Bibliographical report for the real-time digital
simulation of power electronic systems

Pierre Haessig

February 2009



Bibliographical report

February 2009

Contents
1 Introduction

2 Presentation of the project

21 Theteam . .. ... ... ... .. .......
2.2 The simulator . . . . . . . . .. ... ... ...
2.3 A project extension . . . . . . ... ... .. ..

3 Notes on digital simulation

3.1 Nodal analysis . . . . . ... ... ... .....
3.1.1 simple DC analysis . . . .. ... .. ..
3.1.2 Transient analysis . . . . . . ... .. ..
3.1.3 Nonlinear networks . . . . .. ... ...
3.1.4 Piecerwise Linear networks . . . . . . ..

3.2 State space simulation . . . ... ... .. ...
3.2.1 Solving state space equations . . . . . .

3.3 Power electronic circuits specificities . . . . . .

3.3.1 Transitioning between configurations

4 Architecture of the simulator

4.1 System’s structure . . . .. .. ... ... ...
4.2 Input GUI . . .. . ...
4.3 Netlist Extractor . . . . . ... ... ... ...
44 Modeler . . . . ... ...
4.5 Simulator . . .. ... oo

5 Conclusion



Bibliographical report February 2009

Abstract

This document describes the real-time digital simulation (RTDS)
project at MIT that targets power electronic systems. After a short
description of the project, we will give some notes on related issues,
mainly about digital circuit simulation. Although a lot of work has
been done on digital circuit simulation, there are no algorithms com-
pletely suitable for real-time simulated switching circuits. Section 4
gives more details on how we’ll organize our tool to make real-time
simulation possible.

1 Introduction

When designing power electronic systems, especially those dealing with high
power, simulation is a helpful design, analysis and optimization tool.

However, the famous Spice and its modern successors are always in the
transient analysis paradigm. The simulation is first run for some time on
a computer and then results are displayed to the user. This prevents real-
time interaction between the simulated circuit and some other real system
(e.g. control hardware or software). This real-time interaction is the heart
of Hardware In the Loop (HIL) paradigm.

Our aim is to achieve real-time simulation to enable HIL simulation for
power electronic systems. We want to reach that goal by using both carefully
selected algorithms and a dedicated hardware (FPGA or even ASIC) for
doing the real-time computation.

While expensive real-time simulators already exist for big slow-dynamic
power systems like power grids, our new tool will enable simulation of fast
switching circuits involved in static power converters.

We believe our tool can be very useful to engineers developing today more
and more complex power electronic systems.

2 Presentation of the project

2.1 The team

To work on our emerging project, we are, for the software part a team of three
people. Ivan Celanovic, my research advisor, is a Research Engineer at the
Institute for Soldier Nanotechnologies. Shireen Warnock, an undergraduate



Bibliographical report February 2009

student at MIT EECS department recently joined our group. I am a visiting
student at the Laboratory for Electromagnetic and Electronic System for a
six month research internship.

Another team in Serbia has already started preliminary work on the hard-
ware part.

2.2 The simulator

We aim to build the fastest digital circuit simulator in the world. Real-
time simulation is already achieved for instance by RTDS Technologies (www .
rtds.com) from Manitoba, Canada. However they are targeting large power
networks with slow time constants. An example use of RTDS simulator is
the closed-loop testing of protective relays.

We want to simulate power electronic circuits, that means systems with
smaller time constants. For example, wind-turbine inverters are internally
switching currents at several kHz. For these circuits, we believe we need to
update the calculation every microsecond to achieve near real-time.

We’ll give more details on our implementation in section 4 because we
want now to introduce the key expression of Hardware in the Loop (HIL)
simulation. HIL helps getting a good understanding of our goal. [4] gives
some more views on this special kind of simulation.

HIL is often used to test a controller of a big hardware like a car, airplane
or a wind-turbine. Figure 1 gives an image of such a HIL application.

Not only is a wind-turbine expensive and big, but also it’s impossible to
put it in some failure modes to see how well the controller is reacting. And
indeed these failure modes are of the most critical modes, where an improper
behaviour of the controller can have catastrophic consequences.

In addition, more and more of the control software is being automatically
generated, thus giving rise to necessary automatic testing procedure of the
same. This is only achievable with HIL.

We believe that our simulator can help engineering companies developing
faster some more reliable power electronic devices like wind turbines, hybrid
electric vehicles or airplane power systems. This may help solving the current
issue of sustainable development.
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Figure 1: A targeted possible HIL simulation

2.3 A project extension

This is a special section dedicated to a possible further project that could
completely change simulation software state-of-the-art.

We have started our project using Matlab for computation and Simulink
as graphical interface. While these tools are relatively convenient, they suffer
of some intrinsic problems

e Cost: a Matlab license is not affordable for everybody. While accept-
able for big northern engineering companies, it can prevent the diffusion
of our tool in other places like schools (indeed our simulator could be
very useful for learning power electronic)

e Programming versatility: while Matlab is great for matrix computa-
tion, Matlab language is not adapted for real software programming
For instance Matlab object implementation can be qualified at best
as "simplistic”. GUI programming and network communications are
limited and/or unpractical.
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e Moderate GUI quality: Simulink is not a great tool for drawing a cir-
cuit. We identified two main tracks for improvements:

— Better rendering engine (look): we believe people deserve a more
appealing interface not only because it can make electronic nicer
to them, but also because a bad drawing is often ambiguous about
what is connected and what is not.

— DBetter user experience (feel): we believe a better ergonomy will
protect people from wasting time on unnecessary repetitive tasks.
For instance too much time is spent on clicking everywhere on the
screen to reach common functionalities.

For these reasons we would like to create a new software, for systems and
circuits (but not only electrical ones) modeling, somehow like Simulink. A
modular architecture along with good design patterns would enable people
adding their field-specific engines. On our side we would provide our engine
for power electronic simulation.

We think it’s possible to create a software using the highly flexible and
powerful Python language. We can take advantage of some powerful libraries
like

e Numpy/Scipy (www.scipy.org) for linear algebra computing,
e matplotlib (matplotlib.sourceforge.net) for data plotting

e QT widgets (from Trolltech, now Nokia, www.qtsoftware. com) to build
a high quality GUI. [8] gives a comprehensive introduction on GUI pro-
gramming using PyQT (www.riverbankcomputing.co.uk/software/
pyqt/), the Python QT binding.

Our tool would not only be open source and multi-platform (Windows, Linux
and Mac OS at least ) but would also introduce new functionalities thanks
to a good consistent core design. We especially have in mind introducing
networking and versioning capabilities. These would be a huge help for col-
laborative work inside designing teams of scientists, students or engineers.

3 Notes on digital simulation

In this section we will give a brief overview of digital simulation of electrical
circuits. By electrical circuit we mean a network of components governed

6
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by Kirchhoff’s circuit laws (KCL and KVL). This means we are interested
in the same kind of simulation that for instance Spice has been doing since
the 1970’s ([3]). There are lot’s of paths to simulate circuits and we want to
choose the more appropriate ones to reach real-time simulation.

3.1 Nodal analysis

Speaking of Spice, let’s introduce here nodal analysis, which can be seen as
the most natural way of generating equations of a given circuit. Reference
[5] gives a good introduction to the subject while more specific details on
Spice’s internals can be found in [3].

The basic idea is mixing the circuit equations (KCL and KVL) with the
components equations (v-i relationships). For computing simplicity, every-
thing is represented using matrix formalism.

3.1.1 simple DC analysis

An arbitrary network of resistors and constant current sources can be mod-
eled as: .
U1 3

Guv=i, v=1|:]2

Up, in

G e M,(R), (1)

where n is the number of nodes, without counting the ground. The unknowns
are the nodes voltages v while i is the known source vector (full of zeros except
except whenever there is a current source connected at the given node). G
is the conductance (square) matrix which characterizes how resistors are
connected between nodes. Briefly, the addition of a resistance R between
nodes i an j of a network requires changing 4 coefficients of G:

G(i,i)+=1/R, G(i,j)—=1/R, G(j,i)—=1/R, G(j,j)+=1/R (2)

Then the solution is simply obtained by inverting the system, for instance
using the Gauss-Jordan reduction. It’s fairly straightforward. However a
problem arises whenever G is ill-conditioned which can occur when resistors
have really different orders of magnitude.

Also note that this method can be easily transposed to perform AC anal-
ysis in sinusoidal steady state by replacing the conductance matrix G by a
complex admittance matrix Y where some jwC and 1/jwL terms are han-
dled.
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3.1.2 Transient analysis

Most power electronic circuits contains capacitors and inductors whose v-i
relationship is a differential equation. These circuits are studied during a
certain period of time so that the simulation is run at different time steps,
and in practice an iterative way: one time step after another.

Like in the previous section, there are two issues: how to get the equations
modelling the circuit and then how to solve them. Numerical solving of these
equations will be further covered in section 3.2.1.

Here we want to introduce quickly a method that enables a natural ex-
tension of the nodal analysis: companion models. The idea is to replace at
each time step a capacitor (or similarly an inductor) by a current source and
a resistor which will give a good approximation of the capacitor’s operating
point on the next time-step.

For instance at instant k, we know (vy, ix) from previous calculations. We
also know an ideal capacitor obeys i = C' %. Thus, calling A the time-step,
and using Euler’s backward approximation leads to:

iy & O — (B) Tl — G 3)
We can here recognize the resistor % and the current source C‘}f’“

This method, has the advantage of simplicity, and is quite protected
against numerical instability thanks it implements a backward algorithm,
rather than a forward one. However, good accuracy requires a time-step
belows the smallest time constant.

3.1.3 Nonlinear networks

Whenever some nonlinear elements are involved, there is no more direct
analytic solution, so that a search algorithm is needed. Finding the operating
point for each nonlinear part can be expressed as finding the solution of an
equation like f(z) =0, x € R.

A popular search algorithm is Newton-Raphson’s one, which tries to ap-
proach the solution iteratively using relation (4).

f(xx)

Pl = f'(zr)

Of course this requires a starting guess xy, which is a particularly crucial issue
with Newton-Raphson, because the convergence is quadratic when close to

=0,1,... (4)

8
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the solution, but can be extremely slow otherwise. [5] gives a self-speaking
example for a diode

Regardless of this convergence problem, a key advantage of this algorithm
is its ability to be easily plugged in a simple nodal analysis solver as presented
in 3.1.1. Without getting into much details, a nonlinear element characterized
by i = g(v) can be replaced at k + 1 step by a conductance ¢’'(vy) in parallel
with a current source i = ¢'(vy)vg — ix. Please note that unlike the case of
transient analysis, these iterations are made within the same time-step, and
have to be repeated each new time-step.

This leads to a new approached bias point (vgi1,ix+1). Of course a control
algorithm stops the iteration whenever a given criterion indicates that enough
precision has been obtained.

A simple summary of this nonlinear analysis could be: nonlinear charac-
teristics enable high precision analysis, but are very time-consuming. More-
over, like every iterative algorithms, the computation time is not predictable,
which doesn’t meet the requirements for real-time.

3.1.4 Piecerwise Linear networks

Some components have characteristics that are (or approached by) segments:
Piecewise Linear (PWL) characteristics. The most famous are probably the
idealized diode models. Circuit with such components don’t need as a com-
plex solver as describes in section 3.1.3. Indeed, while the circuit stays in the
same "linear configuration”, only a simple linear solver is required.

However PWL elements must now be monitored to check the bias point
is still in the same linear subdomain (for instance, a conducting diode simply
has to have ip > 0). Whenever a boundary is crossed, a new task appears:
determining the new linear state. A algorithm is needed to find it automat-
ically.

[6] describes a method for representing PWL elements as a resistor in
parallel with a current source. One specificity of their approach is their use
of fixed resistance value regardless of the state. This way they end up with
only one conductance matrix instead of 2" if there are n switches.

Then their main contribution is to use a modified version of the Katzenel-
son algorithm to determine the new switch configuration whenever a bound-
ary is crossed. However, even if efficient, this method is still iterative: chang-
ing one switch after another until a stable configuration is reached.
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So the computation time is not predictable, which is not suitable for real-
time simulation.

3.2 State space simulation

Now we’ll move on to another way of simulating a circuit, by the use of state
space equations.

State space equations are not restricted to circuit simulation. They can
handle other kind of systems which can be modelized using linear differential
equations. As a consequence, they can only deal with linear circuits (or PWL
ones with some adaptations).

Ax + Bu (5a)
Cz + Du (5b)

z

Y

For an electrical circuit, the state variables are related to the energy
storing elements. So people usually choose voltage across capacitors and
current through inductors because these variables are continuous.

Getting these state space equations automatically is trickier than nodal
analysis ones. An algorithm is detailed in the reference book [2] but the
same structure is described in several others like [7] and [5]. It uses some
topological analysis and basically involves:

e Topological analysis to separate components in the tree from compo-
nents in the link

e getting an incidence matrix with tree and links elements separated
e taking 16 slices of this incidence matrix

e introducing the v-i relationship of capacitors and inductors while elim-
inating undesirable variables using the slices

The words tree and link (or cotree) come from topological analysis of
networks. They qualify the branches (ie the components). A tree is a subset
of the branches connecting all nodes while containing no nodes. The link
is composed of the remaining branches. [5] details the basic topological
concepts needed.

Also topological analysis can reveal some properties of the circuit. We
can point out that we should always be able to get a tree without current

10
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sources and a link without voltage sources because otherwise there would be
nodes of current sources or loops of voltage sources, thus violating KCL or
KVL respectively.

The state space approach is used for instance by Plecs toolbox: www.
plexim.com. They bring fast and accurate power electronic simulation to
Simulink. They describe partly their method in [1], especially how they deal
with switches. Their use of a detection of delta impulses to detect unstable
switches configurations is an efficient solution. However it is iterative like
Katzenelson algorithm in section 3.1.4. So, even if short, the computation
time is not predictable, which is not suitable for real-time processing.

3.2.1 Solving state space equations

Here by solving we mean computing an acceptable numerical approximation

as there cannot be an analytical solution when the input U is unknown.
The problem is part of the more general numerical integration issue.

Again [5] and [7] give a good overview of the subject. We are mainly in-

terested in fixed-step algorithms because our output is a fixed-frequency dis-

cretized signal. Of course some good algorithms are using ”smart” variable

steps but a real-time simulator cannot afford casting such time-slowing magic.
We want our state vector to be computed this way:

Ly = A@k + B-Qk (6)

with A and B depending on A, B and the discretizing algorithm.

Also we cannot afford implicit algorithms (that means ones which involve
not already computed values) because they require a search algorithm.

This mainly let us with some of the simple integration algorithms, like Eu-
ler Forward Algorithm (EFA), or the higher order Runge-Kutta ones (RKA).

These algorithms are not robust when dealing with stiff systems: when-
ever there are time constants smaller than the time-step the risk of numerical
instability is high. However [7] presents an interesting approach with an ac-
curate approximation of matrix exponential that could be a great help to
fight this instability. Moreover, Matlab provides an even better algorithm
with its expm() function.

11
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3.3 Power electronic circuits specificities

In this section we want to summarize the major issues related to our specific
simulation problem. The two keywords are switches and real-time.

A power electronic circuit, for what we are interested in, is a network
of linear elements plus switches (including internally controlled switches like
diodes). So the system is piecewise linear and can be described as a set of
state space equations. We have excluded nodal analysis because we want to
add some interactions with a state-space-modeled mechanical system. So it’s
easier to be already in state space domain.

Then we had to choose how to deal with changing topology. Until re-
cently community preferred ”single matrix” approaches, that means a single
equation is valid for all topologies, regardless of the switches configuration.
This was mainly in order to save memory space.

We believe we now have largely enough memory. And indeed the most
advanced Plecs toolbox computes and caches new matrices for each topology.

We want to go further: pre-compute in advance all the necessary matrices
and then feed the memory of our hardware solver. This would largely increase
our computational speed.

But there is still the issue of determining efficiently the new topology
after a switching event (because for instance in a boost converter, opening
the switch closes the diode).

3.3.1 Transitioning between configurations

We have described efficient approaches in sections 3.1.4 and 3.2 but we've
seen that none of them is predictable in term of computation time.

We believe we can put more intelligence in our tool so that the transitions
from one topology to another are summarized in an explicit Finite State
Machine algorithm.

This means our simulator will have the knowledge to jump from one stable
topology to the next stable one without wasting time on improper ones: the
computation time will be completely deterministic.

The simulator knowledge will be gathered from a more extensive pre-
analysis of the circuit where we will analyse what conditions on state vector
makes a topology stable or not.

It is the important conclusion of this section to realize that the issue of
switching between different topologies is the key to reach real-time simulation

12
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and it explains why such simulation is not available as of today. Our FSM
algorithm should make it possible.

4 Architecture of the simulator

In this section we describe our path toward real-time simulation of power
electronics circuits.

4.1 System’s structure

Most of the algorithms we’ll be implemented in Matlab for the pre-computation,
plus a hardware back-end stage actually running the real-time simulation.

This is because we have understood that our simulation will eventually
run real-time only if the first stage of strong pre-computation and knowledge-
gathering only let easy computation to the actual simulator device.

Figure 2 shows how we have structured our tool. From what we have just
said, the real brain of the system is in the ” Analysis” layer, while ” Compu-
tation” stage is meant to be simple and fast.

Now we’ll describe briefly these different stages.

4.2 Input GUI

In order to interact conveniently with the user, we want to provide a Graph-
ical User Interface. Convenience also dictate us to use a tool which engineers
are familiar with: that’s why the whole program is Matlab-based and why
the front end uses Simulink.

More precisely, we are using SimPowerSystems toolbox for drawing and
connecting components (screen capture on figure 3). However, as we use
SimPowerSytems blocks as empty boxes we’ll provide our own toolbox to
minimize the prerequirements for the user.

4.3 Netlist Extractor

To enable a good modelling algorithm, we need to access the circuit topologi-
cal data a very simple way. But Simulink doesn’t provide such ”programming
interface”.

13
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Figure 2: Simulation tool flowchart

That’s why I've decided to create an abstraction layer which does the
dirty job of introspecting Simulink and outputs a simple structure which
summarizes all the needed informations the modeler need. This structure
called "structured netlist” is implemented using a Matlab structure.

4.4 Modeler

This is the key layer that will enable real-time simulation. We have already
discussed of what it should do and here is a summary:

This layer is doing a topological analysis of the circuit using the conve-
nient ”structured netlist”. This analysis, repeated for each topology (that is
each switch configuration), leads to a set of state space matrices. Figure 3
shows a graphical effect related to the tree-finding algorithm (note this is for
debugging purpose only).

The second task of this layer is to anticipate the possible transitions
between switches configurations. This analysis is then summarized in an

14
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FSM to be used by the solver.

4.5 Simulator

This layer runs the actual simulation.

Our project aims at running our simulation on a dedicated hardware. We
are targeting FPGAs not because today computers lack computation power
but because only FPGAs allow real high-speed low-latency communications
with the real world.

Even people using computer-based computation HIL (like RTDS) are
using FPGA dedicated cards for inputs and outputs. We want to go further

15
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by porting also the computation on FPGA.

Manufacturers (Xilinx, Altera, ...) are providing some chips with around
50 integrated multipliers, running at several hundreds of MHz. This should
be enough to run our simulation with reasonable circuit sizes. The natu-
ral increase in computation power over the years should overcome possible
problems with bigger circuits.

Of course we’ll first use software prototyping for both evaluate the simu-
lation accuracy and the amount of calculation required. The latter will help
choosing a suitable hardware, whose cost may vary from few hundreds to
several thousands dollar.

5 Conclusion

After this introduction to the subject, I'll describe briefly my work.

A first global scope work is to help refining the architecture of our emerg-
ing tool as I'm getting more and more understanding of the subject. With
Ivan we are defining how we want our layers to be organized to reach our
goal: real-time simulation.

My first coding work was on the abstraction layer which looks into Simulink
to get a structured netlist (cf section 4.3). This module is now working fine
with SimPowerSystems toolbox. I'll now share the knowledge of low-level
Simulink programming I gathered to help our new student, Shireen, to build
our own toolbox.

Now I'm mainly focusing on the modeliser. I'm implementing the [2] al-
gorithm to get the automated state space modeling. The purpose of doing
it ourself is to get good understanding of the ”inside” of these matrices. We
believe they contain the information we need to build the switches configu-
ration FSM. This FSM building is the second part of our modelling. I think
it is the crucial issue because real-time simulation will only be possible if
we are able to determine switches configuration using a time-deterministic
non-iterative algorithm.

Whenever we have a good modeling algorithm which analyses automati-
cally power electronic circuits, we’ll be able to focus on studying, designing
and scaling the hardware solver.

16
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