the set-up and design considerations is presented
along with implementation of DC-DC converter in the next chapter.
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CHAPTER 4
DC-DC CONVERTER

4.1

Buck Converter

The DC-DC power converter implemented is a simple Buck converter that consists of just one
switch and a diode. The choice of this converter is made such that it is easy to demonstrate the
working capability of the co-simulation system and complex enough to capture the nuances of a
DC-DC converter. Figure 4.1 shows the schematic of a buck converter.

Figure 4.1 Buck converter circuit

A buck converter is a switched mode power supply. It is a step-down DC-DC converter. The
input voltage Vi is a DC voltage. A pulse width modulation (PWM) control signal gates the
switch. This PWM signal modulates the DC input voltage into a high frequency wave. The
inductor and capacitor act as a low pass filter, thus producing a DC voltage V o from the high
frequency wave. The magnitude of DC output voltage Vo can be controlled by adjusting the duty
cycle of the PWM control signal. The value of the inductor is chosen such that the circuit
operates in a continuous mode which makes it easier to control instead of in discontinuous mode.
26

The capacitor that is in parallel with the load helps to smooth out the voltage waveform. As the
switching frequency or the output capacitance increases, the voltage ripple of the output Vo will
also increase. Output voltage ripple is one of the disadvantages of the switched mode power
supply and also an indicator of the quality. The output voltage of the buck converter when
operating in continuous mode is dependent only on the duty cycle of the PWM signal and is
proportional to it. Thus, buck converter can be used as a step-down DC-DC converter by
adjusting the PWM signal to get the desired output voltage.

4.2

Schematic and Partitioning of the Buck Converter

Figure 4.2, shows the schematic of the implemented circuit of the buck converter. The
transmission line acts as a link to couple the heterogeneous platforms RTDS and FPGA. The
passive elements such as an inductor or a capacitor can be lumped into the transmission line. The
transmission line is modeled as lossless Bergeron model. The load resistance is variable and can
be changed during simulation. The PWM is supplied through an external controller.

Figure 4.2 Implemented buck converter
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Figure 4.3 shows the design schematic of the implementation. The data from the RTDS small
time-step environment is exchanged with the FPGA as shown. Figure 4.4 shows the Norton
Equivalent of the implemented buck converter and the partition of the circuit onto different
platforms. As shown in Figure 4.4, the circuit is divided into 3 parts. Part A consists of a DC
voltage source, a small source resistance, a capacitor and half of the transmission line. Part B
consists of switching devices and diodes, an inductor, a capacitor and half of the transmission
lines from the source side and the load side. Part C consists of half of the transmission line on the
load side and the load resistor. As can be seen from both the above figures, Part A and Part C are
simulated in the RTDS small time-step environment (~2 µs) while Part B in FPGA environment.

Point of partition of the circuit is an important consideration. In this example, the circuit is
broken at passive elements and these are lumped into the transmission line model. The
transmission line thus model part of the circuit as well the communication delay that is
unavoidable. The segments in RTDS environment are sources and passive elements while the
segments in FPGA are switches. Thus the burden of resolving the switching configurations and
the accompanying computation is moved on the FPGA platform. This helps in two different
ways. Using this approach previously non-resolvable high frequency converters in RTDS are
now possible due to the use of FPGA for faster computation. The second is to continue the usage
of existing models with minimal changes, shifting the high frequency components onto FPGA.
Thus the scalability and the ease of use of RTDS are still valid.

RTDS simulates the circuit present in its environment, and exchanges 32 bit floating point
current injections with the FPGA through the Bergeron transmission line model at each small
time-step. The travelling time for the wave is 1 time-step which is 2 µs. The travelling time or
communication interval is an important consideration. Usually the truncation errors are mostly
introduced by a lossless line when the travel time is not an integer multiple of

. The current

injections back to the RTDS must be sent in the time-step following the one in which a trigger to
start calculation is sent. Thus the data is exchanged at the start of every small-time step thus
keeping the communication synchronization intact.
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Figure 4.3 Schematic of the design architecture

Figure 4.4 Norton equivalent model
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4.3

Model of the Elements and Calculations

Figure 4.4 shows the Norton equivalent model of the circuit. The Trapezoidal numerical
integration scheme described in chapter 3 is used for the discretization of the R, L and C
elements. The choice of model for the elements also depends on the conductance matrix used to
compute the nodal voltages and branch currents. Without switching elements, the conductance
matrix is fixed and dependent only on the time-step. However, when switching elements are
present, the conductance matrix changes and finding its inverse requires valuable computation
time. Several techniques have been developed to circumvent this problem by various
representations of switches. Previous works [7], [9] model switches as a small inductance when
on and a small capacitance when off. The advantage of this representation is that only the history
current value changes, without changing the configuration of the conductance matrix when
switching events are taking place. In this work, both the switch and diode are modeled as simple
two-valued resistors with the resistance being very high and very low for off and on states,
respectively. The conductance matrix and its inverse are pre-calculated to save computation time.
Though the conductance matrix changes, it can be pre-computed and stored for various
configurations, thus implementing it amounts to switching between various conductance
matrices depending on the PWM gate signal.

The major advantage of using an FPGA is the inherent parallel architecture. In the
implementation of the model, this is leveraged by decoupling the nodal equations and
implementing the equations in parallel. In addition, individual operations in a matrix
multiplication are parallelized as well. The conductance matrix values for different states of the
switches are already stored in the FPGA and switch between them according to the duty cycle.
32-bit floating point adders and multipliers provided by Synopsis are used for computation. A
possible improvement in future could be the use of fixed point arithmetic since it can be faster
though complex. Thus the nodal voltages, branch currents, history currents of the circuit are
calculated and updated in each time-step.
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4.4

Experiment Setup

Figure 4.5, shows the experimental setup of the simulators. The processors on RTDS are
interconnected through fiber optical cable. The RTDS processors are connected to the FPGA
platform using the low-latency fiber optical cable as well. The two FPGAs are connected to each
other through DIO pins using simple short cables. The model uses the 100 MHz crystal oscillator
of the ML507 board as the clock.

To generate gating signals, a simple counter-comparator based PWM is implemented in another
FPGA. It provides the duty cycle values for the switch and is connected through I/O pins to the
other board. The value of the PWM frequency and duty cycle can be controlled from the RTDS
large time-step environment. This is to facilitate quick changes and the analysis of the converter
through various frequencies and duty cycle ratios in experiments. A simple proportional
controller is implemented in the large time-step environment of RTDS, which can adjust the duty
cycle of the PWM controlling the switch and the diode. It can be replaced by any real hardware
PI controller to do the same functionality. Figure 4.6, illustrates interactions between various
time-step environments.

Figure 4.5 Experiment setup
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Figure 4.6 Schematic of time-step environments

At the start of the RTDS small time-step, the FPGA sends its computed values (or initial values
at the start of simulation) and reads the current injections from the RTDS case. It then, uses these
values to solve the nodal equations as per Dommel’s algorithm and updates its history currents.
The elements of the circuit are discretized using the trapezoidal integrator and hence contains
just one history term. The computational time-step for the FPGA computation is 300 ns. For the
next FPGA time-step, it uses the same current injection values from RTDS and performs the
computations again. The history current updates if there is a change in the switching state. For
every small 2 μs time-step, six FPGA 300 ns time-step cycles take place. At the end of the small
time-step (2 μs) of RTDS it locks the computation, sends the values out to the RTDS, reads the
new current injection values, and the cycle continues. Figure 4.7 illustrates the division of all
time-steps involved.
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Figure 4.7 Illustration of time-step divisions

Thus, the multi-rate simulation can be viewed as a sampled-data system. Errors can arise due to
the coupling of slower and faster systems. The data from the slower system RTDS can be kept
constant through the time-step or extrapolated/interpolated based on the past results. In this
approach, the data is kept constant (zero-order hold). The data from the faster FPGA system can
be sent in various ways too. The data can be averaged over the 6 very small time-steps along
with usage of anti-aliasing schemes. In this approach, the most recent value is sent. Thus several
mechanisms of data exchange exist and a suitable one should be carefully selected for this multirate approach [14]. In the next section preliminary results are presented for a buck converter
model and MATLAB/SIMULINK offline simulation is used to verify the approach of cosimulation. Detailed characterization results along with comparison with real hardware set-up are
presented in next chapter.

33

4.5

Results

In this model, the voltage source is 1 kV DC, source impedance Rs= 0.1Ω, input capacitance
Ci = 1000 µF, R1 = 1 MΩ, R2 = 1 mΩ, output capacitance Co = 100 mF, inductance L = 1 mH.
The resistive load varies between 0.5 Ω and 1 Ω. The travel time of the wave is 1 time-step i.e.
2 µs. The PWM can be varied from 0 to 100% i.e. always off to always on. The frequency can be
varied up to 100 kHz. The figures below show the results of the co-simulation of the RTDS
small-time step 2 µs with FPGA-based model for various parametric and control changes to
demonstrate the working of Buck converter. The switching frequency of the converter is 50 kHz.
Note that the transient time observed when the load or duty cycle changes depends on the Co.
In Figure 4.8, duty cycle of the PWM signal is varied from 25% to 75%. Since in buck converter
the output voltage only depends on the duty cycle in continuous mode, the resultant output
should be 0.25 kV and 0.75 kV respectively. The transient response is presented in the following
figure along with comparison of MATLAB/SIMULINK offline simulation. The voltage steps
according to the duty cycle and finally steady state is reached. The red line indicates
FPGA-RTDS co-simulation and the blue line indicates offline simulation respectively.

Figure 4.8 Duty cycle change 25% to 75%, load 1Ω
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In Figure 4.9, the load step change is applied. The load in small-time step of RTDS is changed
from 1Ω to 0.5 Ω. The voltage slightly dips but mostly remains the same as expected. The
current through the load changes according to the Kirchhoff’s current law. The result is
compared with MATLAB/SIMULINK offline simulation. The red line indicates FPGA-RTDS
co-simulation and the blue line indicates offline simulation respectively.

Figure 4.9 Duty cycle 50%, load change 1Ω to 0.5 Ω

A simple proportional loop is implemented to control the fluctuations of the output. The loop
measures the values of output voltage, calculates the error from a reference set point and adjusts
the PWM duty cycle accordingly. The reference point is set to 0.7 kV in this case. It can be
replaced with any real PI or PID controller hardware. The results are seen in Figure 4.10. The
PWM is automatically adjusted and the voltage remains almost the same, while the current in
load increases when the load decreases.
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Figure 4.10 PI in loop, load change 1Ω to 0.5Ω

4.6

Summary

The chapter gives the detailed overview of implementation method of a buck converter. The
buck converter is partitioned, discretized and the differential equations are solved using
Dommel’s EMTP. Further, the experimental setup, and the dynamics between various simulation
time-steps are discussed. Various design issues are discussed. The results of such a simulation
are presented and compared with MATLAB/SIMULINK offline simulation.
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CHAPTER 5
VERIFICATION AND VALIDATION

5.1

Power-Pole

In this chapter the simulation model of the buck converter is verified and validated by comparing
with a real hardware device. For this purpose, Power-pole boards developed by Dr. Ned Mohan
of University of Minnesota are considered. The Power-pole boards are initially designed to help
with laboratory experiments for his class [28] and commercially available [29]. Figure 5.1,
shows the Power-pole board used for buck converter.

Figure 5.1 Power-Pole board
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The main feature of Power-pole board is the reconfigurable capability of power-pole consisting
of MOSFETS and diodes. The Power-pole board can be configured as buck-converter, buckboost, boost converters, fly-back converter, forward converter etc. The driving circuits and
protection circuits for over current and voltages are available on the board. The PWM for the
driving circuit can be supplied from on-board or from an external PWM. Several LEM current
sensors are provided to measure input and output currents. Similarly several test points are
provided for input and output voltage measurements.

5.2

Experiment Setup

For the hardware validation, the PWM used in driving circuits for the Power-pole board is
derived externally. The PWM is generated in FPGA-1 and is fed to both the Power-Pole board
and FPGA-2 modeling the buck converter. The frequency and duty cycle of the PWM can be
changed from RSCAD itself. Figure 5.2 and Figure 5.3 shows the parameters used for
Power-pole board and simulation model respectively. The parameters chosen are typical values
used in experiments with Power-Pole board. The inductance for both the models is 100 µH. The
capacitance is 100 µF. The input voltage applied is 10 V. The load resistance is 219 Ω.

Figure 5.2 Power-Pole buck parameters
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For the simulation model, the travelling time for transmission line is 1 time step which is 2 µs.
The minimum value that can be used in RSCAD in the transmission line interface is 50 µH.
Hence the minimum value of 50 µH is used. The capacitance of the transmission line is a
dependent variable and is fixed from travelling time for transmission line and the inductance.
The capacitance is calculated as 0.08 µF. Figure 5.3 shows the parameters of the simulated buck
converter.

Figure 5.3 Simulated buck converter parameters

5.3

Results

The following figures show the transient response results of hardware simulation and simulated
buck converter. The switching frequency and duty cycle to both the devices is supplied from the
same PWM generated on another FPGA. Switching frequency and duty cycle can be controlled
through the RSCAD run time environment.

5.3.1 Varying Duty Ratio
The duty ratio of the PWM is changed and the response is captured on oscilloscope. The voltage
value from FPGA-RTDS simulated model is extracted in small-time step of RTDS and is sent
out through RTDS D/A converter and the output is measured through test probes. Further, the
data from the oscilloscope is collected and transient response characteristics are computed in
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each case using MATLAB scripts. The blue line indicates Power-Pole transient response and the
green indicates FPGA-RTDS response respectively. The switching frequency is 50 kHz.

Figure 5.4 Duty cycle change 30% to 70% at 50 kHz
Table 5.1 Transient response characteristics comparison - 1
Characteristics

Power-Pole Board FPGA-RTDS

Error

(true)

Model (simulated)

Rise Time

0.0027

0.0031

Settling Time

0.0200

0.02

Settling Min

6.1

6.1

0%

Settling Max

8

7.3

8.75%

Overshoot

15.9%

4.2%

Peak

8

7.3

Peak Time

0.003

0.0075

Steady State

7.0117

7.0292
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8.75%

0.25%

Figure 5.5 Duty cycle change from 40% to 80% at 50 kHz

Table 5.2 Transient response characteristics comparison - 2
Characteristics

Power-Pole Board FPGA-RTDS

Error

(true)

Model (simulated)

Rise Time

0.0026

0.002

Settling Time

0.018

0.018

Settling Min

6.92

6.92

0

Settling Max

8.36

7.88

5%

Overshoot

12.36%

5.34%

Peak

8.36

7.88

Peak Time

0.0049

0.0055

Steady State

7.6194

7.5907
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5%

.37%

From the figure 5.4 and figure5.5, the results from comparison between real hardware model and
simulated model agree. The output voltage depends on duty ratio. Thus for input voltage of 10 V
and the duty cycle of 30%, 40%, 70% the output voltage changes proportional to the duty cycle.
Figure 5.4 shows the transient response when duty cycle is changed from 30% to 70% and Table
5.1 shows the transient response characteristics comparison between hardware and FPGA-RTDS
simulated model. Similarly Figure 5.5 shows the response when duty cycle is changed from 40%
to 80% and Table 5.2 shows the transient response characteristics. It can be observed the values
are close except the overshoot of Power-pole.

5.3.2 Varying Frequency
Similar to previous section, duty cycle is changed from 30% to 70%. The switching frequency is
changed to 37.5 kHz. Figure 5.6 shows the transient response. The blue and green lines indicate
power-pole and FPGA-RTDS transient responses respectively.

Figure 5.6 Duty cycle change 30% to 70% at 37.5 kHz

42

Table 5.3 Transient response characteristics comparison - 3
Characteristics

Power-Pole Board FPGA-RTDS

Error

(true)

Model (simulated)

Rise Time

0.0028

0.0018

Settling Time

0.0164

0.0162

Settling Min

6.48

6.64

2.4%

Settling Max

7.88

7.52

4.57%

Overshoot

10.67%

2.17%

Peak

7.88

7.52

Peak Time

0.005

0.0065

Steady State error

7.1151

7.2618

4.57%

2.06%

Table 5.4 shows the peak to peak value in output voltage. As the switching frequency increases,
the ripple in output voltage decreases. This is because the output voltage depends will rise and
fall depending on the charging and discharging of capacitor. As the switching frequency
increases, the duration of on time and off time decreases. Hence the ripple decreases.
Table 5.4 Ripple in output voltage
Frequency

Power-Pole Board FPGA-RTDS Model Error
(true)

(simulated)

20 kHz

0.4800

0.4800

0

30 kHz

0.4400

0.4400

0

40 kHz

0.3600

0.4000

11%

50 kHz

0.2800

0.3200

14%
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5.3.3 Resource Utilization in FPGA
Table 5.5 shows the resource utilization of simulation model in FPGA. It can be seen that very
few resources are used and complex models can be simulated. Thus, very large number of
switches such as in Dual Active Bridges etc. can be simulated sufficiently. The major bottle neck
can be DSP48E slices when simulating complex models since the number of required multipliers
and adders can increase. However the FPGA can use LUTs to do the similar function if it runs
out of DSP slices.

Table 5.5 FPGA resource utilization
Resources

Utilization

Slice Logic Utilization
No. Of Slice Registers

2501 (5%)

No. Of Slice LUTs

3629(8%)

Slice Logic Distribution
1393(12%)

No. Of Occupied Slices

4357

No Of LUT Flip-Flops

16(2%)

No Of Bonded IOBs
Specific Feature Utilization
No. Of Block RAM/FIFO

12 (8%)

Total Memory used(KB)

432(8%)

No. Of DSP48Es

26(20%)

No Of GTX_DUALS

1(12%)
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5.4

Summary

In this chapter real hardware buck converter designed on Power-Pole board is compared with
co-simulation model in FPGA. Both the designs have the same parameters. The PWM for both
the models is derived from a common source modeled on another FPGA. Switching Frequency
and Duty ratio are varied. The transient response and steady state characteristics are compared.
The results agree.
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CHAPTER 6
CONCLUSION

6.1

Conclusion

In this thesis, an FPGA-based model of high-frequency power electronic converter is
implemented in a RTDS based electromagnetic co-simulation. For this CAPS installation of
multi-rack, multi-processor based RTDS system is utilized. Using RTDS, power converter
simulations have been achieved till 6 kHz or a time-step of 1-2 µs. In order to extend the
capabilities, and to enable the simulation of high-frequency power electronic converters (20 kHz
to 100 kHz), FPGA is introduced into the RTDS system. In this approach, the models of
electronic converter are divided such that the high frequency components, which are not
resolvable in RTDS system are transferred to the FPGA. The rest of the simulation is done on the
RTDS processors.

In this work, the DC-DC power converter implemented is a simple Buck converter that consists
of just one switch and a diode. The choice of this converter is made so that it is easy to
demonstrate the working capability of the system and complex enough to capture the nuances of
a DC-DC converter. The model is verified using an offline simulation model in
MATLAB/SIMULINK. It is also verified and validated using hardware using Power Pole
boards. Hence, we can conclude that, this co-simulation method is a valid approach to simulate
the power converters and can further be extended for complicated models such as Dual Active
Bridges etc. With this approach, simulating high frequency power electronic converters which
are increasingly common in the today’s market is possible.

6.2

Future Work

The work considered the implementation of a simple buck converter to demonstrate the
simulation of high frequency power converters of order 20 kHz to 100 kHz. More
comprehensive validation throughout a wider range of system conditions will be necessary to
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better characterize the model and capture the error bounds of this implementation. In this
implementation, floating point computation is used. By moving to fixed point computations,
higher computation speed can be achieved, lowering the time-step required.

Further, future work is to demonstrate models of complex DC-DC converters like Half-Bridge,
Full rectifiers, Dual Active Bridges. Once this is achieved, we can fully utilize the applications of
simulating converters in MVDC electric ships. An extension would be to create a library of
models such as inverter, rectifier such that researchers can use off the shelf blocks of these
components to integrate in their work. However, the amount of resources available on the FPGA
board can be a bottle neck and should be taken into consideration. But it is possible to use arrays
of FPGA similar to the use of multi-processors.

Hardware description languages are time-consuming to implement. To overcome this limitation,
GUI based FPGA implementation is coming to prominence. GUI based FPGA modeling can
significantly reduce development time and enable easy debugging of the models. Once this
limitation is resolved, FPGAs potentially can take over the power system EMTP simulation
market.
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