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General context

Since the beginning of electricity generation in the 19"* century, fossil energies like
coal or gas have been the most used resources. It is a cheap energy but it resulted in
huge greenhouse gases emissions, responsible for global warming and climate change.

To fight climate change and reduce greenhouse gases emissions, governments of most
countries have decided to massively invest in renewable energies such as wind power
or photovoltaic power. These renewable energy generators are connected to the power
system through Power Electronics (PE) converters, which is not the case for the coal,
gas or nuclear power plants that use Synchronous Machines (SM).

In parallel, several High Voltage Direct Current (HVDC) links are built to inter-
connect asynchronous power systems (between France and England for example) or
synchronous power systems on long distances (between France and Spain for example)
between each other, and they too use PE converters. Figure 1 shows the existing HVDC
links (in red) and some planed projects (in blue) in Europe. The green line represents
the France-Spain link that was built recently.

Finally, most of the new generation loads use PE converters as well (like computers
or household appliances). And the fast development of the electric vehicles induces an
increase in the PE penetration too.

For all these reasons, the PE penetration in the power systems hugely increases. It
can be high very soon in some places like Ireland, which is an island with a lot of wind
generation.

But this trend is not without any consequence. The dynamic behaviour of SM
and PE converters are indeed very different. For example, while SM have an inertia
because of their rotating mass, PE devices haven’t got any. Another example is the
over current capability that is way higher for SM than for PE converters. Moreover,
PE converters are currently controlled as simple current sources (they are called grid
feeding or grid following converters). They do not create the voltage like SM. Soon this
will be mandatory for them to create this voltage and replace the SM. This is what is
called a grid forming capability and this necessitates a change in the way the converters
are controlled. But when controlled as voltage sources (grid forming converters), the
converters are even more subject to over current which is a great issue that should be
taken into account in the analysis and simulations.

As a result, if the PE penetration keeps on increasing, which is highly probable,
there is a non negligible possibility that the power system security and stability are not
ensured any more if nothing changes in the way it is controlled. Moreover, protection
issues will arise, as well as power quality challenges.

To anticipate and prepare for this challenge, several European Transmission System
Operators (TSO) and universities have gathered to form a European project to work
on these issues. This is the MIGRATE project, which is presented in the next section.
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Figure 1: Example of HVDC links in Europe

Presentation of the MIGRATE project

MIGRATE stands for Massive InteGRATion of power Electronic devices [1]. It is
an EU-funded project under the framework of European Union’s Horizon 2020.

It gathers several partners, that are presented in Figure 2 [1]. There are 11 TSO, 12
universities and one manufacturer from 13 countries working together in this project.
Their main objective is to propose innovative solutions to progressively adjust the HVAC
system operations.

The different objectives of the project are addressed in 8 work packages that are
presented in Figure 3 [1].

This PhD is part of the work package 3 that aims at developing controls and oper-
ations of a grid with 100% converter based devices.

The goals of this PhD are to simulate and analyse transmission systems with 100%
PE. The increase in the PE penetration is indeed a challenge and it changes the way
we need to simulate transmission systems as their dynamic behaviour greatly changes.
To do so, it aims at developing new tools and methods to analyse and simulate such
systems. Then it can give some insights on how a power system with 100% PE behave
and how it should be modelled to guarantee that the simulations and analyses fit what
is observed in reality. The final aim is to ensure the security and stability of a power
system with 100% PE in the future.
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Contributions

This work has brought several contributions that are listed here.

First, a review of the existing tools and methods to simulate and analyse power
systems has been done. It has been assessed for each one of these tools, whether they
can be used with a large PE penetration and in which cases.

Then three Model Order Reduction (MOR) methods have been developed to reduce
the simulation time and to simplify the analysis by reducing the number of state vari-
ables. Unlike most of the existing methods, these developed methods keep the physical
structure and the variables of the system, making the analysis easier. These methods
are described in details in this report.

The developed methods have been validated and compared using realistic test cases.
Thanks to these applications, the advantages and drawbacks of each method have been
presented. Moreover, the results of these test cases give recommendations on how to
model, simulate and analyse a transmission system with a high PE penetration. Among
these test cases, a real transmission system (the Irish transmission system) has been
modelled using 100% PE generation and it proves to be stable with the converter control
developed in the MIGRATE project.

Outline of the thesis

This report is organized in four chapters.

The first chapter reviews the existing tools and methods that are used to simulate
and analyse transmission systems and the most common MOR methods. The presented
simulation tools are the EMT simulations that use detailed models, the phasor simu-
lations that use a phasor approximation to simplify the models and thus reduce the
simulation time and the dynamics phasor simulations that are a compromise between
the two. The presented analysis tools are the small-signal stability analysis, the sen-
sitivity analysis and the participation factors. The presented MOR methods are the
modal truncation that is based on a modal analysis, the balanced truncation that is
based on a study of the Hankel singular values of the system, the proper orthogonal
decomposition that uses a snapshot of the system taken from a previous simulation or
an experiment and the Krylov methods that use moment matching techniques.

The second chapter presents the models that are used for the rest of the report. Each
element of a transmission system is modelled: converters (grid forming, grid feeding
and modular multilevel converter), lines, transformers, synchronous machines, loads,
etc. In each case, the equations of the model are given in the DQO representation and
block diagrams illustrate the different controls.

The third chapter presents the three developed MOR methods. The process is
detailed for each one of them. These methods use the presented analysis tools but they
are also inspired by the existing MOR methods to take the best of them. One method
consists in discarding the fastest poles of the system, the second one discards the poles



of the system that are linked to the less energetic states in the balanced realization
(link with the balanced truncation) and the third one uses an optimisation to minimize
an error criterion. All the methods preserve the variables, parameters and physical
structure of the system which are important features for a MOR method applied to
power systems.

The fourth and last chapter applies the developed methods to realistic test cases
using the models presented in the second chapter. The conclusions for each test case
are recommendation on how to model, simulate and analyse a transmission system with
a high PE penetration. One conclusion is that depending on the studied converter in
the system and the simulated event, the most adapted reduced model is not the same.
And this is taken into account by the developed MOR methods.

Publications

The work done in this PhD resulted in several publications that are listed below:

e . Cossart, F. Colas, X. Kestelyn, "Model reduction of converters for the analysis
of 100% power electronics transmission systems," in 2018 IEEE International
Conference on Industrial Technology (ICIT), Lyon, 2018.

In this paper, the first developed method is presented and applied to a simple test
case consisting in one grid forming converter connected to an infinite grid.

e (). Cossart, F. Colas, X. Kestelyn, "Modeles réduits de convertisseurs pour 1’étude
de réseaux 100% électronique de puissance," in Symposium de Génie FElectrique,
Nancy, 2018.

This paper presents the results of the previous paper in french and in a national
conference.

e Q. Cossart, F. Colas, X. Kestelyn, "Simplified converters models for the analysis
and simulation of large transmission systems using 100% power electronics," in
2018 20th European Conference on Power Electronics and Applications (EPE’18
ECCE Europe), Riga, 2018.

In this paper, the first developed method is applied to a test case consisting in a
two-converter system.

e (). Cossart, F. Colas, X. Kestelyn, "A priori error estimation of the structure-
preserving modal model reduction by state residualization of a grid forming con-
verter for use in 100% power electronics transmission systems," in 15th IET Inter-
national Conference on AC and DC Power Transmission (ACDC 2019), Coventry,
2019.

In this paper, the third developed method (in its first version, with a brute-force
optimization) is applied to a two-converter system. The idea is to find the most
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adequate model for each element of the system (converter and line) depending on
the simulated event and the observed variable.

Two journal papers have been submitted and are under review:

e (). Cossart, F. Colas, X. Kestelyn, "A novel strategy of modal model order reduc-
tion by state residualization for 100% power electronic-based grids," EPE Journal.

In this paper, the second developed method is applied to the Irish transmission
system in phasor mode. The idea is to find the most adequate model for each
converter in the system depending on the observed variable.

e . Cossart, F. Colas, X. Kestelyn, "A novel method for choosing the most suitable
model order reduction of a 100% renewable power grid subject to various events,"
IEEE Transactions on Power Systems.
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As presented in the introduction, the aim of this thesis is to study transmission
systems with a large PE penetration in order to assess their stability, security and
expected performances. Given the size and the complexity of the transmission systems,
experimentations are limited and at-scale prototypes are nearly impossible to build.
To cope with that, a solution is the use of numerical simulations and analysis tools.
They make it possible to test different test cases and validate the developed controls at
limited cost compared to experimentations.

In this chapter, a bibliographic work has been carried out to set the scientific context
of this work. The first section presents the existing tools to simulate and analyse
transmission systems. It is shown that some tools, especially some approximations,
might not be relevant any more with a large PE penetration. This is why a need for
Model Order Reduction (MOR) is identified, in order to accelerate the simulation and
simplify the analysis of large systems. A focus is made here on the case of a power
system with a high PE penetration.

As a result, the second section presents the existing MOR methods, their charac-
teristics, advantages and drawbacks. It is explained why they are not always suitable
for the study of power systems with a large PE penetration.

1.1 Tools and methods for the simulation and anal-
ysis of transmission systems

This section presents the existing tools to simulate and analyse transmission systems.
The first subsection deals with the simulation tools while the second one is about the
analysis tools. The idea is to assess whether these tools are still relevant when the PE
penetration is very high, and if not, what are the alternatives.

1.1.1 Simulation tools
Electromagnetic transient programs

The Electromagnetic Transient (EMT) programs are software used to simulate
power systems that have been introduced in [2].

As their name says it, they consider the fast electromagnetic transients in addition
to the slow electromechanical transients (see Figure 1.1 [3]). The computation time of
such a simulation is high due to the level of details of the models and the fact that the
time-step needs to be small (tens of us) to capture the fast transients and simulate the
fast electromagnetic dynamics [4]. Moreover, because of the high number of variables
and parameters of EMT simulations, the analysis is complex. As a consequence, only
local parts of the system are simulated with EMT programs and during a short time-
span.
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Figure 1.1: Time frame of power system transients

Unbalances can be taken into account with EMT programs, and the models are most
of the time in the ABC representation, that uses the natural/physical variables (unlike
the DQO representation that uses a basis change. See appendix for more information).

For all these reasons, they are particularly adapted to the simulation of PE devices,
where the switching of the IGBT can be simulated with high-fidelity. Today, EMT
programs are for instance used for the simulation of Modular Multilevel Converter
(MMC) [5], wind turbines converters [6] or switching in transmission lines [7].

An overview of the existing EMT programs have been made in [8]. The most famous
ones are EMTP-RV [9] and PSCAD/EMTDC [10], which are commercial software.

In this work, large systems (transmission systems) are simulated and analysed. It
means that using EMT programs could lead to high computation times and complex
analyses.

Phasor approximation and transient stability programs

The phasor approximation is an approximation that has been used in the power
system community for a long time [11]. It is applied to balanced systems and consists
in neglecting the electromagnetic dynamics of the lines as they are faster (and therefore
less relevant for stability analyses) than the slow electromechanical dynamics of the
SM. As a result, the only dynamics of the model are the dynamics of the SM and their
controls. Moreover, the models for all the elements of the system only take into account
the slow dynamics and not the fastest one. For example, simplified models are used for
the SM.
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For example, consider a model of a line as illustrated in 1.2. This is a simple R,L
model. The system is considered to be balanced. As a result, the DQO representation
is used and only the d-axis and g-axis components are considered. The equations
modelling this line are shown in (1.1).

L R 1
Y S ey S

Tvl Tvz

Figure 1.2: Example of a model of a line

L di

—ﬁ:vld—vgd—Rid%—sz’q

L di ’
—ﬁ:vl — vy, — Rig —wliy

Wy dt a ?

With the phasor approximation, the derivative parts of the variables iy and i, are
neglected. It leads to (1.2).

{O:vld — Uy, —Rz:d+sz:q (1.2)
0=wvy, — v, — Rig — wliy

It can be seen in these equations that the line behaviour is now quasi-static, which
simplifies the model and accelerate the simulation. It is indeed now possible to use
larger time steps for the simulation and analysing the system becomes faster as there
are less state variables. Of course, this approximation leads to errors when considering
the transient behaviour [12]. The question is to decide whether these transients are
important or not for the study. Over-current transients are for instance less important
with SM (which can handle high over-currents) than with converters (which have a low
over-current capability [13] and therefore need an accurate simulation to ensure that
the device can handle the transient).

Programs that use the phasor approximation are called Transient Stability Programs
(TSP). Examples of TSP are the commercial software EUROSTAG [14], PSS/E (for
Power System Simulator for Engineering) and RAMSES (for RApid Multiprocessor
Simulation of Electric power Systems) [15, 16].

This phasor approximation is still widely used today when there are PE devices in
the power system [17,18]. But the hypothesis on which it is based (which is that the
fast electromagnetic transients can be neglected as they are faster than the electrome-
chanical transients of the SM) might not be verified any more if the SM penetration
decreases and the PE penetration increases.
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Dynamic phasor

The dynamic phasors were developed in [19]. Their advantages are the possibility to
consider the unbalances [20], a better accuracy than the classical phasor approximation
(although the model is more complex), and a lower computation time than with EMT
models (although they are less precise).

This tool is based on a Fourier series decomposition. Consider a nearly-periodical
variable x of a period T and a pulsation w (which is the case for the currents and
voltages in a power system for example). This variable can be approximated by a
Fourier decomposition in (1.3).

vr, Yt e [r—T;7), x(t) =~ Y Xp(r)el™ (1.3)
The coefficient X, called dynamic phasor k is calculated in (1.4).

Xi(T) = ;/TT_Tx(t)e_jk“tdt =<1z > (7) (1.4)

To go further, the variable x can be approximated with its first K dynamic phasors
in (1.5). The bigger K is, the more accurate the model is but the higher the computation
time is. The choice of K determines the number of equations suitable to model the
system.

z(t)~ > Xp(r)el™! (1.5)

k=—K

The following property in (1.6) helps writing the differential equations in the dy-
namic phasor domain and thus writing an entire model in the dynamic phasor domain.

< ZZ > (7) = d<df_>k(7') + jkw <z > (1) = %(7) + jkwXyg(T) (1.6)
One advantage of the dynamic phasors is that it is more accurate than the phasor
approximation and it has a lower computation time than EMT simulations. It is used
today to simulate 2-level VSC [21], MMC [22] or electrical machines [23].
One drawback of the dynamic phasors is that it increases the number of variables
and equations (two for each k), which makes the analysis complicated. Moreover, it is
not easily applicable on the classical simulation software.

Comparison of the three simulation methods on a simple example

To illustrate the three simulation methods (EMT, phasors and dynamic phasors),
consider the simple test case in Figure 1.3.
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Figure 1.3: Test case under consideration

The two voltages v; and vy are fixed. A short-circuit at vy is simulated at ¢t = 1s
(v = 0 at t = 1s) and cleared after 150ms. The current in the RL line is shown on
Figure 1.4 for each of the three simulation methods. For the dynamic phasors, K = 1.

20 [
m—EMT
€15 T DynPhas [
I:‘ ' \ A == Phasor
RWAW. N~
§ 10 = '. X7 ————
= v \
\A\ [~
0 . —
0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
Time [s]

Figure 1.4: Comparison of EMT, dynamic phasors and phasors simulations

One can see that the phasor approximation misses the transient during the short-
circuit and the clearing of the fault. On the other hand, the EMT and dynamic phasors
simulations give the same result on this particular test case.

Conclusion

In this subsection, different tools to simulate power systems have been presented:

e The phasor approximation simplifies the equations in the DQO representation by
neglecting the fast electromagnetic transients. This approximation is based on the
fact that SM have slow electromechanical dynamics, which are more important
for the stability than the fast electromagnetic transients. As a result, a larger
time step can be used which makes the simulation faster. Moreover, as the num-
ber of state variables has decreased, the analysis gets easier. With a 100% PE
transmission system however, this approximation might not be relevant any more.
Moreover, it is important with PE devices (more than with SM) to capture fast
transients, which can damage the converter (over-current for example).
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e The EMT programs allow to simulate accurately PE converters. However, the
simulation time with these programs is high because of the level of details and the
number of variables and parameters makes the analysis complicated. Moreover,
a small time step needs to be used. As a result, EMT programs cannot easily be
used for simulating large power systems.

e The dynamic phasors are an interesting tool between the phasor simulation and
the EMT simulation. They are based on a Fourier series decomposition of all
the variables in the system. The needed time step is larger than with an EMT
simulation, which decreases the simulation time. However, they induce an increase
in the number of variables and equations that can complicate the analysis, which
is not what is looked for in this report, although they reduce the computation
time compared to EMT simulations [3].

1.1.2 Analysis tools

This subsection presents three analysis tools that are used today to study transmis-
sion systems. The aim here is to check whether they are still relevant when studying
transmission systems with a high PE penetration.

One can remark that these tools are applicable on linear systems only. Several tools
exist for nonlinear systems like the Lyapunov stability [24] or the nonlinear participation
factors [25] but using them is not straightforward and it can complicate the analysis
which is not what is wanted here. As a consequence, it has been chosen here to focus
only on tools for linear systems. To proceed, the studied systems are linearised around
their operating point in steady state.

Small-signal stability analysis

The first analysis tool to be presented here is called small-signal stability analysis.
It is a widely used tool in the power system analysis [26].

First, a nonlinear Differential Algebraic Equations (DAE) system, modelling the
studied transmission system, is considered in (1.7).

d$diff
dt

= f(xdz’fﬁxalgau)
0 = g(Zaifs, Targ, u) (1.7)
Yy = h(mdiffamalgaflL)

Taiff € RNdiff,xalg € RN‘”g,u e R,y € RY

This system is linearised around its operating point xo = (Zaiff,, Taig,» Uo) at steady
state. It is important that the system is time-invariant at steady state. This is why
the DQO representation is used (see Appendix for more explanation). To simplify the

f

writing, all the derivatives g—x(xo) are written %. It gives (1.8).
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0

= Axg; Az, —A
dt a{L‘diff Tdif + 0xalg Talg + ou
dg 0 dg

0= Ax g — Az, —ZA

axdiff rdiff * axalg Falg * ou B (18)

oh oh oh

A - A 7 A a A

y O0Tqify Taiff 044 Talg + 0 Y
Ay € RV Agy, € RV49 Ay € RP, Ay € RY

It 85—% is not singular, the following matrices are defined in (1.9).
alg

of of dg ~'  9g

A= — X X € RNairs*Naiss
(‘hdiff 8xalg 8%19 axdz‘ff
-1
B 0f O 007 00 e
ou  Oxay  OTqy O (1.9)
-1 ’
o oh oh Jdg % dg e R9*Naisf

= — X
8q:diff 8xalg 8xalg 8azd¢ff
oh oh dg ~* 0
= — — x 29 x 29 e por
Oou  Oxay OTqy ou
With these matrices, it is possible to write the system in state-space representation
in (1.10) by injecting the algebraic equations in the differentials equations and in the
output equations.

dAdeiff

dt = AAJ]diff —|— BAU

Ay = CAzgiss + DAu (1.10)
Ay € RN5 Ay € RP Ay € RY

To simplify, this system is written as in (1.11). The system is now a simple Linear
Time Invariant (LTI) system represented in state-space.

d
d—f = Az + Bu
y=Cx+ Du (1.11)

x € RNass y € RP y € RY

The poles of this LTI system are defined as the eigenvalues of the state matrix A.
The set of the eigenvalues of A is noted o4 and is called its spectrum. The eigenvalues
of A are the roots of the characteristic polynomial of A, as presented in (1.12).

N €04 det(A—Nd,,..)=0 (1.12)

A LTT system is exponentially stable if the real part of all its poles are strictly
negative. This is explained in (1.13).

diff)
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The system is exponentially stable < VA; € o4, Re(\;) <0 (1.13)

An operating point of a non-linear system is stable if the corresponding linearised
system at this operating point is stable.

To illustrate it, ten poles are considered in Figure 1.5. The poles that are on the
left side of the imaginary axis of the complex plane are stable. The one that are on the
right side are unstable.

10
Stable pole | Unstable pole

4o
= 5 °
- (]
- °
= 0 o—eo ° ° o
&b
= [
E s
—

-10

-10 -5 0 D

Real part

Figure 1.5: Example of stable and unstable poles

The analysis of the stability of the poles of the linearised system is what is called the
small-signal stability analysis. This analysis is still relevant with a high PE penetration
and is applied on several test cases in chapter 4.

One can note that a limit to the small-signal stability analysis is that it is only valid
when the system is close to its operating point (small-signal). Moreover, it doesn’t
take into account the non-linearities of the system that can have an impact on the
stability. To cope with that, nonlinear stability analyses using Lyapunov functions can
be used. But there is no systematic method to find the Lyapunov function which makes
it difficult to apply in such complex systems like power systems. This is why the focus
of the report is on small-signal stability analysis.

Sensitivity analysis

The second presented tool is called sensitivity analysis. It is based on the small-
signal stability analysis presented previously.

A pole \; of the A matrix is considered. If this pole is unstable or at risk of becoming
unstable (close to the imaginary axis), it is interesting to know which parameters of
the model influence the most this pole. Knowing this, it might be possible to change
a parameter (the tuning of some PI controllers for instance) in order to stabilize this
pole or improve the performance of the system [27].
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The sensitivity s, . of the real part of the eigenvalue \; with respect to the parameter
p; is defined in (1.14).

ORe()\;)
S’V‘i i -
- op;

The sensitivity gives the evolution of the considered eigenvalue when the considered
parameter changes. If it is positive, the real part of the eigenvalue increase when the
parameter increase. If it is negative, the real part of the eigenvalue decrease when the
parameter increase.

As a consequence, if s,, . is positive, it means that p; must decrease to stabilize the
pole. If it is negative, it means that it must increase to stabilize the pole.

One can remark that the sensitivity depends on the unit and the value of each
parameter. It is thus arduous to compare the sensitivities of an eigenvalues with respect
to different parameters of different values and unit.

This tool is very important for the tuning of the controllers of the converters in a
transmission system with a large PE penetration. It helps tuning the controllers to
obtain a stable power system.

(1.14)

Participation factors

The last presented tool are the participation factors.
The eigenvalues of A, that are defined in (1.12) can also be defined as in (1.15).

N Eoy e dy; € RNdiff/Ayi = \Vi (115)

In (1.15), y; is called a right eigenvector of A associated to the eigenvalue \;. In the
same way, the definition in (1.15) can be rewritten with a left eigenvector as in (1.16).

N\ € o4& Fu; € RYr7 [yl A = Nl (1.16)

For each eigenvalue, the left and right eigenvectors are not unique. They can be
chosen to be normalized, which means that they respect (1.17).
t=9=u;y; =1
-/ ;y] (1.17)
i#F]=>uy; =0

The participation factors are a linear algebra tool introduced in [28]. They have
been constantly used since in the power system community [29-31] and for MOR [32].
More generally, their meaning and how they can be used for the analysis of dynamical
systems is also still discussed today [33-35].

They give the links between the eigenvalues of a linear system and its state variables.
More precisely, the participation factor py; is a complex number whose modulus gives
the participation of the state zj in the eigenvalue \; (and vice-versa). It tells how much
this state variables influences the considered pole. It is calculated as in (1.18).
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Pri = wi(k)yi(k) (1.18)

In this equation, u;(k) is the k* entry of the left eigenvector of A associated to \;
and y;(k) is the k'™ entry of the right eigenvector of A associated to ;.

If the left and right eigenvectors of A are normalized, the sum of the participation
factors of a state in all the eigenvalues is equal to 1 and the sum of all the participation
factors of all the states in one eigenvalue is equal to 1 (note that this is not true when
the modulus are summed). This allows comparing the degree of participation of each
state in an eigenvalue (and vice-versa).

The participation factors helps identifying which state variables are critical for the
stability. They are the states that participate the most in the unstable poles or the
poles at risk of becoming unstable.

To better understand the physical meaning of the participation factors, consider the
simple LTI system in (1.19).

dx

&4

a ~ (1.19)
A e R™"

The solution of this system is given in (1.20).

n

z(t) =Y (u] 2(0))e'y; (1.20)
i=1
Consider now the initial conditions zx(0) = 1 and x;(0) = 0,Vi # k. In these

conditions, the solution of the system can be rewritten in (1.21).

wi(t) =D prae™’ (1.21)
i=1

This equation clearly shows the role played by the participation factors. They link
the state variables to the the poles of the system.

In this thesis, the participation factors are used for the development of MOR meth-
ods in chapter 3.

1.1.3 Conclusion

In this section, several simulation and linear analysis tools, that can be used to study
transmission systems with a high PE penetration, have been presented: the phasor ap-
proximation and the Transient Stability Programs, the Electromagnetic Transients Pro-
grams, the dynamic phasors, the small-signal stability analysis, the sensitivity analysis
and the participation factors.

As seen in this section, the EMT programs can lead to a too high computation time
and a too complex analysis when applied to large transmission systems, and the phasor
approximation might not be applicable when there are a lot of PE devices. However, to
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study and simulate large systems, like it is the case in this report, simplifications and
approximations, just like the phasor approximation, are needed. These simplifications
are called Model Order Reduction (MOR) in the literature. This is why the focus of
the next section is on MOR. The aim is to list the existing methods and assess if they
are adapted to the study of power systems with a large PE penetration and thus to
simplify an EMT model. And if not, what are the alternatives.
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1.2 Model order reduction

A MOR is a process that finds a model with an output that is close to the output
of the initial model (in other words, the error has to be bounded) but of reduced order.
For example, consider a nonlinear DAE system in (1.22).

dx i

# = f(xdifﬁxalgau)
0 = g(Zaifs, Targ, u) (1.22)
Yy = h(wdiffamalg7u>

Taiff € RNdiff,malg € RN‘”g,u e R,y € RY

A second nonlinear DAE system is considered in (1.23).

dajgﬁ = [r(Zdifs,: Talg,, u)
0 = gr(Tairs,, Taig, 1) (1.23)
Yr = hy(Taigy,, Targ, , u)

Taify, € RN gy, € RNy € RP,y, € RY

The system in (1.23) is a reduction of the system in (1.22) if the equation (1.24) is
respected, for a given accepted error e.

{Ily—yrll <e

Naigf, << Naisy

The principle of MOR is to find the smallest reduced model like (1.23) for a given
reference model like (1.22) and for a given accepted error. It results in a system that
gives approximately the same results but that is faster to simulate and easier to analyse
as it has a reduced number of state variables.

This section presents the most used MOR methods: the modal truncation, the
balanced truncation, the Proper Orthogonal Decomposition (POD) and the Krylov
methods. The first three methods are called Singular Value Decomposition (SVD)
methods as they are based on the SVD of matrices. They are illustrated in this chapter
with a small order 4 example. For each method, the idea is to assess whether it is
relevant for the MOR of transmission systems with a high PE penetration.

(1.24)

1.2.1 Modal truncation

The first method to be presented is called modal truncation [36]. Although not
new [37], it is today a widely used method in the power system community [38,39] as it
is quite easy to apply it and it preserves some physical dynamics of the system, which is
what is looked for in this work. It is indeed based on the preservation of some poles of
the system and the suppression of others. Because it preserves the poles of the system,
it ensures that the operating point remains stable: no pole is moved during the MOR.
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As illustration, the method is applied on the LTI system in (1.25).

d
d—f:Ax—i-Bu

y=Cx+ Du
x € RNass 4 € RP y € RY

(1.25)

One can remark that this method can be used only with linear systems.

Eigenvalue decomposition and basis change

First, the Eigenvalue Decomposition (EVD) of A [40] is done using a matrix P that
can easily be found using the eigenvectors of A (see Appendix for more explanation).
This decomposition is presented in (1.26).

A= P 'AP = P 'diag()\;) P (1.26)

By writing x,, = Px, B,, = PB, C,,, = CP~!, the system can be rewritten in (1.27).
For now, no approximation has been made. The system is just written in a different
basis.

dz,y,
%:Ameeru

y=Cnrm+ Du
Ty € RNair5 4 € RP,y € RY

(1.27)

Fast poles/Slow poles

The system is organized as follows in (1.28). In this equations, A; contains the
poles to keep and A, the poles to discard. In general, the slowest poles are kept and the
fastest are discarded. In other word, the poles that are the closest to the imaginary axis
(with a real part close to 0) are kept, and the one that are far from it (large negative
real part) are discarded.

i Tmy\ Al 0 Tmy + Bml
dt \ Tm, -\ 0 AZ Ty Bmz "

m2

Ty € RVaH 2 € RN4ff2 o € RP,y € RY

The choice of Ny;¢s determines the size of the reduced model.

In the next two parts, the modal truncation is explained in two different represen-
tations: in the state-space representation first and then in the Laplace representation.
One can notice that this is the same approximation in both cases.
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Modal truncation in state-space representation

The modal truncation consists in truncating the model in (1.28) and keeping only
Tpm,. 1t gives the following reduced model in (1.29)

ATy,

dt = Alxmlr + Bmlu

Yr = lexmlr + Du (129)

Tm,, € RNairs1 4 € RP, gy, € R

The aim is to have the smallest Ny; 77, while still having a good accuracy (error lower
than the chosen maximum accepted error ¢).

The poles of the obtained reduced models are A; which are also poles of the initial
full model. The poles in Ay are deleted with this reduction.

However, the state variables are not the same any more between the full and the
reduced model because of the basis change and the truncation. As a result, this might
complicate the analysis. It is indeed for example more complicated to identify the
critical variables in the reduced model using the participation factors as these variables
have changed during the process. As a consequence, the structure of the model is not
preserved.

Modal truncation in Laplace representation

Consider the system in (1.27) and apply the Laplace transform to it. The transfer
function of the system can be written as in (1.30).

Y(s) = (Crn(Ing,,s — N) "' By + D)U(s) = F(s)U(s) (1.30)

The transfer function F' can be decomposed in (1.31) using partial fraction decom-
position [40]. In this equation R; is called residue and can be calculated using the
eigenvectors of A. One can remark that the eigenvalues here are all taken separately,
even the complex ones, that all have their conjugate among the other eigenvalues.

Nairys R
(A

F(s)= 3.

i—1 S — )\1,

+D (1.31)

The reduced model obtained by modal truncation is written in (1.32). It is the same
model as in (1.29) but represented in the Laplace domain.

Naig g R,
(]

F.(s) = Z —"

i=1

+D (1.32)

Error

By subtracting (1.32) to (1.31), an error is obtained in (1.33).
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Naigy R,
T

F(S)_Fr(3>: Z

1=Ng;ff +1 s~

» (1.33)

One advantage of this method is that the error is bounded, as shown in (1.34). This
guarantees the accuracy of the reduced model.

IR
IF=-Fll< > 75 (1.34)
i:NdimH’ e
Illustration with an order 4 model
To illustrate the method, the order 4 LTI model in 1.35 is considered.
—50 =25 5 1 1
dx —10 =20 1 1 1
E-Am—l—Bu- 5 1 —10 —10 T+ 1]
10 1 10 —10 1
(1.35)
0000
10100 .
YZloo oo
0000

The EVD of A is done and the system is expressed in the modal basis in 1.36.

—9.4 4+ 10.5i 0 0 0 0.9 — 0.6i

di, 0 —94-105i 0 0 0.9 + 0.6i

at 0 0 134 0 [T o9
0 0 5738 13

(1.36)
0 0 0 0
| 0.006 — 0.028i 0.006 +0.028 0.779 —0.257
y= 0 0 0 0o |*m

0 0 0 0

The reduced system is then obtained by truncating this system. An example is
given for an order 2 reduced model in 1.37

dty, (9.4 +10.5i 0 . (09—06)
dt 0 —9.4 —10.5¢) =™ 0.9+ 0.61
o o (1.37)
0.006 — 0.028: 0.006 + 0.028:
Yr = T,
0 0 "
0 0
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One can remark that the system is completely different from the initial one. The
matrices describing it are now complex and not real any more.

1.2.2 Balanced truncation and singular perturbation approxi-
mation

The method presented here is called balanced truncation. It was introduced in 1981
in [41]. It has been widely used since, in different fields, including power systems [42].
Various versions of this method exist [43] but they are all based on the same principles,
which are presented here.

A similar method, the singular perturbation approximation, was introduced in [44].
It is also presented here.

The system to reduce is an LTI system in (1.38). Like the modal truncation, the
balanced truncation can only be applied on linear systems.

d
d—f:Aaj—i-Bu

y=Cx+ Du
x € RNass oy € RP y € RY

(1.38)

The reachability and observability Gramians

The first step of the method is to define the reachability Gramian P and the ob-
servability Gramian @ in (1.39).

“+o00
j / A BT AT gy
0 . (1.39)
0= / ATHOT C e dt
0

They can be calculated by solving the following Lyapunov equations in (1.40), of
which they are solutions.

AP+ PA" + BB" =0
, . (1.40)
AQ+QA+C C=0
Consider the system expressed in another basis b in (1.41).
dCL’b
—=A B
P (1.41)
y = Cyxy + Du

The variables and matrices in this new basis are calculated using the 7, matrix as
in (1.42).
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Ty = Tbx

Ay = T, AT, !
B T8 b (1.42)

The Gramian in the new basis are then expressed as follows in (1.43). They change
when the basis changes.

(1.43)

P, = T,PT}
Qp = TbiTQTbil

Hankel Singular Values

The Hankel Singular Values (HSV) are defined as the square root of the eigenvalues
of the product PQ and written o; like in (1.44).

o = M(PQ) (1.44)

One can remark that in the basis b, the HSV do not change, as explained in (1.45).

Tiy, =\ A (P Qs)

A
VN PTET T QT
(

VA(TPQT Y (1.45)

Ai(PQ)

The fact that the HSV don’t change when the basis changes is very important. It
means that they are an inherent characteristic of the system.
Balancing transformation

Consider an upper triangular matrix U and a lower triangular matrix L so that
P=UU" and Q = LL".
An SVD decomposition of the product UL is made in (1.46).

UL =7zxYy” (1.46)
The balancing transformation 7}, is then defined in (1.47).
T,=%22TU" (1.47)

It has been proven that in the new basis b, the Gramians are equal and diagonal,
as in (1.48). And the diagonal contains the HSV of the system.
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The way the system is expressed in the new basis is called a balanced realization.
The other way in (1.38) is called a physical realization in this report.

Most reachable and observable states

In these conditions, a HSV ¢; is associated to each state in the balanced realization
xp,. It is a positive real which gives the degree of reachability and observability of this
state. The bigger it is, the more reachable and observable the considered state is.

The system is rearranged so that xp, is the most observable and reachable state
(biggest HSV) and Ty,,,, the less observable and reachable state (lowest HSV).

In these conditions, the model can be expressed as in (1.49). In this model xy,
contains the most observable and reachable states.

i Thy | _ Abn Ab12 Ly + Bbl u
dt be a Ab21 Abgg xbg Bb2
1.49
Y= (Cbl Cb2) (ih) + Du ( )

b2
xy, € RVairn py € RNaff2 oy € RP,y € RY

Balanced truncation

The balanced truncation consists in truncating the model in (1.49) and keeping only
the most observable and reachable states x;,. This leads to the reduced model in (1.50).

dz,
dt
Yr = Cblmr + Du

— A, 1, + B
buTr + Doy U (1.50)

Singular perturbation approximation

The singular perturbation approximation consists in transforming the less observable
and reachable states xp, into a singular perturbation by replacing their derivative part
by 0. This gives the reduced model in (1.51).

dx
= Ab Ab Ty B,
dt — 11 12 1
. 1.51
w=(Cn i) (I7) + D (151

z, € RNarn g, € RNairn 4 € RP y € RY

By injecting the algebraic equations of x, into the differential equations of z,, the
model in (1.52) is obtained.
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dx, _ _
dt - (Abn - Ab12Ab2§Ab21)xT + (Bln - Ab12Ab2§Bb2)u
Yr = (Cbl - CbzAl;iAbm)a:T + (D - Cb2AggéBb2)u
While the balanced truncation provides a reduced-order system which approximates
the original well at high frequencies, the singular perturbation approximation provides
a good approximation at low frequencies [45].

(1.52)

Error

Both the balanced truncation and the singular perturbation approximation have a
bounded error, which is explained in (1.53). In this equation, the reduced system is
supposed to be of order k, that is with the k£ most observable and reachable states.

||Y(S) — Y;«(S)H S 2(0k+1 + Ok+2 + ...+ UNdiff_l + JNdiff) (153)

Moreover both methods guarantee a stability preservation [46]. It means that if the
full model is stable then the reduced model is stable as well.

INlustration with an order 4 model

To illustrate the method, the order 4 LTI model in 1.54 is considered.

50 -25 5 1 1
d 10 —20 1 1 1
oAt Bu=1 oy T
0 1 10 -10 1
(1.54)
0000
lo1o0 o0
Y=1o 00 0o|”
000 0

The HSV of the systems are computed and the balanced truncation is done for a
desired size of 2 (In chapter 3, when describing the second strategy, more details are
given on how to compute the balanced realization). The obtained reduced model by
balanced truncation is given in 1.55.

.,  (—11.64 9.19 L (08215
a \=2321 —144.8) "™ T _0.9359 ) ¥

0 0 (1.55)
_ | o801 —0.5459 |
y’f_ 0 O my
0 0

Again, a projection and a basis change have been done and the reduced model is
not physical any more, which complicates the analysis.
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1.2.3 Proper orthogonal decomposition

The method presented in this subsection is called Proper Orthogonal Decomposition
(POD) [47]. It has mainly been used for fluid mechanics [48]. Then the method gained
some interest in electrical engineering, more precisely in magnetics [49] and to study
semiconductors [50]. In the power system community, the method has been little used
[51].

To start with, a nonlinear Ordinary Differential Equation (ODE) model is considered
in (1.56).

dx
E - f(‘I?u)
y = g(z,u) (1.56)

reRY ueRPy e R

One can remark that unlike the two previous MOR methods, the POD can be
applied to nonlinear models.

Snapshots matrix, eigenvalue decomposition and approximation

The first step of the method is to collect snapshots from a simulation of the full
model or an experimentation. This gives the X matrix in (1.57).

ri(t) .. zi(tng.)
| o o (1.57)

mN(tl) c xN(tNt'Lme)

In this matrix the number of time steps Nyme should be way larger than the number
of variables N.
An EVD of the matrix X X7 is performed in (1.58).

XXT =Uxv
(1.58)

XXT ERNXN,E ERNXN,UERNXN,VERNXN

In this equation, Y is diagonal and contains the eigenvalues of X X7. They corre-
spond to the square of the singular values of X.

The equation (1.58) is reorganised in (1.59) so that oy is the largest eigenvalue of
X XT and oy the smallest. In this equation, 3} = diag(oy, ..., o) contains the k largest
eigenvalues of X X7

by 0 Vi
XXT = (Uy Upes g F
( ¥ t) ( O Zrest) (V;“est) (159)

— Ukzkv;c + Urestzrestv:rest

The matrix X X7 can be approximated in (1.60).
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Model order reduction

The MOR by POD consists in defining the reduced system in (1.61).

da,
CZ == %cf(Uk$ra U’)
Yyr = g(Urwr, u) (1.61)
r, € R¥ u € RP,y, € R
Functions f, and g, are defined in (1.62).
r\&r, = Vi f(Up,,
{f (xr, u) = Vi f Uy, u) (1.62)
g?“(x'r? u) = g(UkI'm u)
This allows writing the new reduced system in (1.63).
ddl;‘ = f?"(xr’ u)
Yr = gr(@r, 1) (1.63)

z, € RF u e RP,y, € RY

The smaller k is, the more reduced the model is. To choose k, the decay of the
eigenvalues of X X7 must be looked at. For instance, consider that the ten eigenvalues
represented in Figure 1.6 are the eigenvalues of X X?. This figure shows that a good
choice for k could be 3 or 6 because of the way the eigenvalues decrease.

150

—_
o
]

Eigenvalue
Ut
(]

0 2 4 6 8 10
Eigenvalue number

Figure 1.6: Examples of eigenvalues of X X7
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Remarks on the method

Unlike the modal truncation and the balanced truncation, the POD does not guar-
antee the stability preservation.

Moreover, as it is based on a snapshots matrix resulting from a specific simulation
test case or experimentation, the reduced model obtained with a POD is only valid for
this particular simulation. If the test case is not the same (a change in the simulated
event for instance), the POD has to be done again. This makes this method not very
flexible.

Finally, the induced error is not bounded a priori. There is not known maximum
value for the error like it is the case for the modal truncation or the balanced truncation
and the singular perturbation approximation.

Illustration with an order 4 model

To illustrate the method, the order 4 LTI model in 1.64 is considered.

50 -25 5 1 1
dx ~10 -=20 1 1 1
E_Ax—l—Bu— 5 1 10 —10 T+ 1 U
10 1 10 -10 1
(1.64)
0000
lo100
Y=1o oo o|”
0000

The system is first simulated with a step in the input u. A snapshot matrix X is
created and U, and V, are computed (an order 2 model is looked for). The reduced
model is then given in 1.65.

d,, (=20 —10 (!
a \=25 —50) " m T \1)Y

0 0

(1.65)

Yr Lm

T

10
0 0
0 0

1.2.4 Krylov methods

The last presented methods are the Krylov methods [52], which are also referred
to as the moment matching methods. They were introduced by Freund [53] in several
papers and are now widely used in many fields, including power systems [54,55]. They
are briefly described in this subsection.
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To begin with, a LTI system is considered in (1.66). To simplify, the system is
considered to be Single Input Single Output (SISO) instead of Multiple Inputs Multiple
Outputs (MIMO). In other words, p =1 and ¢ = 1 here.

CZ = Ax + Bu
y=Cz+ Du (1.66)

z € RNuss 4 e RP y € RY

This system is the system to reduce. The moment matching MOR methods are
presented in the following.

The Laplace transformation is applied to this system, which gives the following
transfer function F'(s) in (1.67).

Y(s) = (C(Iny,,,s —A) "B+ D)U(s) = F(s)U(s) (1.67)

As the system is SISO, this transfer function is a scalar.

Moment matching

The transfer function F(s) is expanded in a Laurent series around s, € C. This
gives (1.68).

F(s) = an(s—so)" (1.68)
n>0
In this equation, the a,, are called the moments of F' at sg.
The idea of MOR by moment matching is to find a transfer function F, whose k

first moments at sy match the k first moments at sy of F', with & << Ng;r¢. This is
summed up in (1.69) and (1.70).

Fi(s) =Y an,(s—s)" (1.69)

n>0

Vn e {l,...,k}, ar, = ay, (1.70)

If sg = +00, the moments are called Markov parameters and the process of moment
matching is called partial realization.

If sg = 0 the process of moment matching is called Padé approximation.

If sp is an arbitrary complex the process of moment matching is called rational
interpolation.

One should notice that the calculation of the moments can be problematic and time-
consuming. However, methods exist to find F, without calculating the moments. One
can cite the Arnoldi or the Lanczos procedures that are presented in [45].
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Remarks on the methods

Several remarks can be made on the Krylov methods:

e The computation time to obtain the reduced model is faster than for SVD methods
like the balanced truncation.

e There is no error bound with these methods [56].

e The stability may not be preserved. The reduced model can be unstable while
the full model is stable.

1.2.5 Methods comparison and applicability on transmission
systems with a high PE penetration

This section has presented the most used MOR methods, their advantages and their
drawbacks. Other methods like the Proper Generalised Decomposition (PGD) [57], the
Hankel-norm approximation [58] or the SVD-Krylov methods [59] exist in the literature,
but they are less used in power systems than the methods presented here.

Table 1.1 sums up the different characteristics of the presented methods, as well as
the desired characteristics of a MOR methods for the case under consideration, i.e. the
study of transmission systems with a large PE penetration.

The expected characteristics for a MOR are an applicability on nonlinear models
(power systems are indeed nonlinear), a preservation of the physical variables to sim-
plify the analysis and the tuning of new controllers directly on the reduced models, a
poles preservation around the operating point to keep the main physical dynamics and
guarantee that this operating point remains stable and a knowledge of the error.

It can be seen in this table that none of the classical methods meets these require-
ments.

Applicability on Variables Poles Stability Bounded
nonlinear models | preservation | preservation | preservation error
Modal No No Yes Yes Yes
Balanced No No No Yes Yes
POD Yes No No No No
Krylov No No No No No
Expected Yes Yes Yes Yes Yes

Table 1.1: Comparison of the characteristics of the classical MOR methods

To cope with that, research has been made to obtain adequate MOR methods but
none of them is totally satisfying.
[60] generalizes the balanced truncation to nonlinear models but still changes the
variables of the system with the change of basis and the truncation.
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[61] neglects the second derivative of some state variables to reduce the order
of the model. This results in a reduced model that preserves the variables of the
system. Moreover, this method tries to keep the poles of the system as much as possible.
However, it is only applicable on linear system and there is no guarantee that the given
reduced model is the best one for the given size. Some dynamics are indeed neglected
based on a time-scale separation, which might not be the best solution, especially with
PE (see chapter 4 for some examples).

[62] neglects the first derivative of some variables, based on the same time-scale
separation as the previous method. The same remarks apply on this method.

[63] proposes a mix between the modal and the balanced truncation. Yet it doesn’t
keep the variables of the system as it is still based on a truncation.

[64] mixes a MOR by moment matching with a poles preservation. But as for the
other methods, it doesn’t keep the variables of the system.

[65] preserves the poles but not the variables as it is based on a truncation.

[66] uses sparse representations, which preserves the variables of the system. How-
ever, the stability is not guaranteed.

To sum up, each of the solutions to cope with the drawbacks of the classical MOR
methods has its own advantages and drawbacks. The aim of this thesis is to propose
new MOR methods that combine as much as possible the advantages of all of them:
a preservation of the physical variables and the poles, a guarantee that the operating
point remains stable and an applicability on nonlinear models.
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1.3 Chapter conclusion

In this chapter, a literature review on the existing tools and methods to simulate
and analyse power systems has been made.

The analysis tools, which are the small-signal stability analysis, the sensitivity anal-
ysis and the participation factors are used in the rest of this report.

Concerning the simulation tools, the EMT programs are usually used to simulate
PE on a local scale, the phasor approximation is usually used to simulate large systems
with SM and the dynamic phasors are not suitable here as they induce a multiplication
of the variables which makes the analysis more complicated than what is expected. The
question is thus to find how to simulate a large system with a high PE penetration.

The idea is to start from the EMT models and make some adequate approximations
(like the phasor approximation for SM) to have a simplified model of a transmission
system with a high PE penetration. That is why a review of the classical MOR methods
has been made in this chapter to find one that could be suitable for the case under
consideration. The conclusion is that none of them is because they alter the structure
and the variables of the system which is a problem for the analysis. Alternatives have
been found in the literature but they are not completely satisfying.

As a consequence, the focus of this thesis is on the development of MOR methods
that meet some requirements that are specific to the study of transmission systems with
a large PE penetration. These developed methods need to preserve the parameters of
the system as well as its variables to simplify the analysis and allow to tune controllers
directly on the reduced models. It means that basis changes, truncations and projections
are out of concern from now on. Moreover, they need to be applicable on nonlinear
models and to preserve some poles of the system around the operating point to ensure
that this operating point remains stable and keep some important physical dynamics.
Finally they should easily be implemented in the classical DAE solvers (see chapter
4 for more explanations). These new methods are developed using the analysis tools
presented in this chapter and they are inspired by the existing MOR methods to keep
their advantages and try to get rid of their drawbacks for an application to power
systems with a large PE penetration.
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CHAPTER 2

Modelling of transmission systems with a high power electronics
penetration
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This chapter presents the different models that are used in this report. For each
model, its differential and algebraic equations are given, as well as some block diagrams
to illustrate them. In all cases, the equations are written in the DQO reference frame
(the frequency /angle are specified in each case) and in pu (the basis is also specified in
each case) to simplify the linear analysis and accelerate the simulation (see Appendix for
more explanations). This is possible because all the models are considered as balanced.
This hypothesis is made for the sake of simplicity but the developed MOR methods are
easily applicable to unbalanced systems, provided that the model describing them is
given.

The first section presents the basic elements in a power system: branches, trans-
formers, loads, shunt capacitors and synchronous machines. The second section presents
the different models used for PE converters: grid feeding two-level voltage source con-
verter, grid forming converter and Modular Multilevel Converter (MMC). Finally, the
third section presents how a complete model is deduced when all these elements are
assembled in a transmission system.

2.1 Modelling of the basic elements of a transmis-
sion system

In this section, the models that are used for the branches, transformers, loads, shunt
capacitors and synchronous machines are presented.

2.1.1 Branches

The modelling of the lines has been a particularly important topic in studying
transmission systems [67] and it is still today [68]. Several models exist, from the most
complex one to the simplest one. In this thesis, two models are used: a pi-line model
and an RL-line model. They are presented in the following.

Pi-line model

The Pi-line model is presented in Figure 2.1. This model takes into account the
capacitive effects of the line.

Figure 2.1: Pi-line model
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The equations modelling this Pi-line are given in the following in pu and in the DQO

reference frame of a frequency w.

L diy ) )
wfba =1, — Vg, — RZd+WLZq
L di . .
w—bd—tq = vy, — Vg, — Rig —wlig
C dvld 4 C
— =14, —igt+w—u
Zwb dt ¢ d la
¢ du, i 1 wgv
wy dt 9 T
Cdvy i wY,
wa dt o Jd 2 %
C d?)gq C
1g — 1 w—v
wa dt e Ja 2 %4

RL-line model

(2.1)

(2.4)

(2.5)

(2.6)

The RL-line model is presented in Figure 2.2. This model only takes into account

the resistance and the inductive effect in the line.

L R i
— T e

T”l Tz@

Figure 2.2: RL-line model

The equations modelling this RL-line are given in the following in pu and in the

DQO reference frame of a frequency w.

L dig
—— =y, — Uy, — Ri wli
wy dt 14 24 da+ q
L di,
—— = — vy — Ri, —wli
W dt 1q 2q q d

Summary

(2.7)

(2.8)

Two models of lines have been presented and are used in the following for the
simulation. In each case, the dynamics of the line is taken into account (it is not a
phasor model). The Pi-line model is more detailed than the RL-line model. In chapter

4, when doing a simulation, it is said which model is used for the lines.
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2.1.2 Transformers

As for the lines, the choice of the model for transformers is a very important topic
[69]. In this report, a generalized RL-model is used to model them in pu and in the
DQO reference frame of a frequency w. A phase shift § can be taken into account with
this model, as well as a change in the transformer ratio . This model is represented in
Figure 2.3.

m—e

R

Figure 2.3: Transformer model

The equations corresponding to this model are presented in the following.

L dig . .
ol v}, — Uy, — Rig +wLig (2.9)
L di . .
w—bd—tq =y, — Uy, — Rig —wlig (2.10)

' 1
<Z}d> == (m) (2.11)
1(1 r Ulq

()= (05 i) ez)mo(z)

One can note that in nominal conditions » = 1 in pu. And if the phase shift is equal
to 0, the model of the transformer is a simple RL-line model.

2.1.3 Loads

In this report, the loads are modelled as RL-loads, as shown in Figure 2.4.

Figure 2.4: Load model

41



The dynamic equations modelling this load are given in the following in pu and in
the DQO reference frame of a frequency w.

L dig ‘ .
ot vg — Rig + wLiy (2.13)
L di . .
w—bd—; =v, — Rig —wLiy (2.14)

If the active and reactive power consumed by a load in steady state are known, the
resistance and inductance modelling it can be calculated so that the powers consumed
by the equivalent RL model match the powers actually consumed by the load.

2.1.4 Shunt capacitors

In transmission systems there can be shunt capacitors that are put to help maintain-
ing the voltage at a certain level. In this report, they are modelled as simple capacitors,
as shown in Figure 2.5.

Figure 2.5: Shunt capacitor model

The equations modelling this shunt capacitor are given in the following in pu and
in the DQO reference frame of a frequency w.

C dl)d .
wibﬁ = 1q + CUCUq (215)
Cdv, .
wibﬁ =1q — (UCUd (216)

2.1.5 Synchronous machines

In one test case in chapter 4, there is a PE converter but also one SM to study
the interactions between the two. This is why a good synchronous machine model is
needed. It is presented here and is taken from [11]. In this model, the equations are
given in pu and in the reference frame of a frequency w, the frequency of the SM rotor.
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The general structure, detailed hereafter, is given in Figure 2.6. It is made of the
machine itself, an RL line modelling a transformer and a control. Each part is detailed

in the following.

*

Control : ‘u;*

oY
<

TR

Figure 2.6: Structure of the synchronous machine and its control

Modelling of the machine

The equations modelling the physical part of the SM are given here. The first six

equations model the dynamics of the fluxes in the SM.

ibdjtd = vq + Ryig + woy

Cidczq = v, + Rsig — woy
ibdj;d = Ve — Ryiy,
LR
RO

The following six equations model the calculation of the fluxes in the SM.

¢d = _LdZd + Ladifd + Ladild
¢q = _Lqiq + L“qilq + L“qi2q

¢fd = _Ladid + Lfdifd + Ladild
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(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)
(2.24)

(2.25)



¢1d — _Ladid + Ladifd + leild (226)
¢1, = —Layig + Lu,i1, + La,is, (2.27)

9, = —Layiq + Layir, + Lo,is, (2.28)

The following equation models the calculation of the electric torque.

e = @aty — ¢qta (2.29)
The hereafter two equations model the RL line that connects the SM to the grid.

L, dig . .
CLTZE = Va — Vg, — Rgla +wLgiq (2.30)
L, di . :
;Z ditq = Vg — Vg, — Ryiqg —wlgyig (2.31)

Finally, the last two equations model the mechanical dynamics of the SM.

d
zhgzrm—nfwmw—wg (2.32)
1 ds
Ldo 2.33

Modelling of the control

The first six equations model the frequency control of the SM. It uses a droop
control.

mgAP* = w" —w (2.34)
ﬂmiﬁzAW—A& (2.35)
ﬂﬂig:P—A&—A& (2.36)
ﬂﬂia:Aﬂ—A& (2.37)
7#2?+Aa:n€?+ml (2.38)

These equations are summed up in the block diagram in Figure 2.7.
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AP AP, AP, AP,
w* 1 1 1 1 14T s T
mgq 1+Tys 14+Tses 14+Tqes 1+Tos m

w P*

Figure 2.7: Structure of the frequency control of the synchronous machine

The following equations model the voltage control of the SM.

V =\ /vi+ v? (2.39)

Tfld‘? V-V (2.40)
=V -V -V, (2.41)
TaCch = K,u" —u} (2.42)
Teagf = Ko} -V, (2.43)

ded‘f = Ve, + T} d;/:f (2.44)

These equations are summed up in the block diagram in Figure 2.8.

Figure 2.8: Structure of the voltage control of the synchronous machine

Parameters

The parameters of the model are given in Table 2.1.
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L] 122 | L, | 116 | L, 1.74 L, | 152
Lo, 148 | Ry, | 0.067 | Ry, 0.0093 Ry, | 0.023
L., | 121 | L, | 115 | L, 14 Ry, | 5e*
J 4.77 kq 3 wy | 314.159 rad/s | R, | 0.004
R, | 0.0055 | L, | 0.17 | w, 1 T, | 14
T, 5 mg | —0.04 | T} 0.083 Tee 0.2
The 0.05 T, 0.06 | K, 25 T, 0.2
K. | —0.06 | T, 0.68 | Ky 0.11 Ty | 0.35

Table 2.1: Parameters of the synchronous machine

Summary

The SM model studied in this report is an order 18 model. This model contains the
modelling of the physical part of the machine as well of its control, made of a frequency
regulation and a voltage regulation.

46



2.2 Converters models

As presented in the introduction, this section focuses on the models of PE converters.
The first subsection presents the model of a grid feeding converter, the second one the
model of a grid forming converter and the third one the model of an MMC.

2.2.1 Grid feeding converter

A grid feeding [70] or grid following converter is a PE converter that just injects
power/current into the grid. Unlike the grid forming converter it is considered as a
current source and not voltage source because it does not create the voltage. It is
the most used type of converter today, mainly to connect renewable sources to the
system [71].

General structure of the grid feeding converter

The structure of the grid feeding converter studied in this thesis and its control is
presented in Figure 2.9.

This figure shows that the grid feeding converter is made of the DC/AC converter
itself (here the DC part is modelled as a perfect voltage source), an RLC filter, an RL
transformer and the control part is made of an external loop, a Phase-Locked Loop
(PLL) to measure the angle and the frequency of the grid, and a current loop. All these
parts are presented in the following.

o External
Current [ loop @ p

loop l«—— T |&g¢
+ + WPLL PLL
e

is ++

Ly Ry s L: R ig
o M

UDCT—__— T cf ::Te T

AC

Figure 2.9: Structure of the grid feeding converter and its control

Modelling of the physical part of the converter

The equations modelling the RLC filter, the RL transformer and the DC/AC con-
verter are given in the following. These equations are given in the DQO reference frame
of the angular frequency wpy; of the PLL. It can be seen that the DC/AC converter is
supposed to be perfect.
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oy ét' = Um, —€q — Ryis, +wprrLyis, (2.45)
iid;;q = Um, — €q — Ryis, —wprrLyis, (2.46)
S::dd? =1s, — 1g, + wprrCrey (2.47)
((jzciie; = U5, — ig, —wpLLCreq (2.48)
ZCZ? = eq — Vg, — Ryig, + wprrLyig, (2.49)
izd;;q — ¢y — vy, — Rilg, — wprs Ly, (2.50)
Upy = Umyg (2.51)

o, = U, (2.52)

Modelling of the PLL

The grid feeding converter needs to measure the frequency and the angle of the
voltage to inject a current at the same frequency. It is called the synchronisation. To
do so, a PLL is used. Its equations are given in the following.

dMprr,

7 = K., eq (2.53)
K M
wpLL = pPLLGZd +Mpo (2.54)
b

1 dfprr
— = — 2.55
wp dt WPLL = Wy ( )

These equations are summed up in the block diagram in Figure 2.10.

Figure 2.10: Structure of the PLL of the grid feeding converter
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Modelling of the external loop

The external loop is made of two parts: one controlling the active power and one
controlling the reactive power. Its equations are given in the following. The first two
equations model the active and the reactive power, that are then controlled using two
PI controllers.

P = €dlg, + €qlg, (2.56)

q = €qlg, — €dlg, (2.57)
d;\f” = Ki,,(p" —p) (2.58)
dfl\fq = Ki,,(¢" — q) (2.59)
isy = Kpp (0" — ) + M, (2.60)
iv, = Kpo (@ — @) + M, (2.61)

These equations are summed up in the block diagram in Figure 2.11.

Figure 2.11: Structure of the external loop of the grid feeding converter

Modelling of the current loop

The equations of the current loop are given in the following. They use PI controllers
to create the voltage reference of the DC/AC converter using the current reference given
by the external loop.

dMer, .
dt ‘= ioL (st - st)

(2.62)
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dMcy,

dt = Kic, (i:q - isq) (2.63)
d@df
Tf dt + edf = €4 (264)
de
Tf dzf e = €q (2.65)
’U:ld = €d; +KPCL<i:d —isd) —prLLfiSq +MCLd (266)
Up, = €qp + Kpop (5, — is,) +wprrLyis, + Mcr, (2.67)

These equations are summed up in the block diagram in Figure 2.12.

wpLL

Figure 2.12: Structure of the current loop of the grid feeding converter

Parameters

The parameters are given in pu in the basis Sy, V, corresponding to the nominal
power and voltage of the converter. They are summed up in Table 2.2.

w, | 314159 rad/s | L; | 01 | R; | 0015 | C; |0.11
L 0.1 R, |0.0075| 7; | 0.0003s | w, | 1
Ky, 120 Ky | 3603 | K, | 15 | K, | 150

K., 0.14 K., | 60.87

Table 2.2: Parameters of the grid feeding converter
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Summary

In this subsection, the equations of the grid feeding converter are given. It leads to
a DAE model with 14 differential equations/variables: it is thus an order 14 model.

2.2.2 Grid forming converter

Grid forming converter is the name given to the converters that form the voltage
in a power system. They are designed to act as voltage sources instead of current
sources (which is the case for the grid feeding converters) and therefore replace the SM
(which create the voltage in today’s power systems). They have been mainly developed
for micro-grids [72,73] at first but are now of particular interest in power systems [74]
because of the fast increase in the PE penetration in transmission systems, which creates
a need for grid forming capability.

General structure of grid forming converters

The structure of the grid forming converter studied in this thesis and its control is
presented in Figure 2.13. It is a classical structure that can be found in [27] and [13].

This figure shows that the grid forming converter is made of the DC/AC converter
itself (here the DC part is modelled as a perfect voltage source), an RLC filter, an
RL transformer and the control part is made of an external loop, a voltage loop and
a current loop (this structure is called a cascaded loops structure). All these parts are
presented in the following.

» « < ¢"

Current Voltage External [ P
loop |@&—— loop &—— loop |a&]e|*

[T I -
e s e g ++

U, ) .
Lf Rf 1s Lt Rt lg
o _/W\_:’_»__NY-\_:'_»
vpc | __ Um Cr_|e Vg
AC

Figure 2.13: Structure of the grid forming converter and its control

Modelling of the physical part of the converter

The equations modelling the RLC filter, the RL transformer and the DC/AC con-
verter are given in the following. These equations are given in the DQO reference frame

o1



of the angular frequency w given by the external loop. It can be seen that the DC/AC
converter is supposed to be perfect.

ij:d;‘;d = U, — €a — Ryig, +wlyi,, (2.68)
iidzlzq — U, — g — Ryis, — wLyis, (2.69)
Sj:cile: =iy, — ig, + wCre, (2.70)
36267;] =iy, — 1g, — wCyey (2.71)
izd;id = eq — Vg, — Ryig, + wlyiy, (2.72)
OI;ZOZ‘: = eq — Vg, — Ryig, — wlyiy, (2.73)
U = Uy (2.74)

Vi, = Vm, (2.75)

Modelling of the external loop

The external loop is made of two parts: an active power droop control and a reactive
power droop control.

The equations of the active power droop control are given in the following. It is
made of a first equation modelling the active power injected by the converter, a second
one modelling the measure of this power, a third one modelling the droop control and
a fourth one modelling the angle of the converter.

P = €dig, + €qlg, (2.76)
dpm
W -+ WePm = Wyp (277)
w=w"+my(p* — pm) (2.78)
1 do
—_—— =w - 2.79
W dt w wg ( )

These equations are summed up in the block diagram in Figure 2.14
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Pm w
wy Wy
p».f—lﬂe

*

p w*
Figure 2.14: Structure of the active power droop control of the grid forming converter

The equations of the reactive power droop control are given in the following. It is
a made of a first equation modelling the reactive power injected by the converter, a
second one modelling the measure of this power, a third and a fourth one modelling an
active damping and a fifth and a sixth one modelling the reactive power droop.

q = €qlg, — €dlg, (2.80)

d;q;n T WrGm = Weq (2.81)

d]\fl?Dd = wyp(Kyrig, — Map,) (2.82)
CUVC[i?Dq = wyf(Kypig, — Map,) (2.83)

eq = |e[" +mqy(q" — gn) + Map, — Kyyig, (2.84)
eq = Map, — Kgjig, (2.85)

These equations are summed up in the block diagram in Figure 2.15.

Ch

Figure 2.15: Structure of the reactive power droop control of the grid forming converter
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One can note that instead of using an active power droop control, some authors
use a Virtual Synchronous Machine (VSM) [75], which mimics the behaviour of a SM.
Some comparisons have been made with the droop control [76] and equivalences can be
found between the two methods [77].

Modelling of the voltage loop

The equations of the voltage loop are given in the following. It uses PI controllers
to create the current reference for the current loop using the voltage reference as an
input.

VL _ (e~ ca) (2.56)
Vs K6~ (287)
iy, = Krrig, + Ky, (e —eq) —wCrey + My, (2.88)
i:q = Krpig, + KpVL(e; —eq) +wCieq + Myy, (2.89)

These equations are summed up in the block diagram in Figure 2.16.

Figure 2.16: Structure of the voltage loop of the grid forming converter
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Modelling of the current loop

The equations of the current loop are given in the following. It uses PI controllers to
create the voltage reference of the DC/AC converter using the current reference given
by the voltage loop.

dMcy, .
dt s - KiCL (st - st) (290)
dMcry, .
dt = Kig, (qu - qu) (2.91)
U:nd - KFFved + KPCL (i:d - isd) - WLfisq + MCLd (292)
v, = Kepeq + Kpep (7, — is,) + whyis, + Mey, (2.93)

These equations are summed up in the block diagram in Figure 2.17.

Umq

Figure 2.17: Structure of the current loop of the grid forming converter

Parameters

The parameters are given in pu in the basis Sy, V, corresponding to the nominal
power and voltage of the converter. They are summed up in Table 2.3 and are taken
from [78].
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wy | 314.150 rad/s | L; 0.15 R, [0.005] C; | 0.066
L; 0.15 Ry 0.005 mp 0.03 my | 0.0001
wy 314 rad/s wrr | 16.66 rad/s | Kpr | 0.01 | Kpp, 1

Ky, 0.8 K, 1.16 Kpp, 1 Ky, | 0.7388
K., 1.19 Wy 1
Table 2.3: Parameters of the grid forming converter
Summary

In this subsection, the equations of the grid forming two-level voltage source con-
verter are given. It leads to a DAE model with 15 differential equations/variables: it
is an order 15 model.

One advantage of this model is that it has been validated with experimentations
during the MIGRATE project [79]. It means that if the reduced models obtained with
the developed methods are validated by a comparison with this detailed model, they
are also validated with the experimentations.

2.2.3 Modular multilevel converter

The Modular Multilevel Converter (MMC) is a N-level voltage source converter.
Because it has a lot of levels, there is less need to filter the output voltage which is a
great advantage. However, the control is much more complex than with a 2-level VSC.

Several models exist for the MMC. Some are very detailed and therefore complex
[80]. Other are averaged [81]. Some are adapted to unbalanced conditions [82]. Others
are state-space model adapted to linear analysis [31]. In this report, a rather simple
model taken from [83] is used.

General structure of the MMC

The structure of the MMC studied in this thesis and its control is presented in Figure
2.18. Exceptionally, the model presented here is not in pu for the sake of simplicity.
When connected to another system, it is easy to put the output and input variables of
the MMC in pu using the base voltages and power given in the parameters in Table
2.4.

The physical part of the converter is made of a DC part, an AC part, and a capacitor
between them that stores energy. The DC control is made of an energy loop and a
current loop. The AC control is made of an external loop, a PLL and a current loop.
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Figure 2.18: Structure of the MMC and its control

Modelling of the physical part of the converter

The equations modelling the physical part of the MMC are given in the following.
The first two equations model the equivalent RL of the AC part. The third equation
models the equivalent RL of the DC part and the fourth one models the storage of

energy in the equivalent capacitor in the MMC.

di
9d ~ »
Lac g~ Vma T Vou T Racig, +wprrLaciy,
dig, . .
Lac g = Umg Vg ~ Raciy, —wprrLlacty,
dipc .
Lpc dt =UDpC — Umpe — Rpcipc
C.,v dvcmzv IDC — Ut — Um 1
eqUCltot dt mpc *DC maq*gq Mq“gq
* —
Uch - vaC

* p—
Umd = Umy

Up, = Um,
Modelling of the PLL
The equations modelling the PLL are given in the following.

dMprr _K

dt irrL Vgq

wpLr = KPPLLqu + MPLL + wg
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dfprr,
dt

These equations are summed up in the block diagram in Figure 2.19.

= WpLL — Wy (2103)

Figure 2.19: Structure of the MMC PLL

Modelling of the external loop

The equations modelling the external loop are given in the following. This loop
gives the current reference using the active and reactive power references.

. p
by = (2.104)
Vga
. q*
= 2.105
qu Ugd ( )

These equations are summed up in the block diagram in Figure 2.20.

Figure 2.20: Structure of the external loop of the MMC

Modelling of the energy loop

The equations modelling the energy loop are given in the following. This loop uses
a PI controller to give the DC current reference using the energy reference.

Pac = Ugdigd + quigq (2106)
Wiot = viot (2.107)

o8



- thOtf
dt

+ VVtotf = Wtot

d My

= Biw Wi = Weery)

Ky Wiy = Wiot,) + Mw + pac

Upc

These equations are summed up in the block diagram in Figure 2.21.

Wtot Aﬁ; pac Upc

Figure 2.21: Structure of the energy loop of the MMC

Modelling of the AC current loop

(2.108)

(2.109)

(2.110)

The equations modelling the AC current loop are given in the following. This loop
uses PI controllers to give the voltage reference of the DC/AC converter using the

current references given by the external loop.

dMecry, .
dt ‘= KiCL (ng - ng)

dMcy, ..
dt = Kig, (qu - qu)

 _ o . .
Umyg = Yg4 + KPCL (ng - ng) - WPLLLACqu + MCLd

’U;q = Vg, + KPCL(i;q — igq) + prLLACigd + MCLq
These equations are summed up in the block diagram in Figure 2.22.
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wpLL

Figure 2.22: Structure of the AC current loop of the MMC

Modelling of the DC current loop

The equations modelling the DC current loop are presented hereafter. This loop
uses a PI controller to give the DC voltage reference to the DC/DC converter using the
DC current reference given by the energy loop.

dMpccr . .
T = KiDCCL (ZDC - ZDC) (2.115)
U;Dc = Upc — KPDCCL (ZEC - Z'DC> — Mpeer (2.116)

These equations are summed up in the block diagram in Figure 2.23.

iDC UpcC

Figure 2.23: Structure of the DC current loop of the MMC

Parameters

As said before this MMC model is not given in pu for the sake of simplicity. Its
parameters are given in Table 2.4.
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Lac 0.083 H Rac 1.024 Q Lpc | 0033 H | Rpc | 0.683 Q2
Kppeer 33.54 Koo 1.83¢* Ky, 68.8 K., 2.99¢%
Kppp, 1.48e73 Ki.,, 3.12¢6 K, 0.0164 K, 0.703

Tf 0.001 Wy 314.159 rad/s | C.p | 1.95¢™* F | V,,. | 320 kV

Vipe 640 KV S 1GVA We, VszC

Table 2.4: Parameters of the MMC
Summary

In this subsection, the equations of the MMC are given. It leads to a DAE model
with 11 differential equations/variables: it is thus an order 11 model.
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2.3 Modelling of a complete transmission system

The models for all the elements in the studied systems have been presented in this
chapter. The only remaining thing to do is to connect them to each other and derive
the connection equations. Two things need to be taken into account carefully:

e Each element is modelled either in pu in its own basis Sy, V; or in SI (for the
MMOC). As a consequence, a proper basis change is needed to connect two elements
whose models are expressed in different unit bases.

e Each model is derived in the DQO reference frame of a frequency w which can be
different for each element. To connect two elements whose models are expressed
in different DQO representation, a proper basis change consisting in a rotation
matrix is needed.

Once the adequate variables of two elements are expressed in the same unit basis
and in the same DQO representation, the connection equations can be derived. Most of
the time they consist in the Kirchhoff’s laws.

For example, consider the system in Figure 2.24.

1 19
Element 1—#»————<%—FElement 2
U1 V2

Figure 2.24: Connection of two elements in a power system

In this example, the model of the first element is expressed in the pu basis Sy, , V4,,
Iy, (deduced from the two others) and in the DQO representation of a frequency w; and
an angle 6;. The model of the second element is expressed in the pu basis Sy,, Vi,, Iy,
(deduced from the two others) and in the DQO representation of a frequency wy and
an angle #;. The two models output are then expressed in the same pu basis Sy, V;, I,
and in the same DQO representation of a frequency w and angle # using the following

basis changes.
Vi, \ _ Vo [cos(01—0) —sin(6 —0)
vy, ) Vy \sin(0 —0) cos(6y —0)

)

<2d> (2.118)
)
)

(2.117)

—sin(0; — 0)

)
) A <3m(91 —0) cos(0; —0) )
Vo, \ _ Vi (cos(fy —0) —sin(fy —
<qug> A (sin(% —0) cos(fy — )

Iy, (cos(0s —0) —sin(fy — 9
(02 —0)  cos(Oy —

(2.119)

&

I,
< I (2.120)



That being done, the Kirchhoff’s laws can be written:

U1y, = V2, (2.121)
U1, = U2, (2.122)
i1y, = —iag, (2.123)
ih,, = —ia,, (2.124)

In the case of a 100% PE power system, the frequency w will be chosen as a weighted
average of all the grid forming converters frequencies. One can note that in steady-state,
all the grid forming converters frequencies are equal.

The system to model now consists of all the equations modelling each element of
the transmission system plus the connection equations and the basis changes equations.
This results in a DAE system that can be modelled as in (2.125).

dls;ff = f(Zaiss, Taig, )
0= g(Zaiss, Targ, u) (2.125)
y = hZairs, Targ: u)
Taipp € RN4I7 3y, € RNeto g € RP gy € RY
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2.4 Chapter conclusion

In this chapter, the models of all the elements forming the studied transmission
systems have been presented. Equations and block diagrams modelling grid forming
converters, grid feeding converters, MMC, lines, transformers, loads, shunt capacitors
and SM have been given, as well as a method to derive the connection equations. This
results in a DAE system modelling the studied transmission system.

The idea now, as written in chapter 1, is to develop new MOR methods that will be
applied on this model of a transmission system with a high PE penetration. And these
new methods should respect some requirements deduced in chapter 1, that are not met
by the usual MOR methods. This is the topic of chapter 3.

64



CHAPTER 3

Development of model order reduction methods
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This chapter presents the developed MOR methods and how they meet the require-
ments deduced in chapter 1. It is recalled that these requirements are the preservation
of the physical variables, the parameters and the most relevant dynamics of the system
(i.e. the preservation of some poles), a guarantee that the operating point remains
stable, as well as a simplicity of implementation in the most common nonlinear DAE
solvers and of course a good trade-off between the accuracy and the order of the reduced
model.

Because they keep the variables of the system during the MOR process, the devel-
oped methods simplify the analysis and the tuning of new controls. It is indeed easier to
identify the critical variables during the stability analysis [84] and it is possible to add
new control loops directly on the reduced model. The latter is illustrated in chapter 4.

The first section of this chapter presents the general principles that are common to
all the methods: the residualization of some state variables [44] in the nonlinear model
and the modal approach, so that this residualization discard some poles in the linearised
model and keep the other poles almost unchanged. The second section presents three
developed methods. For each one of them corresponds a strategy to choose the states
to residualize in the nonlinear model and the poles to discard in the linearised one.

3.1 Common principles of the developed methods

As said in the chapter introduction, the general philosophy is the same for all the
developed methods. It is presented in this section in details.

The first idea is the use of a state residualization [45]. It is explained in the first
subsection. The second subsection presents the modal approach of the methods, which
is used to preserve some poles of the system during the MOR and discard others.

3.1.1 The state residualization

In this subsection, the principles of the state residualization are presented. It is
explained how this is an interesting MOR process and why it is chosen here for the
development of the MOR methods.

Nonlinear differential algebraic system

A nonlinear DAE system is considered in (3.1). This is the model that is reduced
with the developed methods as it can describe almost all the transmission systems. One
can note that this is a continuous system. In case of discontinuities like a short-circuit
or a line tripping, it is possible to switch from one continuous DAE system to another.

The size of this model is given by its number of differential variables/equations
Nyifr [85]. In this system w47 represents the state variables, u the inputs, x4y, the
algebraic variables and y the output.
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dxg;

% = f(xdz‘fﬁfﬁalgau)
0= g(xdiffvxalgau) (3.1)
Yy = h(xdiffaxalgvu>

Taiff € RNdiff,:calg e RN ¢4 € RP y € R?

Residualization principle

The residualization of a state variable consists in changing this state variable into an
algebraic variable by neglecting the derivative part in its associated differential equation,
transforming it into an algebraic equation [45]. It is a well known process that is used
today in the phasor approximation [11].

The reduced system obtained by state residualization can be written as in (3.2).

dZEdiff _
dt

E f(xdiffa Lalg, U)

0= Q(SCdsz,%Zg,u)

Yy = h(xdiff7xalg7u)

E = diag((si),@ € {O; 1},Vi7E € RNairr*Nairs
Taipp € RN4I7 3y, € RNets g € RP gy € RY

(3.2)

The introduced F matrix before the derivative of x4;¢s is called the residualization
matrix and has the following characteristics:

e [t is a diagonal of 1 and 0.
o If £ = diag(1), the system is not reduced.

o If £ = diag(0) the reduced system is an algebraic system corresponding to the
steady state equations.

e Bach element E(i,i) gives an indication on whether the state variable xq;ss() is
residualized or not. If E(i,i) = 0 it is, if E(4,7) = 1 it is not.

e More generally, the size of the reduced system is given by tr(E).

The idea is to choose E to have a trade-off between the order of the reduced model
(to accelerate the simulation and simplify the analysis) and the accuracy.

Example of the phasor approximation using state residualization

As illustration, an R,L line is represented in Figure 3.1.
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Figure 3.1: Model of an R,L line

The equations of this line, in the DQO reference frame of an angular frequency w
and in pu, are presented in (3.3).

L di

J% = V1, — Uy —R’id+WLiq

’ (3.3)
L di '
wbdth = vy, — Vg, — Rig — wlig

With the phasor approximation, these equations are changed into (3.4) by the resid-
ualization of the state variables iy and ¢,. In this case the line equations become alge-
braic.

{O:Uld—vgd—Rid+WLiq (34)

0=wvy, — v, — Rig — wliy

Remarks

One advantage of the state residualization is that it ensures that the steady state
values of the full and the reduced models are the same. They are indeed the solution
of the same system (3.5).

One can remark that for this to be true, the system needs to be steady state time
invariant, which is possible if the DQO representation is deduced with the appropriate
w, the frequency of the system.

0= f(Taiff, Tatg, )

0= g(Zaiff, Taig, v)

Y = WTaifs, Targ, )
Taiff € RNdiff7,Ialg S RN"Z",U c Rp,y e R?
Another advantage is that the variables and the parameters of the full and the
reduced model are exactly the same as no basis change, projection or truncation has
been made. As a consequence, it is easily possible to directly work on the reduced
system for the analysis or even the tuning of some controllers. In chapter 4 it is shown
on an example that it is easily possible to add a new control loop directly on the reduced
model without going back to the full model. Because of all that this method of state
residualization is used for the development of the MOR methods in this thesis. Finally,
the state residualization can easily be implemented in the classical DAE solvers as it

simply consists in replacing some derivatives in the equations by 0.

(3.5)
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Conclusion

The principle of the state residualization has been presented in this subsection. It
has been shown that it can be a way to reduce the order of a system and it is used
in the following because it meets the requirements presented in chapter 1: it keeps the
variables and the parameters of the system during the MOR process and it can easily
be implemented in the classical DAE solvers.

The next subsection presents the second common point between all the developed
methods: the modal approach. It helps preserving some poles of the linearised system
during the MOR in order to preserve some chosen physical dynamics, which is another
requirements for the developed MOR methods. It is a first step in choosing the matrix
E as it adds some constraints on it to preserve these poles.

3.1.2 The modal approach

The nonlinear DAE system to reduce is considered in (3.6).

dx g

% = f(xdiffa xalga 'LL)
0= g(Zaifs, Targ, u) (3.6)
Y= h(xdiff,xalw U)

Taips € RN 3, € RNals y € RP y € RY

As explained in the previous subsection, the idea of the MOR, by state residualization
is to find a matrix F to reduce the order of the model like in (3.7).

dil?diff

E
dt

= f(xdiffaxalgau)

0= Q(Idiff,$a1g7u)

Y= h(xdifﬁmalgau)

FE = dzag(él),& & {O7 1},VZ,E c RNdiffXNdiff
Taiff € RNdiff’ Talg € RNalg7 ueRP yeRY

In this subsection, the residualization of state variables in the nonlinear model is
linked to the discarding of poles in the linearised model around its operating point and
the preservation of the others. Knowing the links between the states of the nonlinear
model and the poles of the linearised system, it is indeed possible to choose which states
to residualize in order to keep some poles of the system and discard others. This process,
summed up in the synoptic in Figure 3.2 is described step by step in the following. It
is inspired by [32] but unlike it it focuses on all the modes of the system and not only
the inter-zone modes.
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Non linear DAE model
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Participation factors
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Group of states for each eigenvalue

v

Groups of eigenvalues and their associated group of states

Figure 3.2: Synoptic describing the modal approach

Linearising the model

The system is first linearised around its operating point in steady state (the solution
of (3.5)), which gives the simple LTI system represented in state-space in (3.8). More
explanations can be found in chapter 1 for the linearisation process.

d
d—f = Az + Bu
y=Cx+ Du (3.8)

x € RNass 4 € RP y € RY

Calculating the participation factors and forming the group of states that
participate in an eigenvalue

The next step of the process consists in calculating the participation factors py; of
the system using the method presented in chapter 1.

In the developed methods, the idea is to identify the states that participate the
most in each eigenvalue in order to identify which one to residualize to discard some
eigenvalues (and not the others).

To proceed, a participation criterion €pqrticipation 18 chosen. For each eigenvalue \;,
the k state variables corresponding to the k largest participation factors (their modulus)
are retained so that the sum of their participations is higher than €y, ticipation and the
sum of the participations of the k — 1 state variables corresponding to the £ — 1 largest
participation factors is lower than €p ticipation- They form the group of states that
participate in \; for the considered participation criterion €perticipation- 1his group is
noted Py The forming of this set Py is summed up in (3.9).

i €participation * is€participation
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P)\i,eparticipation - {xk/vxm ¢ PAiyeparticipation7 |pk,l‘ Z ’pm,z|

|pk,‘| 2 €participati
; % participation (39)

V€ P)\i,epamicipatiow Z |pk,i| < Epartic’ipation}
TR AT

The choice of the participation criterion €pqrticipation 1 important. If it is close to 1
the participation is very well taken into account but the result is that the considered
eigenvalue depends on many state variables which can complicate the MOR. This indeed
induces a lot of couplings, as shown in the next paragraph. If this criterion is lower,
the participations are less taken into account but only the most important states are
considered, which facilitates the MOR. A trade-off has to be made and this criterion
must be chosen depending on how fast the participation factors decrease when ranked
from the largest to the lowest.

This process is done for all the eigenvalues of the system. At the end, there should
be Nyirr groups Py one for each eigenvalue \;.

i,€participation?

Forming the groups of eigenvalues in which the same states participate

When the system is coupled, each state variable participates in several eigenvalues
and each eigenvalue depends on several state variables. This means that some of the
previously created groups of states can be merged to form new groups of state variables,
noted P;, each group associated to one and only one group of eigenvalues in which they
participate. A state variable can only be in one group and an eigenvalue can only be
in one group as well. The state variables in a group only participate in the eigenvalues
of the associated group of eigenvalues and not in the other eigenvalues (provided that
the participation criterion is well chosen).

If the system is totally decoupled, there are as many groups as eigenvalues/state
variables, with one eigenvalue/one state variable in each one of them. If the system is
coupled, there are less groups, but with more states/eigenvalues. This also depends on
the choice of the participation criterion €y ticipation- 1f it is low there are more groups
than if it is high.

This process is done for all the eigenvalues until all the remaining groups are disjoint.
At the end, there are between 1 and Ngrs groups (the latter if the system is totally
decoupled).

These groups can be seen as constraints on the states to residualize in the developed
MOR methods. Residualizing all the states of a same group guarantees that the asso-
ciated poles are discarded, and the other almost unmoved (the bigger the participation
criterion, the less the remaining poles move). And keeping the poles in the linearised
model brings a guarantee that the operating point remains stable during the MOR
process. If no pole is moved, no pole becomes unstable.

A new set Ec, ,...oi0n 15 created. It contains all the E' matrices that are diagonal,
made of 0 and 1 (see the previous subsection on the state residualization) and that
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respect the constraint deduced from the participation factors analysis in this subsection.
This constraint is explained in (3.10). It means that the states of a same group must be
residualized (or not residualized) at the same time to discard (or keep) the associated
poles and keep (or discard) the others. This also means that the order of the different
possible reduced models is somehow imposed by these constraint. It is not possible to
choose it completely freely.

VP, Vxy, € P,Va, € P, Bk, k) = E(1,1) (3.10)

From now on, all the F matrices obtained from the MOR methods must be in
Ee, o ticipation SO that the remaining poles in the reduced model are (almost) the same
as in the full model (almost, because depending on the choice of €purticipation they can
move more or less). This is what we call here a modal approach.

INlustration with an order 4 model

To illustrate this, an order 4 LTI model is considered in 3.11.

50 —25 5 1 1
da 10 —20 1 1 1
At Bu=1 oy T
0 1 10 -10 1
(3.11)
0000
Jo1o0 o0
Y=1o 00 0|”
000 0

The participation factors of each state variable in each eigenvalue of A are calculated
and their modulus are given in Table 3.1.

I T2 XT3 Ty
A1 = —57.8 0.84 | 0.15 | 0.01 | 0.02
Aog=—94+10.57 | 0.03 | 0.04 | 0.48 | 0.46
A= —134 0.13{ 0.79 | 0.04 | 0.08

Table 3.1: Modulus of the participation factors of A

For each eigenvalue, a group is formed, containing the states that participate the
most in it. This group depends on the choice of €,4,ticipation. TWO examples are presented,
€participation = 0.7 and €pgrticipation = 0.9. This gives Table 3.2 and 3.3.
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Eigenvalue | Group of states that participate in the eigenvalue
)\175pu'r't'ic'ipati0n )\1 xl
P>\2,37€pa7"ticipation )\2,3 T3, Ty
PA415participation A4 X2

Table 3.2: Groups of states for €participation = 0.7

Eigenvalue | Group of states that participate in the eigenvalue
Alveparticipation )\1 T1, T2
P>\2,37€p(m"ticipation )\2,3 T3, Ty
PA4aEparticipation >\4 xl, IQ

Table 3.3: Groups of states for €participation = 0.9

For both cases, groups of eigenvalues are formed and the groups of states are merged
if necessary. This gives Table 3.4 and 3.5.

Group of eigenvalues | Associated group of states
Py At L1
Py A3 T3, T4
Ps Ay L2

Table 3.4: Groups of eigenvalues for €,qrticipation = 0.7

Group of eigenvalues | Associated group of states
Py AL, Aq L1, T2
P A2 3 T3, T4

Table 3.5: Groups of eigenvalues for €4, ticipation = 0.9

In both cases, the remaining groups are disjoint. This means that the process is
finished. The eigenvalues of a group only depend on the state variables of the associated
group and the states of a group only participate in the eigenvalues of the associated
group.

One can remark that the higher the participation criterion is, the less groups there
are.

Now that the groups are formed, residualizing the states of a same group discards
the associated poles and keeps the other almost unchanged.
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3.1.3 Conclusion

In this section, two important aspects that are common to the developed MOR
methods have been presented:

e The state residualization consists in neglecting the derivative of the considered
state variable and thus transforming it into an algebraic variable, reducing the
order of the model. This is the basis of all the MOR methods that are presented
in the following. This approach has the advantage of keeping the variables of the
system which simplifies the analysis and the tuning of new controllers if necessary
(it is possible to add new loops directly on the reduced model, which is shown on
an example in chapter 4).

e The modal approach analyses the participation factors of the linearised model to
give the dependencies between the state variables and the poles of the system.
Knowing that, groups of eigenvalues/state variables are formed. All the eigen-
values of a same group depend only on the states of the associated group and
all the state variables of a same group participate only in the eigenvalues of the
associated group. These groups add a constraint on the states to residualize: the
states of a same group must be residualized together or not at all. This ensures a
preservation of the poles of the system and thus that the operating point remains
stable. This approach is close to the modal truncation [39]. But unlike it, it keeps
the variables because there is no truncation and no basis change.

The two aspects can be summed up as follows: the developed MOR methods consist
in finding a matrix £ to reduce the model by state residualization. This matrix must
be in Ec , ,.cioaion» Which means that it should be diagonal, made of 0 and 1, and respect
the constraints deduced from the participation factors analysis. The reduced model is
presented in (3.12):

d:lj'diff

E di = f(xdiffaxalmu)
0= g(xaiff> Taig, u) (3.12)
Y= h(xdifﬁxalgau)

The following section presents different strategies to choose this £ matrix in order
to have an accurate and sufficiently reduced model that is adapted to the test case
under consideration. In other words, these strategies help identifying the groups of
states to residualize/the groups of poles to discard depending on the test case under
consideration.
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3.2 Developed strategies to choose the groups of
states to residualize/the groups of poles to dis-
card

This section presents the three developed strategies to choose the groups of states
to residualize and the groups of poles to discard.

The first one consists in discarding the fastest poles, i.e. the one with the largest
negative real part. It is inspired by the modal truncation [40].

The second one, inspired by the modal truncation like the first one but also by
the balanced truncation [46], consists in discarding the poles that depend on the less
observable and reachable states in the balanced realization.

The third one is based on an optimization to find a E matrix that minimizes an
error criterion defined in advance.

The advantages and drawbacks of each method are presented here. In this chapter,
each method is applied on a small order 4 example as illustration. Some application on
realistic test cases are shown in chapter 4.

First, the DAE system to reduce is considered in (3.1). The process explained in
the first section of this chapter is performed and Ngy,q,ps groups P; of state variables are
formed, each one associated to a group L; of eigenvalues in which they participate, for
a given participation criterion €pqrsicipation -

3.2.1 Strategy 1: discarding the fastest poles

The synoptic in Figure 3.3 sums up the different steps of the first strategy. They
are explained in details in the following.

Fastest eigenvalues | |Groups of eigenvalues and their associated group of states

v v

Residualizing the groups of states linked to the fastest eigenvalues

Figure 3.3: Synoptic describing the first strategy

Identifying the fastest poles

The first step in this strategy is to explain when a pole is considered faster than
another. It is explained in (3.13) for two stable poles \; and A;. This time-scale
separation between slow and fast poles is classical in the analysis of power systems [86].
The fast poles are linked to fast transients that quickly reach the steady-state and which
can therefore be neglected in most cases (it is seen on test cases in chapter 4 that this
is not true any more on certain cases when the PE penetration is high).
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VA € C,VA; € C, )\ is faster than \; & Re(\;) < Re();) <0 (3.13)

When represented on the complex plane, the fastest poles are the one that are the
farther from the imaginary axis, i.e. on the left side of the plane.

Residualizing the groups of states linked to the fastest poles

The idea of this strategy is to residualize the groups of states that are linked to
the fastest poles and keep the dynamics of the groups of states that are linked to the
slowest poles. This approach is classical in the power system community. This is for
example the idea of the phasor approximation.

To proceed, the groups of eigenvalues/state variables obtained with the modal ap-
proach are ranked so that the first group contains the slowest pole.

Then the states of the last groups are residualized to discard the fastest poles of the
system.

With the developed method, based on the participation of the states in the eigen-
values, it is not possible to discard each pole separately and independently. It means
that it is not possible to choose the order of the reduced model completely freely be-
cause of the constraints induced by the groups of poles/state variables deduced from
the participation factors analysis.

Remarks on the strategy

This method is actually similar to the modal truncation [65]. The difference here is
that, by avoiding a truncation, the modal reduction by residualization presented in this
report, preserves the variables of the system, and thus its structure, making it easier to
analyse and to add new control loops (see chapter 4 for an example).

One advantage of choosing to discard the fastest poles and keep the slow ones is
that the process is direct. It is indeed very simple to identify the slow and the fast
poles of the system.

Because it keeps the slow poles, the one that are close to the imaginary axis in the
complex plane, this strategy is particularly adapted to stability analysis. The slow poles
are indeed the most critical in terms of stability, because they can easily be moved to
the right half of the complex plane if a parameter changes. This is why they need to
be kept for this kind of analysis.

On the other hand, this method presents some drawbacks. First, for all observed
variable (a current, a frequency or a voltage for instance) and for all considered event (a
load step, a short-circuit or a line tripping for example), the reduced model, for a given
order, is always the same. The poles are indeed the same in all those cases, so are their
classification (fast/slow). This is not very flexible. One can indeed imagine that the
reduced model should not be the same between a case where the current in a certain
converter is observed during a short circuit close to it and a case where the frequency
of the system is observed during a load step. This problem is solved with the two other
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strategies that are presented in the next two subsections. Second, discarding fast poles
means neglecting fast transients. These fast transients can be over-currents, that are
quickly cleared but that can damage the device (it is especially the case with PE, more
than wit SM). This is why they need to be taken into account when studying over-
current capability. This problem is also solved with the two other strategies presented

hereafter.

Illustration with an order 4 model

To illustrate the strategy, the order 4 LTI model in 3.14 is considered.

dx
dt

y:

50 -25 5 1 1
~10 —20 1 1 1
— = Az + Bu = 5 1 10 —10 T+ 1 U
10 1 10 -10 1
(3.14)
0000
0100
000o0|"
0000

The previously formed groups of states and eigenvalues in 3.6 and 3.7, corresponding

to this order 4 example, are considered.

Group of eigenvalues | Associated group of states
P1 )\1 = —H7.8 I
P2 /\2’3 =-94+10.5¢ T3, Ty
P3 )\4 =-134 i)

Table 3.6: Groups of eigenvalues for €,qrticipation

=0.7

Group of eigenvalues

Associated group of states

P A1, Ag

X1, T2

P Ao 3

X3, Ty

Table 3.7: Groups of eigenvalues for €,q,ticipation

The fastest pole is Ay, followed by A4. Depending on the choice of €pqticipation, Several

reduced models can be deduced:

0.7:

o if Eparticipation =

— an order 3 model that discards

=0.9

A1 by residualizing xq;
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— an order 2 model that discards A; and A4 by residualizing x; and xs;
® if €participation = 0.9:

— an order 2 model that discards \; and A4 by residualizing z; and x»;

3.2.2 Strategy 2: discarding the poles that depend on the less
observable and reachable states in the balanced realiza-
tion

The second strategy to choose the groups of poles to discard/the groups of state
variables to residualize, is presented in this subsection. As said previously, it is inspired
by the modal truncation and the balanced truncation. But unlike them, it does not
truncate the system in order to maintain the physical structure and keep the variables

during the MOR.

The synoptic in Figure 3.4 sums up the different steps of the second strategy. They
are explained in details in the following.

Groups of eigenvalues and their associated group of states

Compute the Hankel Singular Values
Compute the balanced realization

Identify the most observable and reachable states
in the balanced realization

Identify the poles that are linked to the
most observable and reachable states

Identify the states to residualize
in the physical realization

Figure 3.4: Synoptic describing the second strategy

Computing the Hankel Singular Values and the balanced realization

The DAE system to reduce is considered in (3.15).
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dx g

% = f(xdiff>xalg7u)
0 = g(Zaiss, Targ, u) (3.15)
Y= h(Idiff,%zg,U)

Tairp € RN 3y, € RNals y € RP y € RY

It is linearised around its operating point, which gives (3.16).

d
d—f:Ax—i-Bu

y=Cx+ Du (3.16)
z € RNass 4 € RP y € RY

This system is rewritten in the balanced realization as in (3.17). It is explained in
chapter 1 how to obtain this balanced realization.

d
% = Abﬁb + Bbu

y = Cyrp + Du (3.17)
xp € RN4sr o ¢ RP y € RY

The gramians in the balanced realization are diagonal and equal. The HSV in their
diagonal are written o;, as shown in (3.18). The HSV of the system are unique.

Py = Qy = diag(oy, ..., 0n,,,), Where oy >0y > ... > on,,,, (3.18)

One HSV is associated to each state in the balanced realization. It quantifies the
degree of reachability and observability of each state in the balanced realization. The
bigger it is, the more reachable and observable the state is. In this case x;, is the most
observable and reachable state and Toy,,,, 18 the less observable and reachable state.

Identifying the group of the most observable and reachable states in the
balanced realization

A criterion eggy between 0 and 1 is chosen. The HSV are normalized so that their
sum is equal to 1 (each HSV is just divided by the sum of the HSV). A set B, ., of
the k& most observable and reachable states is created as explained in (3.19).

k k-1
Pocysy = {0000, }/ D01 > €nsv, Y 0i < emsv (3.19)
i=1 =1

One can remark that, as the gramians and the HSV depend on the C' matrix, this
group depends on the observed variable. The most observable and reachable states are
not the same when the observed variables y change.
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Identifying the group of poles in which the most observable and reachable
states participate

A participation factor analysis, made in the balanced realization, can tell in which
poles the selected states participate (see the previous section for more information on
how this is done). Groups of state variables P,,, each one with its associated group
of eigenvalues L;, in which they participate, are created using the same process as
the one explained in the last section, with the criterion €psrticipation- TWO new sets

Pb7€HSV7€pa'rticipation and LbnySV75participation are Created U‘Slng (320)

sz‘ - PbﬁHsv,

b;

€participation (320)

C LbyeHSV s€participation

One can remark that P, is included in the new set By, gy cparsicipation: LNE
difference is that other state variables might be in the new set in order to respect the
constraints deduced from the participation factor analysis. It is indeed possible that
a state with a small HSV participate in the same eigenvalue as a state with a high
HSV. This state needs to be put in the new set to respect the couplings. The new set
Py e 51 eparticiparion CONtaINS not only the most observable and reachable states, but also
the states that participate in the same group of eigenvalues. The set Ly,
contains all these eigenvalues.

With this method, the poles to keep are in Ly, gy cpariicipations the Other can be
discarded. In [63], these poles are discarded by doing a modal truncation. In this
report, another step, consisting in another participation factors analysis, is added to
proceed to a residualization in the physical realization and thus keep the variables and
the structure of the system.

€participation

Residualizing the states in the physical realization that participate in the
poles that are linked to the less observable and reachable states in the bal-
anced realization

The main idea here is that the eigenvalues of the system in the balanced and in
the physical realization are the same. This way it is easy to identify the states in the
physical realization that participate in the poles that depend on the less observable
and reachable states in the balanced realization. And these poles have been identified
previously, they are in L ¢y v cpareicipation -

The two sets Py, gy, and Ly cprsy eparticipation @€ considered.  The same
Eparticipation 15 considered here. A participation factors analysis in the physical realization
gives sets P; and L; (just like in the balanced realization it gave P,, and Ly,).

TWO new sets PEHSVyﬁparticipation a’nd L

€participation

€115V eparticiparion 1€ CTeated as in (3.21).

P CP.

V)\j € Lb,Est L cL

HSV €participation (3 21)

€participation?

\V/Li,)\j e L, = {

€H SV s€participation
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The new Set PeHsv,EparticipatiO’n
tion that participate in Loy cparsicipation
states are. This way, the poles in Le, gy cpuricipation
are discarded. Omne can remark that L,

L

contains the state variables in the physical realiza-
and that are not residualized. All the other
are kept and all the other poles
is included in the new set

€participation

€HSV s€participation *
The criterion €ggy is the one that defines the size of the reduced model. If it is

close to 1, the model is less reduced than if it is close to 0.

The desired size for the reduced system can be chosen in advance and then the idea
is to find the biggest eygy that gives a reduced model with a size that is smaller or
equal to it.

Summary

The strategy presented in this subsection can be summed up in Figure 3.5.

HSV ——»{ States to keep in the balanced realization

€EHSV —> Pb,eHsv

participation factors in the balanced realization

Eigenvalues to keep

€participation —————————————— P
Lb:GHSV s€participation

participation factors in the physical realization

States to keep in the physical realization
Eparticipation ———P»] P
€EHSV €participation

Figure 3.5: Summary of the second strategy

Remarks on the strategy

With this method, the poles that are discarded are not necessarily the fastest.
Depending on what is observed (which variables), the given reduced model is not the
same (see chapter 4 for some examples). This method proves to be flexible and adapts
to the case under consideration.

Another advantage is that the process to identify the states to residualize/the poles
to discard is quite straightforward and does not require a high computation time.

On the other hand, it is not possible to take into account each simulated event
separately to deduce the reduced model. The B matrix that takes into account the
inputs of the system can not be chosen freely, and is imposed by the model, unlike the
C matrix for the observed variables.

Another remark is that, because it uses two participation factors analyses in a row,
if the system is very coupled, it results in a not very reduced system. For example,
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consider a 10" order model. If the HSV analysis chooses 1 state to keep in the balanced
realization (this is the minimum, with a low €ygy) and if this state participates in 4
different eigenvalues that each depend on 2 different state variables in the physical
realization, this results in a 8" order reduced model, which is not a good reduction. As
a result, this method is powerful only when the system is well decoupled. A solution
to solve this could be to reduce €participation. But there is a risk that the participation
is not enough taken into account any more, which induces a change in the remaining
poles of the system (with the possibility for some of them to become unstable).
Some of these remarks are illustrated in chapter 4 with realistic test cases.

Illustration with an order 4 model

To illustrate the strategy, the order 4 LTT model in 3.22 is considered.

50 —25 5 1 1
dz ~10 —20 1 1 1
E—A:U—l—Bu— 5 1 10 —10 T+ 1 u
10 1 10 -10 1
(3.22)
0000
o100
Y=1o0 00 0|"
0000

In this system, the observed variable is x».
The HSV are computed. One HSV is associated to each state in the balanced
realization. It gives Table 3.8.

xbl
0.95

l’bZ
0.04

xbs $b4
001 0

HSV

Table 3.8: Hankel Singular Values of the order 4 system

emsy is chosen to be equal to 0.9. It means that the only kept state in the balanced
realization is xp, (with an HSV of 0.95).

The participation factors analysis forms the following groups of eigenvalues and
states in Table 3.9 with €participation = 0.7 and in the balanced realization.

Group of eigenvalues | Associated group of states
)\1 = —57.8 Lhy

)\2,3 =-944+10.52 Lhgy Ty
A= —134 Tp,

Table 3.9: Groups of eigenvalues in the balanced realization for €,articipation =
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From this table, it is deduced that the only pole to keep is A4.
The previously formed groups of states and eigenvalues in the physical realization
are considered in 3.10, with €perticipation = 0.7.

Group of eigenvalues | Associated group of states
A1 = —5H7.8 T

Aoz = —9.4410.5 T3, T4
)\4 =—-134 )

Table 3.10: Groups of eigenvalues in the physical realization for €y ticipation = 0.7

From this table, it is deduced that the only state to keep is x5. The other states can
be residualized, which leads to an order 1 reduced model. As expected, the observed
variable is the most important to keep.

3.2.3 Strategy 3: discarding some poles to minimize an error
criterion
The last developed strategy is based on an optimization to find the residualization

matrix £ that minimizes an error criterion. The process is explained here step by step
and summed up in the synoptic in Figure 3.6.

Linearising the system

v

Computing the error matrix
in the Fourier domain

Groups of eigenvalues and groups of states

Express the energy of the error for
the considered input/output couple

v

Find E to minimize this energy |«

Figure 3.6: Synoptic describing the third strategy

Linearisation

Like the two other strategies, the residualization is done on the nonlinear DAE
system in (3.1), but the process to find the residualization matrix E uses a linearisation
of this model, like in (3.23).
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d
d—?:Ax—i-Bu

y=Cx+ Du
z € RNass 4 € RP y € RY

(3.23)

The reduced nonlinear DAE system is also linearised around the same operating
point and it gives (3.24).

d
E ;tr = Az, + Bu
Yy, = Cx,. + Du (3.24)

z € RNass 4 € RP y € RY

Error matrix in the Fourier representation

A Fourier transform is applied on the two systems. For (3.23), it leads to (3.25).
For (3.24), it leads to (3.26).

wX = AX + BU
o (3.25)
Y =CX+ DU
wEX, = AX, + BU
e (3.26)
Y, =CX, +DU
Some manipulations give the transfer functions in (3.27) and (3.28).
Y = (C(jwln,,, —A) "B+ D)U (3.27)
Y, = (C(jwE — A)"'B + D)U (3.28)
The difference between these two transfer functions gives (3.29).
Y -V, =¢w)U
with e(w) = C[(jwln,,, —A) — (jJwE — A)"'|B € CT?

The new matrix €(w) is called the error matrix in this report.
One can remark that if £ = Iy,,;,, the system is not reduced and €(w) = 0, Vw, as
expected.

Energy of the error for a specific input-output couple

The error for the output Y; with respect to the input U, is a scalar given by €; ;(w),
the element of €(w) in the i’ row and j column. It corresponds to the error for a
specific input/output couple, in other words for a specific simulated event/observed
variable couple.
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The energy of this error € ; is defined in (3.30). This is the error criterion to
minimize in the rest of this subsection.

g = [ les(w)Pdw (3.30)

The Parseval’s identity gives (3.31).

| leis@Pde =27 [ ey (0t (3.31)

This means that the energy of the error is the same in time-domain and in Fourier-
domain.

This criterion to minimize is chosen as it allows to have a reduced model that is
specific to each simulated event and observed variable, and because the Parseval identity
proves that it also minimizes the energy error in time-domain.

Other criteria to minimize have been studied in the literature. For instance [87]
studies another criterion that allows to take into account all the possible events and
that is intrinsic to the model. This allows to obtain one model for all the simulated
event.

However, in this thesis, a specific model for each simulated event is looked for and,
for a given size, it should be the most adapted one for this simulation.

Minimization problem for a specific input-output couple

Knowing this, it is possible to choose the £/ matrix to minimize €; j, which minimizes
the energy of the error in time-domain. This E matrix is specific to the output-input
couple (i,j). There is a different reduced model for each considered test case: observed
variables-output /simulated event-input.

The deduced optimization problem is presented in (3.32). As always in the developed
method, the £ matrix must be in Ec .00, 0 Tespect the couplings of the system
and discard some poles without moving too much the others (see previous section for
more explanation). The desired size for the reduced model is written n.

. o 2
minimize €; ; = € (w)|“dw
pize 65 = [ Jeis(e) )

subject to £ € E tr(F) <n

€participation ?

The minimization problem to solve is a discrete one. The E matrix to find is
indeed a diagonal matrix made of 0 and 1. As a consequence, the classical optimization
algorithms, like the Newton-Raphson algorithm cannot be used here.

One solution could be to list all the possible E matrices, test all of them, and choose
the one that minimizes the error. This is what has been done in [88] and it is called
brute-force method in this report. This works fine with small problems. However, if the
size of the problem is N, there are 2V possible F matrices, which can quickly become
a problem in terms of computation time.
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Therefore, a method using a genetic algorithm has been used for reducing large
systems. A genetic algorithm is a search heuristic that is inspired by the theory of
evolution. It reflects the process of natural selection where the most adapted individuals
of a generation are selected for reproduction to produce offspring in the next generation.
More information on the theory of this type of algorithm can be found in [89]. The use
of this algorithm allows to have a low computation time compared to the brute-force
method.

Remarks on the strategy

One advantage of this strategy is that it takes into account the observed variable
(the output, here the i in the optimization) and the simulated event (the input, here the
J in the optimization) to give a E matrix that minimizes the proposed error criterion
for this specific input-output couple. This makes it flexible and adaptable.

As this strategy uses an optimization, it can take some time to find the optimal F
matrix for large systems. However, in most cases, the gain in terms of simulation time
with the reduced model compensates it. And the analysis is also simplified because the
number of differential variables has decreased. This is illustrated in chapter 4.

INlustration with an order 4 model

To illustrate the strategy, the order 4 LTI model in 3.33 is considered.

50 -25 5 1 1
dz ~10 =20 1 1 1
E-Az—l—Bu- 5 1 10 —10 T+ 1 U
10 1 10 =10 1
(3.33)
0000
o100
Y=1o 00 0o|”
0000

The energy of the error €;; is minimized with a genetic algorithm for i = 2 (5 is
observed), j = 1 (there is only one input in this example) and with a desired size of 1
for the reduced model. The result of this minimization is that the states to residualize
are x1, r3 and x4 just like with the previous strategy.

One can remark that with this method, as it is possible to choose the observed
variables during the optimization, the choice of C' has less influence than for the second
strategy. For example, if it had been chosen to be equal to the identity matrix but still
with ¢ = 2 and j = 1 for the optimization, the result would have been the same; which
is not the case with the second strategy.
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3.2.4 Conclusion

This section has presented the three developed strategies to find the groups of poles
to discard/the groups of state variables to residualize:

e The first one consists in residualizing in the nonlinear model the state variables
that participate in the fastest poles of the linearised model.

e The second one consists in residualizing in the nonlinear model the state variables
that participate in the poles in the linearised model that depend on the less
observable and reachable states in the balanced realization.

e The third one consists in residualizing in the nonlinear model some state variables
to minimize an error criterion.

A comparison of the characteristics of the three strategies is proposed in Table 3.11.

Time to find Taking into account | Taking into account

the reduced model | the observed variable | the simulated event
Strategy 1 short no no
Strategy 2 short yes no
Strategy 3 long yes yes

Table 3.11: Comparison of the characteristics of the three developed strategies

The outcome of this comparison is that depending on the type of study and the
knowledge of the test case, a strategy can be proposed:

e For a stability analysis, the first strategy is the most appropriate as it keeps the
slow poles that are the most critical in terms of stability. Moreover, its application
is straight-forward.

e When studying a particular variable (a current in a converter for example), two
cases are possible:

— if there is no information on the simulated events, the second strategy is
recommended,

— if the simulated event is known, the third strategy is the most appropriate.

This is illustrated in more details in chapter 4.

One need to notice that, although the residualization is made on the nonlinear sys-
tem, which allows keeping the non linearities in the reduced model, the residualization
matrix F is deduced, in each strategy, from an analysis of the linearised system.
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3.3 Chapter conclusion

This chapter presented the methodologies of the developed MOR methods. The
three methods are all based on the same two principles:

e The residualization: it consists in transforming differential variables (state vari-
ables) into algebraic variables to reduce the order of the model. Its advantage is
that it keeps the variables of the system and thus its physical structure.

e The modal approach: it consists in choosing the variables that can be residualized
in order to discard some poles of the system and keep the other almost unmoved.
This approach guarantees that the operating point remains stable during the
MOR. It adds a constraint on the variables to be residualized: some variables
must be residualized (or kept) together and not independently.

Then each of the three strategies proposes a different way to choose the variables
to residualize, while respecting the presented constraints at the same time:

e The first strategy proposes to residualize the state variables that participate in
the fastest poles. It is well adapted to stability analysis.

e The second strategy proposes to residualize the state variables that participate in
the poles that depend on the less observable and reachable states in the balanced
realization. It is well adapted when a specific variable is observed.

e The third strategy proposes to residualize some state variables to minimize an
error criterion. It is well adapted when a specific variable is observed and when
the events to simulate are known.

After this theoretical presentation of the methods, the next chapter proposes some
realistic test cases to which they are applied. Some comparisons are then made and the
advantages and drawbacks of each method are illustrated. Moreover this gives some
insights on how power systems with a high PE penetration should be modelled.
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Application of the methods for the simulation and analysis of
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In this chapter, the methods developed in chapter 3 are applied to several realistic
test cases based on the models presented in chapter 2. The idea is to compare the
different methods, present their advantages and drawbacks and validate them. Also
one goal is to give some insights on how power systems with a high PE penetration
should be modelled for accurate and fast simulations and analyses. All the test cases are
simulated using the Modelica [90] language. This language indeed consists in writing all
the equations directly, which makes the residualization, and therefore the MOR, very
convenient.

4.1 Simple test cases

In this first section, the methods are applied to simple test cases. The aim of the first
test case is to detail the process of each method in a didactic way to precisely understand
how they work. The aim of the second test case is to show that depending on what
is observed, a different reduced model should be used. The aim of the third test case
is to show that depending on what is simulated (the event), a different reduced model
should be used. Moreover, the phasor approximation is not always a good solution and
it is proved with this third test case.

4.1.1 One grid forming converter connected to an infinite grid

The first test case to be studied consists in one grid forming converter connected to
an infinite grid, as shown on Figure 4.1.

» . < ¢"

Current [ Voltage [ External [ P
loop |@—— loop | @—— loop |&|e|*

++ . ++ . - "
e i e i I

UpcCc

Figure 4.1: Structure of the system studied in the first test case

The converter in this system has been presented in the first section of chapter 2. As
a consequence, the studied system here is a 15" order DAE system presented in (4.1).
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diL‘diff
dt = f(l”diff,%lg,u)

0= g(Zgiff, Taig, w)

Y= h<xdiff7xalg7u)
o o T (4.1)
Tdiff = (st lsy €d €q lgy g, Pm 0 gm MCLd MCLq MVLd MVLq MADd MADq)

T
_ * * * ok gk ok
Talg = (vmd Vimg Uy Umy P W 4 €q €415, T Vg, vgd)

T
- K k% *
w = (Vgs, Vg, &7 9" 4" [e]")

The corresponding equations can be found in chapter 2. Two relations have been
added. They correspond to the grid voltage in the DQO reference frame of the converter
vy, and v, using the grid voltage in the DQO reference frame of the grid v, 0, a0d Vg,
which is an input here. They are given in (4.2), with 6 the chosen angle for the

transformation.
vg,\ _ [ cos(8) sin(0)) (v,
(’qu> N (—sin(&) cos(@)) (qu9> (4.2)

The model of the system is now complete and ready to be simulated. For this test
case, a short-circuit at the grid is simulated and cleared after 150ms. The current in
the converter is looked at. The process to find a reduced model with the three methods
is detailed hereafter, starting with the participation factors analysis that is common to
the three strategies.

Groups of states/eigenvalues

First, the system is linearised around its operating point, which gives the LTI system

in (4.3).

d—x = Az + Bu
dt
y=Cz+ Du (4.3)

r € RY” uc Ry cRY

The eigenvalues of A are computed, as well as the participation factors, which are
given in Table 4.1.
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A‘W'/[CL(I )“"[(,‘Lq AIVLd AIVLq ]\”[A]_)d AJAJ_)Q isd Z-Sq i!?d iqq Pm Am 0 €q €q

A =-14 0.19 | 0.08 | 0.51 | 0.25 0 0 0 0 0 0 0 0 0 0 0

Aoz =—15£0.11¢ 0.17 | 0.35 | 0.16 | 0.34 0 0 0 0 0 0 0 0 0 0 0

A=-—17 0.5 024 | 0.19 | 0.08 0 0 0 0 0 0 0 0 0 0 0

As6 = —15.5 1+ 28.2¢ 0 0 0 0 0 0 0 0 0 0 |051] 0 ]052] 0 0

A7 =—16.2 0 0 0 0 0.41 0.62 0 0 0 0 0 0 0 0 0

Ag = —17.2 0 0 0 0 0.62 | 0.42 0 0 0 0 0 0 0 0 0

Ag = —31.4 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

A1 = —21 £ 1344 0 0 0 0 0 0 0.2510.251025{025| 0 0 0 0 0
A12,13 = —759 £ 33307 0 0 0 0 0 0 0131013013 |0.12| 0 0 0 |0.26|0.25
A5 = —790 %+ 38207 0 0 0 0 0 0 0130121013014 | 0 0 0 10.25|0.25

Table 4.1: Modulus of the participation factors for the first test case

The participation criterion €,qrticipation = 0.99 is chosen. It is then possible to identify
the states that participate the most in each eigenvalue, in Table 4.2.

Eigenvalue State variables
A =—14 Mecr,, Mcr,, Myr,, Myr,
Mos——15+0.1i | Mcy,, Mor,, My, Myy,
A= —1.7 Mcr,, Mcr,, Mvr,, Myr,
Ao = —15.5 + 28.2i Dons O
/\7:—16.2 MADd7 MADq
Mg = —17.2 Map,, Map,
Ao11 = —21 & 1344 Tnyy gy gy lg,
M2,13 = —759 £ 33304 Usys Tsgs gy Tgyr €ds €q
)\14715 = —790 % 38201 isd, ’isq, igd’ igq, €d, €q

Table 4.2: States that participate the most in each eigenvalue for the first test case

This table helps creating the groups of eigenvalues and their associated group of
states that participate in them. This is shown in Table 4.3.

Eigenvalues State variables Group name
A1, A2z, Aq Mcr,, Mcr,, My, Myr, Py
As.6 Pm, 0 P,
A7, Ag Map,, Map, Py
Ag Im Py
)\10,11, >\12,13, )\14,15 isd, isq, igdy igq, €d, €q P

Table 4.3: Groups of states and eigenvalues for the first test case

This table gives the possible reduced models, which are summed up in Table 4.4. If
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roups 15 the number of groups created previously, there are 2Ngrours possible models.
Here there are 32 possible reduced models.

Model order | Model name | Residualized groups Kept groups
0 0 P, P, P;, Py, Ps
1 1 P, P, P, Ps Py
2 2a Pl,Pg,P4,P5 P2
2 2b P, P, Py, Ps Ps
3 3a Pl,Pg,P5 P27P4
3 3b P, P, Ps P, P,
4 4a Py, Ps, Py, Ps P
4 4b P, Py, Ps P, P
5 5a PQ,P3,P5 P17P4
5) 5b P, Ps Py, Ps, Py
6 6a P3,P4,P5 P17P2
6 6b Py, Py, Ps P, P
6 6¢c P, P, P3, P, b
7 Ta P;, Ps P, P, P,
7 b P, Ps P, P, P,
7 7C Pl,PQ,Pg P4,P5
8 8a Py, Ps P, P P;
8 8b P, Ps, P, Py, Ps
8 8c P, P, P, P, P
9 9a b P, P, P;, P,
9 9b P, Ps P, Py, Ps
9 9c P, P P, Py, Ps
10 10a PQ,Pg,P4 Pl,P5
10 10b P, P Py, Ps, Ps
11 11a PQ,Pg P17P4,P5
11 11b P P, Ps, P, Ps
12 12a P, P, P, P, P;
12 12b B, P, P, P;, Ps
13 13a P3 P17P27P4,P5
13 13b P Py, P3, Py, Ps
14 14 Py Py, Py, P;, Ps
15 15 P, P, P;, Py, Ps

Table 4.4: Possible reduced models for the first test case
Now that all the possible reduced models are known, the three developed strategies

help choosing which one is the most adapted, depending on the observed variable, the
simulated event and the desired size for the reduced model.
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The desired size for the reduced model is here chosen arbitrarily as 6 (chosen as an
example). The three methods are then applied to the test case to choose the reduced
model between the models 6a, 60 and 6c¢.

It is a voluntary simple test case study to illustrate the proposed method. More
complex examples are illustrated in the next sections.

First strategy

The application of the first strategy is quite direct. The slowest poles are indeed
A1, A2z, Aq and Asg. As a result, the deduced reduced model is the model 6a that
residualizes the groups Ps;, P, and Ps, and keeps the dynamics of the states in the
groups P, and P.

Second strategy

Before applying the second strategy, the h function is chosen so that the outputs of
the system (the observed variables) are the currents i,, and i,,. This function (which
gives the C' matrix when the system is linearised) is necessary with this strategy as the
observed variable is considered here (which is not the case with the first strategy).

To apply the second strategy, the HSV and the balanced realization of the model
are computed. The HSV are given in Table 4.5.

Lp, Ly Lbg Loy | Tbs | Lbg | Lbr | LTbg | Lbg | Lhig | Lbyy | Tbyy | Thaz | Tbiy | Thys
HSV (in %) | 11.1 | 11 | 10.2 9.1 |84 |83 |7.1| 7 |63 ] 63| 6.2 | 6.1 | 1.5 1 0.4

Table 4.5: HSV of the model for the first test case

A participation factors analysis in the balanced realization and in the physical re-
alization helps creating the groups of state variables/eigenvalues. They are shown in
Table 4.6, starting from the most observable and reachable states in the balanced real-
ization.

State variables Eigenvalues State variables Group name
Ty, Tpy As.6 P 0 Py
Tbyy Thys Ths, T A1, A2z, A Mer,, Moy, My, Mvr, Py
Tbyy Togy Thgs Thigs Thrys This | A0,11, Ai2,13, Ad,15 Usys Lsys Lgyy Lggs €ds €q P
Thygy Thyy A7, Ag Map,, Map, Py
Lbys Ag m Py

Table 4.6: Groups of states and eigenvalues for the first test case in the balanced and
in the physical realization
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In order to obtain a reduced model of order 6, the criterion ezgy = 50% is chosen.
The states to keep in the balanced realization are xy, , @y,, Tpq, Ts,, Tp; and xp,, the poles
to keep are A1, A2 3, Ay and A5 and the states to residualize in the physical realization
are the states in P3, P, and Ps.

One can remark that for this simple test case, the obtained reduced model is the
same as with the first strategy.

Third strategy

To apply the third strategy, the following optimization problem is solved using a
genetic algorithm (see chapter 3 for more information on how this optimization problem
is obtained):

. * 2
minimize € ; = € (w)| dw
mize 65 = [ Jei(w) o

subject to £ € E tr(F) <6

In the considered test case, ¢ = 1, which means that the observed variable is ¢,
(the same result applies for iy,) and j = 1, which means that the considered event is a
change in the grid voltage vy, (here a short-circuit in the simulations). Thanks to the
participation factors analysis, E is defined as follows:

€participation ’

={E e R /E = diag(5;), 6; € {0;1},

V(i j) € {1,..,6}, E(i,i) = E(j,j),

E(7,7) = E(8,8), (4.5)
Y(i, ) € {10,..,13}, E(i,i) = E(j, ),

E(14,14) = E(15,15)}

The optimization finds the following E as a solution:

€participation

)

=
Il
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This residualization matrix corresponds to the residualization of the states in the
groups Ps, P, and Ps. It gives a 6! order model, which in this case, is the same as the
ones obtained with the two other methods.

Simulation results

The full 15" order model and the reduced 6" order model obtained with the three
MOR methods are considered.

First, a look at the poles of the linearised full model and of the linearised reduced
model in Figure 4.2 shows that, as wanted, the slow poles of the system have been kept
and have not moved much.

4000 I !
+ @ Full model
g 2000 ® Reduced model
> i
= 0 o
g : ;
£ 2000

-4000 J : : R S i

10° 102 10! 107

Real part

Figure 4.2: Comparison of the poles of the full and the reduced models for the first test
case

Consider now the simulation of a short circuit at the grid at ¢ = 1s that is cleared
after 150ms. The current in the converter is observed in Figure 4.3.
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Figure 4.3: Comparison of the current in the converter for the full and the reduced
models for the first test case

Several remarks can be made here. Although the peak current and the fast transient
during the short-circuit are missed by the reduced model, the general shape of the
current is captured by the reduced model and the poles are kept. This means that
the order 6 model is good for stability studies. In both cases, the current during the
short-circuit is way too high, which will damage the converter. This can be solved by
adding a new control loop: the virtual impedance. It is shown hereafter that this loop
can directly be added to the reduced model. This is an important feature as the control
can be easily modified or updated with all the proposed methods.

Adding a new control loop

The virtual impedance, is a control loop that decreases the voltage reference of the
converter when the current becomes too high. This way, it reduces the output current
of the converter. Consider the following equations taken from chapter 2, giving the
voltage reference to the converter using the external loop (reactive droop control here).

eg = le|” +my(q" — gm) + Map, — Kyyig, (4.7)
6; = MADq — Kffigq (48)

When using a virtual impedance, these equations are replaced by the following four
equations:

eq = le|" +my(q" — qm) + Map, — Kyrig, — Aeyy, (4.9)
6; = MADq — Kffigq — Aevjq (410)

A€V[d = mam((), \/ng —|— qu — 1)<RV]Z.S¢ — XV[i5q> (411)
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Aewq = maaz‘(O, \/igd + qu — 1)<RVIisq + ijisd) (412)

In these equations, Ry; = 0.67pu and Xy ; = 3.35pu. These equations show that

when the current in the converter is higher than 1pu, the voltage reference is decreased to

reduce this current. As the equations, variables and parameters are not changed during

the MOR, these new equations can easily be added to the reduced model, without
applying again a MOR method on the full model.

In Figure 4.4 the current in the converter is observed for the same test case as before.

15 " '
= Full model

= == = Reduced model
o,
— 1
= \
£ \

0

1 1.1 1.2 1.3 14 1.5

Time [s]

Figure 4.4: Comparison of the current in the converter for the full and the reduced
models with a virtual impedance for the first test case

Now the current is limited during the short-circuit in both cases thanks to the virtual
impedance.

Conclusion

In this subsection, the three developed MOR methods have been applied to a simple
test case consisting in one converter connected to an infinite grid. The conclusions are
the following. An order 6 model has been obtained with the three strategies and is
adapted to stability studies. However, it is not accurate enough for sizing studies
and more detailed models should be used. The modal approach works well and the
remaining poles do not move much. The variables, parameters and equations are kept
with the MOR, which allows to add new control loops directly on the reduced model.
This is shown here with a virtual impedance example. This test case has been useful
to illustrate the different methods but no method proves to be better than the others
for this particular test case.

4.1.2 Two-converter system

As seen previously, it is not always possible to highly reduce the system when
simulating events like short circuits (the important fast transients indeed need to be
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captured by the simulation). But this applies to the considered converter. One can ask
if it is possible, when looking at the current in one converter, to reduce the model of the
other converters in the system. This is the topic of this subsection, and the question is
answered using the three developed MOR methods.

The system in Figure 4.5 is considered. The two converters have exactly the same
parameters, nominal power and power reference (0.5pu). The equations modelling them
are the same as in the previous test case and a virtual impedance is used.

Converter 1 Converter 2

: 19, Riine iline Liine lgy ;l

Figure 4.5: Structure of the system studied in the second test case

The line between the two converters is modelled as a simple RL line, which adds
two state variables to the model. As a consequence, the system is modelled with a 32"
order model (15 for each converter and 2 for the line).

The parameters of the line and the loads are given in Table 4.7.

Riine | 0.02pu | Lijjne | 0.2pu
Rloach 2pu Rloadg 2pu

Table 4.7: Parameters of the line and the loads for the second test case

Groups of states/eigenvalues

The system is linearised around its operating point and a participation factors anal-
ysis is done for €pgrticipation = 0.7. The same five groups as the test case with one
converter (see Table 4.3) can be formed for each of the two converters. These groups
are independent and there is no group formed that contains state variables of the two
converters (in this particular test case and because €participation has been chosen small
enough). This means that the two converters can be reduced independently with the
developed methods. Another group made of the double eigenvalue A3 3 is formed and
contains the state variables #jine, and #j,e,. As a consequence, this two-converter system
has 11 independent groups of state variables/eigenvalues, which means that there are
211 = 2048 possible models.
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The three developed strategies help choosing which groups of states to residual-
ize /groups of eigenvalues to discard, knowing that the observed variable is the current
in the first converter.

For each of the three strategies, an 18" order model is looked for (instead of 32 for
the full model). The order of the reduced model is here chosen arbitrarily.

First strategy

The first strategy consists in residualizing some state variables to discard the fastest
poles. As a consequence, the proposed 18" order reduced model with this strategy
consists in residualizing the states in the group Ps for each converter and the group
containing the state variables of the line between the two converters. As a result, each
converter is modelled by the same 9" order reduced model and the line between them
is in phasor mode (quasi-static).

Second strategy

The second strategy, as it takes into account the C' matrix in the linearised model
and looks for the most observable and reachable states, gives a reduced model that is
adapted to the observed variables (it is not the same whether the current in the first
or in the second converter is observed).

In this study, the proposed reduced model consists in residualizing the states in the
groups P3 and Py for the first converter and the states in the groups Ps, P, and P for
the second converter. In other words, the dynamics of the filter and the transformer
are kept in the model of the first converter (order 12 model) but not in the model of
the second converter (order 6 model). The line between the two converters is in phasor
mode.

Third strategy

As the second strategy, the third strategy takes into account the observed variable
to give a specific reduced model.

For the studied test case, it gives the same reduced model as for the second strategy
(an order 12 model for the first converter, an order 6 model for the second converter
and a phasor line).

Simulation results

From the application of the three strategies, three models need to be compared:

e a reference order 32 model with an order 15 model for each converter and an order
2 model for the line between the two.
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e an order 18 model with an order 12 model for the first converter, an order 6 for
the second converter and a phasor line between the two converters. This model
is given by the second and the third strategies.

e an order 18 model with an order 9 model for each converter and a phasor line
between them. This model is given by the first strategy.

A short-circuit a the first load is simulated at ¢ = 1s and the current in the first
converter is observed in Figure 4.6.

2 [ [
= Full model 15-15-2
=) == Reduced model 9-9-0
2. 1.5
— /\ == = Reduced model 12-6-0
= /A WL -
: WAV
5 1
S V
0.5 :
0.99 1 1.01 1.02 1.03 1.04 1.05

Time [s]

Figure 4.6: Comparison of the current in the first converter for the full and the reduced
models for the second test case

In this figure, it can be seen that, although of the same size, the reduced models
given by the second and the third strategies on one hand and the one given by the first
strategy on the other hand give totally different simulation results. The latter misses
the peak current and the fast transient induced by the short-circuit, which is an issue,
whereas the other one captures them.

It seems like the first strategy is inadequate in this case to look at fast transients
and peak currents. The conclusion here is that it shouldn’t be used for over current
capability studies.

Conclusion

With this second simple test case, it has been shown that the three developed
methods don’t give the same reduced model depending on what is observed (which
variable). The first strategy is not adapted to studies where a specific variable is
observed as it misses fast transients and peak currents that can damage the converters.
For these cases, the second and the third strategies are better. As a consequence, the
first strategy will only be used for stability studies.

This example has shown that, as one would expect, when a different part of the
system is of interest, a different reduced model should be used. There is not one

104



reduced model that can be used for all the simulations. For example, in this test case,
if the studied converter had been the second one and not the first one, the proposed
reduced models wouldn’t have been the same with the second and the third strategies.
More generally, what is far from the observed converter can be more reduced than what
is close. This is verified when studying larger systems like is shown in this report when
studying the Irish transmission system.

The conclusion here is that a different model should be used for each converter in
the system, depending on what is studied.

4.1.3 Three-converter system

In the last subsection, it has been shown that the reduced model should be adapted
to the observed variables, which is possible with the second and the third strategy but
not with the first one. In this subsection, it is shown that taking into account the
simulated event is also important.

To do so, a simple system with three converters and one load is considered in Figure

4.7.

Lia, Ry, Ly, Rig,

Converter 1 Ky Ky Converter 2
Lis, R,
Sy =1GV A Lis — Lo Sp =500MV A
R Ros3

Converter 3

<

Sy =100MV A

Proaq = 500MW

Figure 4.7: Structure of the system studied in the third test case

In this system, each converter has its own pu system associated to its .S, and V.
For the grid between the converters and the load, S, = 100MV A and V, = 320kV. The
parameters of the grid are given in Table 4.8.
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Ris, | 1.5e3pu | Lig, | 1.5e™?pu | Rya, | 1.5¢2pu | Lia, | 1.5e pu
Ris | 73e ™ pu | Lis | 74e3pu | Rog | 3.7epu | Log | 3.7e *pu

Table 4.8: Parameters of the grid for the third test case

Each converter has an order 15 model and the grid between them is of order 10 (2
per RL line). As a result, the whole system is modelled with an order 55 model.

For this test case, only the second and the third strategies are compared.

Two events are simulated and the strategies are applied to the system for each one
of them:

e K and K, are closed and a short-circuit happens in the middle of the line 12;.
For this event, the input that is considered in the third strategy is the resistor
modelling the short-circuit.

e The line 12 is short-circuited and K7 and K, are opened. For this event, the input
that is considered in the third strategy is the resistor modelling the line-tripping
(Kl and Kg)

These two events lead to two different system topologies, which means that the
MOR needs to be done separately to both cases to be accurate.

Groups of states/eigenvalues

As for the second test case, five groups for each converter can be independently
formed (with a well chosen €purticipation, here 0.5). A group containing the 10 state
variables of the grid is also formed and is linked to the fastest eigenvalues. As a result,
there are in total 16 groups, which leads to 2'® = 65536 possible reduced models. To
simplify, an order 36 model is looked for in the following. The order of the reduced
model is here chosen arbitrarily.

Second strategy

The second strategy takes into account the observed variable but not the simulated
event. It gives the same reduced model for both events (even though the topology is
different in both cases): an order 12 first converter with the residualization of the states
in P; and Py, an order 7 second converter with the residualization of the states in P;
and Ps, an order 7 third converter with the residualization of the states in P3 and P;
and the grid in EMT (order 10).

Third strategy

The third strategy can take into account the simulated event. As a result, it gives
different reduced models for each event:
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e For the short-circuit: an order 12 first converter with the residualization of the
states in P; and Py, an order 7 second converter with the residualization of the
states in P; and Ps, an order 7 third converter with the residualization of the
states in P3 and P; and the grid in EMT (order 10).

e For the tripping of the line: an order 12 first converter with the residualization
of the states in P3 and P,, an order 12 second converter with the residualization
of the states in P; and P, an order 12 third converter with the residualization of
the states in Py and P, and the grid in phasor (order 0).

Simulation results
Three models are compared with time simulations:
e a reference order 55 model (named 15-15-15-10).

e the order 36 model given by the second strategy and the third strategy during
the short-circuit (named 15-7-7-10).

e the order 36 model given by the third strategy during the tripping of the line
(named 12-12-12-0).

The short-circuit is simulated at t = 1s and the tripping of the line 150ms after.
The current in the first converter can be observed in Figure 4.8 during the short circuit
and in Figure 4.9 during the tripping of the line.

2.5 I [
5 = Full model 15-15-15-10 |
E == =Reduced model 12-7-7-10
15 === Reduced model 12-12-12-0 -
= L
é 1 O\\fhv
S
0.5
0
0.99 1 1.01 1.02 1.03 1.04

Time [s]

Figure 4.8: Comparison of the current in the first converter for the full and the reduced
models for the third test case during the short-circuit

107



1.5 [ I
= Full model 15-15-15-10
E == = Reduced model 12-7-7-10
=1 ‘\ Reduced model 12-12-12-0
= |
) |
2 a‘
5 05 «\‘ P - - ~
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Figure 4.9: Comparison of the current in the first converter for the full and the reduced
models for the third test case during the tripping of the line

These figures show that, as stated by the third strategy, a different reduced model
should be used for each simulated event. During the short-circuit, reducing the second
and third converter is indeed the best solution, while during the tripping of the line,
reducing the grid and making the phasor approximation is the best solution. This is
not the case with the second strategy, which misses this.

One can remark that instead of having a different reduced model for each simulated
event, one could try to minimize a combination ae; j, + (1 — a)e; 4, instead of only €,
or €; 4, separately, with a between 0 and 1. If o = 1, the best reduced model is given for
the short-circuit. If a = 0, the best reduced model is given for the tripping of the line.
By choosing o = 0.5 a compromise could be found. When tested on this particular test
case, this method doesn’t give satisfying results. It indeed gives either the best model
for the short-circuit or the best model for the line tripping but not an intermediate
model, even when several values for o are tested, as can be seen on Table 4.9.

o 0 0.2 0.4 0.6 0.8 1
Model | 12-12-12-0 | 12-12-12-0 | 12-12-12-0 | 12-7-7-10 | 12-7-7-10 | 12-7-7-10

Table 4.9: Reduced model depending on the value of «

Conclusion

With this test case, it has been shown that to reduce the model of a power system
with a high PE penetration, taking into account the simulated event is of great im-
portance. This is possible with the third developed MOR method in this thesis. As a
conclusion, the third developed MOR method proves to be the best one to study this
type of cases.

Moreover it has also been shown that for events like short-circuits, the phasor ap-
proximation should not be made to have a good accuracy.
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4.1.4 Conclusion

This section has presented three simple test cases to which the developed MOR
methods have been applied:

e a one-converter test case has been studied. The main idea here was to carefully
explain the process of each one of the developed methods. For this particular test
case, the reduced models proposed by the three strategies are the same.

e a two-converter test case has been studied to show that depending on which
converter is of interest in the system, the reduced model should not be the same.
This is what the second and the third strategies showed.

e a three-converter test case has been studied to show that depending on what event
is simulated, the reduced model should not be the same. This is what the third
strategy showed. Moreover it was a first example that showed that the phasor
approximation can not always be made to preserve a good enough accuracy.
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4.2 'Transmission system test case

The developed MOR method now needs to be applied to larger systems. In this
section, the Irish transmission system is taken as an example. All the data are given by
the Irish TSO EirGrid [91]. In order to have a 100% PE power system, all the generators
are replaced with grid forming converters. This system is made of 47 loads (actual loads
and equivalent loads representing the distribution networks), 14 generators, 85 lines,
6 shunt capacitors and 40 transformers. Each generator is a grid forming converter
modelled with a 15" order model. Each transformer and shunt capacitor is modelled
with its 27¢ order model. Each line is modelled with its 6" order pi-line model and each
load with its 2"¢ order model. This leads to a system with 906 differential equations (the
order of the whole system is actually less because some algebraic equations modelling
the nodes reduce the number of state variables. For example, if two inductances are
directly connected in series, there is actually only one state variable and not two).
A representation of the structure of this transmission system is given in Figure 4.10.
The red lines represent the 400kV branches and the green lines represent the 220kV
branches [92].
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Figure 4.10: Structure of the Irish transmission system
A short-circuit is simulated at a load at ¢ = 0.1s (Dunstown on the map). The
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current in a converter close to this load (Shellybanks on the map) is observed. Only
the third strategy is applied in this section as it has been shown in the last section that
it is the most adapted one for this type of studies.

Usually, to reduce the model of such a system, the loads, shunt capacitors, trans-
formers and lines are modelled with the phasor approximation. As a result, only the
dynamics of the converters are taken into account and the system is of order 210. But
it has been shown in the test case with three converters that the phasor approximation
is not always valid with a high PE penetration. In this subsection, the developed MOR
method is applied to the Irish transmission system modelled in EMT. The idea is to
compare the phasor model to a reduced model of the same size obtained with the third
strategy and to the full EMT model.

Third strategy

The participation factors analysis creates five groups of states for each converter,
which can be reduced independently. For the lines, transformers, shunt capacitors and
loads, it creates some groups as the dynamics of each one of these elements are not
totally independent and participate in some common poles.

The third strategy is applied to obtain an order 210 model (same size as the phasor
model) when observing the current in a converter (Shellybanks) when a short-circuit
happens at a load (Dunstown) close to it. It gives a model where some converters
are reduced, some are less reduced, some lines are in phasor (the one that are far
from the converter) and some are in EMT (the one that are close to the converter).
The optimisation that finds the reduced model takes 5 minutes and 21 seconds to be
performed on an Intel(R) Core(TM) i7-6700HQ CPU @ 2.60GHz processor, which is
not much compared to the gain in terms of simulation time as can be seen later when
doing the simulations.

For instance, table 4.10 gives the order of the model for each of the 14 converters

when the third strategy is applied. The observed converter is the second one (Shelly-
banks).

Converter 1 2131415 6 718 (911011 ]12]13 |14
Order (strategy 3) [ 12|12 (1212 |12 |12|12|12|6| 6 | 6 | 6 | 6 | 6

Table 4.10: Model order for each of the converter in the system

On Figure 4.11, the part of the grid that is in EMT and the part that is in Phasor
mode are represented. One can see that the lines close to the observed converter and
the simulated event are in EMT while the one that are far are in Phasor.
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Figure 4.11: Structure of the Irish transmission system after the model order reduction

One can remark that the reduced model proposed by the third strategy makes a
difference between the first 8 converters, that should be modelled with a quite detailed
model, and the last 6 converters, that can be more reduced. When looking at the map
of Ireland, it can be seen that the first group of converters actually corresponds to the
converters in the Republic of Ireland while the converters of the second group are in
Northern Ireland. And these two groups are only connected with one line, which makes
them quite independent dynamically. The same kind of remarks applied when looking
at the model of the lines. The one that are close to the event and the observed converter
are in EMT while the other can be modelled in phasor.

One can also remark that if the observed variable is the current in another converter,
the 12" one for example, the proposed reduced model would have consisted in the first
8 converters (in the Republic of Ireland) more reduced than the last 6 converters (in
Northern Ireland), which is the opposite of what is proposed here. It shows that the
MOR method is flexible and adapts to the test case under consideration.
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Simulation results

Figure 4.12 represents the current in the converter during the short-circuit for the
three models: the full EMT model, the phasor model, and a reduced model of the same
size obtained with the developed strategy.

[ [
=====TFull model n=906
E 1.5 == = Reduced model obtained with the third strategy n=210 —
— =====Phasor model n=210
=
—
= 1N I
5 \
5 _y
0.5
0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17
Time [s]

Figure 4.12: Comparison of the current in the converter for the full EMT model, the
reduced model obtained with the 3" strategy and the phasor model during the short-
circuit at the load

It can be seen that the phasor model misses the first peak of the current and the
oscillations of the transient during the short-circuit, which can be dangerous for the
device. On the other hand, the reduced model, as it keeps the most relevant dynamics,
captures this transient with a very good accuracy and has the same simulation time as
the phasor model. It is therefore a better model.

Moreover, the simulation time is reduced by more than four times (5 minutes and
39 seconds with the reduced model against approximately 21 minutes and 13 seconds
with the full detailed model on an Intel(R) Core(TM) i7-6700HQ CPU @ 2.60GHz
processor).

Conclusion

This section focused on the application of the developed MOR method to a real size
transmission system. Several things have been presented. First, the phasor approxima-
tion is not always valid when studying fast transients and peak currents during events
like short-circuits. It has been shown with the developed method that some lines must
be modelled in EMT whereas others can be modelled using the phasor approximation.
The developed strategy helps choosing which lines to simplify. It gives a reduced model
from the full EMT model that is of the same size as the phasor model but that can
capture the important dynamics during the transients. Then, the developed MOR ap-
plied to a transmission system allows to reduce the size of the model according to what
is observed and what is simulated. This results in a reduced system that is adapted to
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the test case under consideration. Finally, it is possible to use different models for each
converter. The models of the converters that are far from the simulated event and the
observed variable can be more reduced than the models of the other converters. The
same thing applies for the lines and the process is automatic. Simulations have been
made to validate the obtained reduced model. The reduced model is accurate and the
simulation time has been reduced greatly.
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4.3 Test case with one grid forming converter and
one modular multilevel converter

To study the interactions between two different types of PE converters, this test case
deals with a grid forming converter connected to an MMC. They both send power to
a load and are connected to each other through two lines in parallel. A short-circuit is
simulated in the middle of one line at ¢ = 1s. Two cases are considered: in the first one
the current in the grid forming converter is observed and in the second one the current
in the MMC is observed. The models used for the two converters are the one presented
in chapter 2. The system is represented in Figure 4.13. It has 32 state variables and is
thus an order 32 model.

. L R L R ;
i12,, 12 12 12, 12, i12,,

Grid forming converter MMC
{ igGF — lload ig[w;\/]C {

-

iload -
112, Li2, Rio,

Sy =1GV A

Sy, =1GV A
Proaqa = 2GW

Figure 4.13: Structure of the system with one grid forming converter and one MMC

Groups of states/eigenvalues

The first step of the developed method consists in forming the groups of states
and eigenvalues deduced from the participation factors analysis. It is done here with
€participation = 0.8. These groups are presented in Table 4.11.

This table presents 11 groups of states/eigenvalues. As a result, 2!' = 2048 reduced
models are possible.

Third strategy

To simplify, only the third strategy is applied to this system. Instead of choosing
a size for the reduced model, a maximum tolerated error (for the energy of the error.
See chapter 3 for more explanations) is chosen and the idea is to find the most reduced
model that gives an error below this maximum tolerated error.

The strategy is applied to the two considered test cases:

e When the current in the grid forming converter is observed, the method proposes
to residualize the state variables in the groups Ps, P; and Py. It gives an order
24 model made of an order 6 MMC, an order 12 grid forming converter and the
lines in EMT.
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Eigenvalues State variables Group name
A =0 Ocr O
Ao = 00020017 | Mprrymer OPLiyme L
A5 = —1.45 £ 0.04¢ MVLdGF7 MVL‘JGF Dy
N7 = —1.6£0.05i Mcy,, . Mci,,, Py
Nso — —16.6 £ 0.077 Mup,,_., Map,,, 5
Ao = —31 Pmgr Lo
M= 314 Gmgr L
Ai2,13 = —31.4 & 320i U2y, s b2y,
Aog = —2.3€7, \3g = —2.5¢7 2y, 5 U2, By
Ag1 = —2.8¢7, A\zp = —8.1¢7 125, U12g,
Na= —73.6, \is = —113.3 MpecLye
)\16,17 = —365 + 541z UCtotprarer MM Wanc Py
)\26 = —1131 totgy e iDC]WIMC
>\18,19 = —420 £+ 428: ingMcv iquﬂwc plo
A20,21 = —420 £ 4361 CLay e MCLay o
Aoz o3 = —616 & 1374 Usagp Tsagr
Aot = —807 & 2795i lige 0cr P
)\27,28 = —1609 4 4409 Cdgrs Cogr

Table 4.11: Groups of states and eigenvalues for the test case with one grid forming
converter and one MMC

e When the current in the MMC is observed, for the same accepted error, the
method proposes to residualize the states in the groups Ps, P, Py, Py and Py;.
It gives an order 12 reduced model made of an order 6 MMC, an order 6 grid
forming converter and the lines in phasor mode.

Simulation results

To validate the proposed reduced models, they are compared to the full EMT model
with time simulations. Figure 4.14 presents the evolution of the current in the grid
forming converter. One can see that the proposed order 24 model accurately captures
the transient during the short-circuit while the order 12 model doesn’t. This is why
this is the model proposed by the developed strategy.

Figure 4.15 presents the evolution of the current in the MMC. One can see that the
proposed order 12 and order 24 models accurately both capture the transient during
the short-circuit. This is why the order 12 model is the one proposed by the developed
strategy.

It can be seen that depending on what is looked at (the current in the grid forming
converter or in the MMC), the MOR possibilities are not the same. In some cases it is
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Figure 4.14: Comparison of the current in the grid forming converter for the full EMT
model and the two reduced models obtained with the 3" strategy during the short-
circuit in the middle of a line

possible to greatly reduce the model while in others it isn’t.

Conclusion

This test case consisting in one grid forming converter and one MMC connected
to the same load highlighted several points. When the current in the grid forming
converter is observed during a short circuit, only the MMC can be reduced much and
some fast poles of the grid forming converter must be kept. Moreover, the grid must be
modelled in EMT. When the current in the MMC is observed there are more possibilities
of reduction. Both the MMC and the grid forming converter can be highly reduced and
the grid can be modelled in phasor mode. These two things are due to the fact that the
grid forming converter, because it is a grid forming converter, handles the fast transient
and the peak current induced by the fault. The MMC, as it is in grid feeding mode,
keeps injecting its reference power/current without too much trouble (it is the same
if it is not an MMC but a 2-level VSC in grid feeding mode). As a conclusion, the
main outcome here is that the converters at risk when simulating are the grid forming
converters and one should be careful when choosing how to model them.
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Figure 4.15: Comparison of the current in the MMC for the full EMT model and the two
reduced models obtained with the 3¢ strategy during the short-circuit in the middle of
a line

4.4 'Test case with one grid feeding converter and
one synchronous machine

Before being 100% PE, the transmission systems will go through a phase where PE
devices and SM are both connected to the grid. To take this into account, a test case
consisting in one SM connected to a grid feeding converter and a load is studied in
this section. The system is represented in Figure 4.16. It has 32 state variables and is
thus an order 32 model. The models used for the elements of this system are the one
presented in chapter 2.

synchronous machine grid feeding converter
igSM - Z'load Lline Rline iggf
> 222" < _':
iload
Sy = 125MV A Sy, =12.5MV A

Proaqa = 138MW

Figure 4.16: Structure of the system with one synchronous machine and one grid feeding
converter

The simulated test case consists in a short-circuit at the load. Two cases are con-
sidered: in the first one, the current in the SM is observed and in the second one it is
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the current in the converter. Again, only the third strategy is applied here. The idea
is to find the most reduced model for a given maximum accepted error (like in the last
test case with one grid forming converter and one MMC).

Groups of states/eigenvalues

The first step of the method consists as usual in forming the groups of states/eigenvalues
based on the participation factors analysis. It is done here for €,4ticipation = 0.70 and it
gives Table 4.12. 12 groups are created, which means that there are 2'2 = 4096 possible
reduced models. The developed MOR method helps us deciding which one is the most
adequate to the test case.

Eigenvalues State variables | Group name
)\1 =0 5SM P1
Ao g = —0.13 £ 0.87: (bdeM, Veaus
A5 = —0.83 £0.67: Ddsrr> Pasas Py
e = —1.77, \p = —=3.27 wsms Uimgas
o34 = —641 £ 1844 AP, 9140,
g9 = —3.89 £ 7.321 Vesanrr Wrsns P;
Ao = —13.23 APy, P,
A1 = —15.32 D201, =
A2 = —16.62 Visu P
A3 = —19.59 AP, P
/\14 - —3081 gbldSM Pg
>\15,16 = —513 + 142 MPLLgfa HPLLgf P9
)\18 = —7304 Pgf
)\17 = —58.5 ngf PIO
Ag20 = —016 £ 8041 isdgf, isqgf
o120 = —d82 £ 5561 z'gdgf, igqgf
o506 = —672 £ 39824 €dyss Eqqy Py
/\27,28 = —893 4 32951 edfgf’ equf
A2g 30 = —1604 £ 119¢ MCLdgf7 MCngf
A31,32 = —2.2e% £+ 2.2¢%; z'gdSM, iquM P

Table 4.12: Groups of states and eigenvalues for the test case with one synchronous

machine and one grid feeding converter

Third strategy

The third strategy is applied in both cases and the idea is to find the most reduced

model for a given accepted error:
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e when considering the current in the SM, the method proposes to residualize the
state variables in the groups Py, Py, Pr, Py, P;1 and Pps. It gives an order 16
model made of an order 3 grid feeding converter, an order 13 SM and a line in
phasor mode.

e when considering the current in the grid feeding converter, the method proposes
to residualize the states variables in the groups Ps, Py, Ps, Ps, P7, Ps and Pjs. It
gives an order 23 model made of an order 14 grid feeding converter, an order 9
SM and a line in phasor mode.

One can remark that the states in the groups P, P, and P, are never residualized.

Simulation results

To validate the proposed reduced models, they are compared to the full EMT model
with time simulations. Figure 4.17 presents the evolution of the current in the SM. One
can see that the proposed order 16 model accurately captures the transient during the
short-circuit while the order 23 model doesn’t. This is why this is the model proposed
by the developed strategy.

5 . T T
/ \ = Full model n=32

E 4 \ == = Reduced model n=23 -
— \\ == = Reduced model n=16

I= 3 | m —_—~

g I \ / \\,/ \\_N—r-?
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Figure 4.17: Comparison of the current in the synchronous machine for the full EMT
model and the two reduced models obtained with the 3" strategy during the short-
circuit at the load

Figure 4.18 presents the evolution of the current in the grid feeding converter. One
can see that the proposed order 23 model and order 16 model both capture the transient
during the short-circuit quite well. This is the same conclusion as with the MMC. The

grid feeding converter can more easily be reduced than a grid forming converter or a
SM.
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Figure 4.18: Comparison of the current in the grid feeding converter for the full EMT

model and the two reduced models obtained with the 37 strategy during the short-
circuit at the load

Conclusion

This section dealt with the case of a grid feeding converter and a SM connected to
the same load. It highlighted several points. When the current in the SM is observed
during a short-circuit, the grid feeding converter can be highly reduced to an order 3
model and the SM is reduced just a little bit. When the current in the grid feeding
is observed, both can be quite reduced as the model of the grid feeding converter is
less important than the one of a grid forming converter. In both cases, the line can be
modelled in phasor mode. Time simulations validated the proposed reduced models .
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4.5 Chapter conclusion

In this chapter, several test cases have been simulated and studied to validate the
developed MOR and give some insights on how to model and simulate a transmission
system with a high PE penetration. Several conclusions can be drawn from this.

The developed methods, as wanted, preserve the variables, parameters and some
poles of the initial system.

Depending on what is observed (which variable, for example the current in a specific
converter), the reduced model should not be the same.

Depending on what kind of event is simulated and where (for instance a short circuit
or a load connection), the reduced model should not be the same.

These two points help the user identifying zones of the system that should be mod-
elled in details and other zones where the models can be highly reduced. The developed
methods identify the boundaries of these different zones. It is intuitive that what is
close to the studied converter and the simulated event must be modelled with more
details than what is far but the developed methods prove it and give the boundaries.

One consequence of this is that some lines of a transmission system can be modelled
using the phasor approximation while other need to be modelled in EMT. Previously,
either all the lines were in EMT or in phasor. This is now more flexible and the
developed methods identify which lines must be in EMT.

Moreover, it has been shown that the simulation time and the number of variables
have been reduced greatly thanks to the reduced models.

A last conclusion is that depending on the type of converter that is studied, the
degree of the reduction is not the same. Grid forming converters, as they are voltage
sources, are more subject to over current and therefore must be modelled with higher
details than grid feeding converters.
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Conclusion

The context of this thesis was the search for technical solutions, such as new control
laws, to ensure that the massive integration of power electronics in the transmission
systems does not induce a decrease in the system stability and security. The main
objective of the particular work of this thesis is reminded and has consisted in developing
new tools and methods to simulate and analyse transmission systems with a high power
electronics penetration. The different dynamic behaviour of power electronics compared
to synchronous machines and the development of new grid forming capabilities for the
converters indeed necessitate new simulation methods and analysis tools.

The first chapter has presented some common tools that are used today to simulate
and analyse power systems. These tools are the EMT programs, the phasor approxima-
tion and the dynamic phasors for the simulation, and the small signal stability analysis,
the sensitivity analysis and the participation factors for the analysis tools. Thanks to
this state of the art, a need for model order reduction has been identified to accelerate
the simulation and simplify the analysis. This is why the second part of this chapter
was on the presentation of the classical model order reduction methods. The conclusion
then was that the classical methods are not suitable for the simulation and analysis of
power system because they use basis changes and truncations, which change the vari-
ables and the structure of the system. This is why the objective of this thesis was to
develop model order reduction methods that preserve the variables and the physical
structure of the system.

The second chapter has presented the models of the different elements of a trans-
mission system with a high power electronics penetration: the converters (grid forming
converters, grid feeding converters, MMC), the synchronous machines, the lines, the
loads, the transformers and the shunt capacitors. For the sake of simplicity, these mod-
els are all balanced. For each model, its differential and algebraic equations are given,
as well as block diagrams describing them when necessary. These models are used to
create power systems models to which the developed model order reduction methods
are applied later in the report.

The third chapter has theoretically presented the developed model order reduction
methods. These three methods are based on state residualization, a modal approach
and some features inspired by the classical methods presented in chapter 1. As wanted,
the developed methods preserve the variables of the system, its physical structure, the
stability of the operating point and have a limited error. Moreover, some of them give
a reduced model that is specific to the test case under consideration, i.e. the observed
variable and the simulated event. As the developed methods keep the physical structure
and variables of the model, the analysis is simple, it is possible to add new control loops
directly on the reduced model (this has been illustrated in this report by the addition
to the reduced model of a virtual impedance) and it is easy to implement the reduced
models in the classical simulation tools. Moreover, the computation time is highly
reduced.

The fourth chapter has presented the results of the application of the three devel-
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oped methods to realistic test cases. A first test case presented in details how the three
developed methods are applied. Then several test cases, from simple ones to more com-
plicated ones like the Irish transmission system, helped comparing the three developed
methods. The conclusion is that the third one using an optimization is the most adapted
to the test cases under consideration as it can at the same time take into account the
simulated event and the observed variable. Recommendations on how to model, simu-
late and analyse transmission systems with a high power electronics penetration have
also been given. Particularly, the case of the phasor approximation, which is largely
used in power system studies today, has been addressed. It has been shown that it
should not be used for all the lines in the system depending on the simulated event and
the observed converter/variable. It has been proved with the developed method that,
as expected, what is close to the simulated event and the observed converter should
be modelled with more details than the rest of the system. The developed strategy
identifies the boundaries between the detailed and the less detailed zones. Moreover,
the gain in terms of computation time is important as a reduction by five has been
observed.

Perspectives

Several possibilities of future work can be mentioned here.

Even though a real size transmission system has been studied in this report, the
models used for the different elements (converters, lines, transformers and loads) are
quite simple. More detailed models would make the use of model order reduction
methods like the ones developed in this thesis even more relevant. This is why an
application of the developed model order reduction method on more complex models
would be interesting. For example, instead of Pi models, frequency dependent models
could be used for the lines. More complex systems than the Irish transmission system
could also be studied.

Moreover, all the test cases in this thesis focus on balanced systems. A work on
unbalanced systems is an interesting perspective as there is a possibility that the most
adapted reduced model is not the same when the system is unbalanced. Moreover, as
unbalanced models are more complex than balanced ones, the need for model order
reduction is even higher. This is why it should be investigated.

In all test cases, the desired size for the reduced model has been chosen arbitrarily.
A work on the optimal reduced model size could be interesting. For now, the only
solution is to test several sizes, compute the reduced model in each case and choose
the best one. This solution demands a high computation time and should be greatly
improved in the future.

The modal approach is based on the formation of groups of states and eigenvalues
that depend on each other using a participation factors analysis. This approach needs
a criterion €pq ticipation that defines the degree of participation that is taken into account
when forming the groups. The choice of this criterion is based, in this report, on
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several tests that lead to a specific value that gives a good trade-off between sufficiently
taking into account the couplings and being able to enough reduce the model. A
more systematic method to choose this criterion would be a good improvement of the
developed methods.

Although reducing nonlinear models, the developed model order reduction methods
are based on linear analyses. A study of the degree of validity of this approach could be
done. To which extent a nonlinear reduced model given by a linear analysis is valid ?
This is especially relevant when simulating large disturbances like short-circuits (which
is the case in this work). A first perspective could be to study an extension of the
participation factors to nonlinear models, which has been done in [25]. The nonlinear
participation factors take into account the couplings induced by the non linearities. It
is this way possible that an eigenvalue doesn’t depend on a certain state variable when
looking at the classical participation factors but this is not true any more when taking
into account the nonlinear participation factors.

Other criteria to minimize could be tested for the third strategy and compared to
each others. For example, an application of the criterion presented in [87] could be
interesting.

As seen in this report, a different reduced model is given by the third method for
each different simulated event. One perspective could be to work on how to change the
model of the system during the simulation between two different events and how to do
this change of model properly. It is indeed a scientific challenge to be able to initialize
the new model using the data of the previous one. However, as the developed method
keeps the variables of the system (which are the same for the full or any reduced model),
the switching between two different models becomes easier than with the classical model
order reduction methods, which change the variables of the system during the process.

The gain in computation time makes the developed methods interesting for an ap-
plication to real time simulation test cases and it should be further investigated as a
continuation of this work.

Finally, a toolbox could be developed to integrate the developed methods into the
classical simulation software and make them more automatically applicable.
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The DQO transformation

The DQO (for Direct-Quadrature-Zero) transformation [11] is a basis change to
represent the studied system in the DQO representation, which uses a rotating reference
frame, instead of a fixed one, unlike the common ABC representation.

T
To illustrate it, consider a three-phase variable (ZEa T xc) in the ABC represen-

T
tation and an angle 6 such as % = w. The expression of this variable (xd Zq x0> in

the DQO representation with the angle € is obtained using the following transformation

in (A.1).

T) —sin(0+ )| |z | = PO) | = (A1)
o Vi Vi V2 e te

The system is considered to be balanced. Several remarks can be made here. Proofs
can be found in [11].

e The active and reactive power P and () corresponding to a voltage v and a current
i can be expressed as in (A.2) in the DQO representation.

{P v (A2)
Q = Vgiq — Valq
e Applied to the derivative of (xa xp xC)T, the transformation gives (A.3)
L L 0 —w 0 T4
PO)— x| == |zg| +|w 0 0]z, (A.3)
dt dt
Te Zo 0 0 0 i)

e The 0-axis value is always equal to 0 (if and only if the system is balanced, which
is the case here). In the example, o = 0 if the system is balanced. It means
that only z4 and z, are of interest in this case. It means that, without doing any
approximation, the complexity of the model is reduced.

T
e If the variable (ma Ty xc) is sinusoidal at the frequency w in steady-state, the

variable (xd Zq xo)T is constant in steady-state. This is interesting because this
simplifies the simulation (a larger time-step can be used in steady-state [3]) and
it allows using the linear analysis tools (which are relevant only when the system
is steady-state time-invariant) in the DQO representation, which is not possible
in the ABC representation.

X1



The eigenvalue decomposition

Consider a square matrix A € R™*"™. The set of the eigenvalues of A is noted o4
and is called its spectrum. The eigenvalues of A are complex values that can be defined

as in (A.4).

In (A.4), y; is called a right eigenvector of A associated to the eigenvalue \;.
The matrix P = (y1 yn) is defined. If P is not singular, the Eigenvalue
Decomposition (EVD) of A is then done and presented in (A.5).

A = PAP™! = Pdiag(\;))P™* (A.5)

The singular value decomposition

Consider a rectangular matrix A € R"**. The singular value decomposition of A is
defined in (A.6).

A=USV* UeR™™ 5 Rk | ¢ R*k (A.6)

In this equation, U and V are unitary (U*U = UU* = [ and V*V = VV* =) and
) is rectangular diagonal. The diagonal values of ¥ are called the singular values of A.
One can note that the singular values of A are the square root of the eigenvalues of

AA* and A*A.
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Introduction

Contexte général

Pour lutter contre le réchauffement climatique et réduire les émissions de gaz a effet
de serre, les gouvernements de la plupart des pays du monde ont décidé d’investir mas-
sivement dans les énergies renouvelables. En parallele, de nombreuses lignes a courant
continu haute tension sont construites pour connecter des réseaux asynchrones ou syn-
chrones sur de longues distances. Ceci, ajouté a ’arrivé récente des véhicules électriques,
entraine une forte augmentation de la pénétration de ’électronique de puissance dans
les réseaux de transport d’électricité.

Aujourd’hui, les convertisseurs d’électronique de puissance sont controlés comme de
simples sources de courant (on parle de convertisseur « grid feeding »). S’ils viennent &
remplacer les générateurs synchrones, ils devront étre controlés comme des sources de
tension pour créer la tension du réseau (on parle de convertisseur « grid forming »), et
ces nouveaux types de controles restent a développer.

Pour anticiper, différents gestionnaires de réseaux de transport européens et des
universités (voir figure B.1) se sont rassemblés au sein du projet européen MIGRATE
(Massive InteGRATion of power Electronic devices). L’objectif principal du projet
est de proposer des solutions innovantes pour progressivement ajuster les réseaux de
transport a cette augmentation massive de la pénétration de 1’électronique de puissance.
Le projet est découpé en 8 groupes de travail présentés dans la figure B.2. Cette these
fait partie du groupe 3 qui cherche a développer de nouveaux contréles pour les réseaux
100% électronique de puissance.

Les objectifs de cette these sont la simulation et I'analyse de réseaux de transport
100% électronique de puissance. En effet, puisque les convertisseurs ont des comporte-
ments dynamiques tres différents de celui des machines synchrones, rien ne garantit que
les outils actuels ne soient encore valables. En conséquence, cette these développe de
nouveaux outils d’analyse et de simulation et donne des conseils dans la maniere avec
laquelle un réseau 100% électronique de puissance doit étre modélisé, simulé et analysé.

Plan de la theése

Cette these est organisée en quatre chapitres.

Le premier chapitre passe en revue les outils et méthodes existants et utilisés
actuellement pour simuler et analyser des réseaux de transport ainsi que les méthodes
de réduction de modeles les plus couramment utilisées.

Le deuxieéme chapitre présente les modeles utilisés dans le reste de la these. Chaque
élément d’un réseau de transport est modélisé: les convertisseurs, les lignes, les trans-
formateurs, les machines synchrones et les charges.

Le troisieme chapitre présente les trois méthodes de réduction de modeles dévelop-
pées. Le processus est détaillé pour chacune d’elles. Ces méthodes utilisent les outils
d’analyse présentés dans le chapitre 1 et s’inspirent des méthodes existantes. Toutes les
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méthodes préservent les variables, les parametres, la structure physique et la stabilité
du systeme.

Le quatrieme et dernier chapitre applique les méthodes développées a des cas d’études
réalistes en utilisant les modeles présentés dans le chapitre 2. Les conclusions pour
chaque cas sont des recommandations pour modéliser, simuler et analyser un réseau de
transport a forte pénétration d’électronique de puissance. Une des conclusions est que
le meilleur modele réduit a utiliser est différent selon la variable observée et I’événement
simulé. Et ceci est pris en compte par les méthodes développées.

b .
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Figure B.1: Membres du projet MIGRATE
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Figure B.2: Groupes de travail du projet MIGRATE

Chapitre 1: contexte scientifique

Ce chapitre présente le contexte scientifique de la these par le biais d'un travail bib-
liographique. La premiere section présente les outils existants pour simuler et analyser
un réseau de transport tandis que la seconde section présente les méthodes classiques
de réduction de modeles.

Outils et méthodes pour la simulation et ’analyse de réseaux
de transport

Outils de simulation

Logiciels EMT Les logiciels EMT (Electromagnetic Transient) considérent les tran-
sitoires électromagnétiques rapides en plus des transitoires électromécaniques lents (voir
Figure B.3). Leur temps de simulation est élevé de par le niveau de détails des modeles
utilisés et de par le fait que les pas de calculs utilisés doivent étre petits (quelques
dizaines de ps). De plus, le grand nombre de variables complique 'analyse. En con-
séquence, seules des parties locales du systeme sont simulées et sur une courte période.

Pour toutes ces raisons, ils sont particulierement adaptés a la simulation de con-
vertisseurs. Mais dans cette these, les systemes simulés et analysés sont grands. Cela
signifie qu’utiliser des logiciels EMT peut mener a des analyses trop complexes et des
simulations trop longues.

L’approximation phaseurs L’approximation phaseurs consiste a négliger les dy-
namiques des lignes car elles sont plus rapides que les dynamiques des machines syn-
chrones.

Par exemple, un modele de ligne R, est considéré dans la representation DQ dans
I'équation (B.1).
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Figure B.3: Les transitoires dans les réseaux de transport

L dld
wy dt
L di,
wp dt

= V1, — Uy, —Rid+WLiq
(B.1)
—_= ’Ul

, — V2, — Rig —wlig

Avec I'approximation phaseurs, cette équation devient (B.2).
0=wv, — vy, — Rig+wli
{ 14 24 d q <B2)

0=wy, —v9, — Rig —wLliy

Le comportement de la ligne est désormais quasi-statique, ce qui simplifie le modele
et accélere la simulation. Il est maintenant possible d’utiliser des pas de calcul plus
grands et ’analyse du systeme est simplifiée car le nombre de variables d’état a diminué.
Mais cette approximation engendre des erreurs de simulation. La question est de décider
si les transitoires non pris en compte sont importants pour I’étude ou non.

En revanche, I’hypotheése sur laquelle se base ’approximation phaseurs peut ne plus
étre vérifiée a ’avenir si la pénétration de I’électronique de puissance augmente et celle
des machines synchrones diminue.

Phaseurs dynamiques Les phaseurs dynamiques sont basés sur une décomposition
en série de Fourier. L’avantage est qu’ils peuvent prendre en compte les systemes
déséquilibrés, sont plus précis que les simulations phaseurs et moins couteux en temps
de calcul que les logiciels EMT.
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En revanche, ils augmentent le nombre de variables du systéme ce qui rend ’analyse
compliquée. De plus ils ne sont pas facilement utilisables sur les logiciels de simulation
classiques.

Outils d’analyse

Analyse petits signaux Tout d’abord, un systeme non linéaire algébro-différentiel
est considéré dans ’équation (B.3).

dﬁdiff
dt

= f(frdifﬁxalgau)
0= 9(Taiff; Taig, u) (B.3)
Yy = h(wdiff:xalgau>

Taiff € RNdiff,:calg € RN‘”g,u e R,y € RY

Ce systeme est linéarisé, ce qui donne 1’équation (B.4).

d
d—?:Ax—i-Bu

y=Cx+ Du
z € RNass 4 € RP y € RY

(B.4)

Les poles de ce systeme sont les valeurs propres de la matrice A. L’ensemble des
valeurs propres de A est noté o4 et appelé spectre de A. Les valeurs propres de A sont
les racines du polynome caractéristique de A, comme présenté dans (B.5).

N €oa s det(A— N, ,.) =0 (B.5)

diff)

Un systeme linéaire est exponentiellement stable si tous ses pdles ont une partie
réelle strictement négative, comme expliqué dans (B.6).

Le systeme est stable < VA, € 04, Re(\;) <0 (B.6)

Analyse de sensibilité La sensibilité s,, ; de la partie réelle du pole A; en fonction
du parametre p; est définie dans (B.7).

Sn]. = 0
, apj

Elle donne I’évolution du pole considéré lorsque le parametre en question change.

(B.7)

Facteurs de participation Les valeurs propres de A, définies dans (B.5) peuvent
aussi étre définies dans (B.8).

N Eoq & Hyl S RNdiff/Ayi = /\zyz <B8)
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Dans (B.8), y; est appelé vecteur propre a droite de A associé a la valeur propre A;.
De la méme fagon, la définition dans (B.8) peut étre réécrite avec un vecteur propre a
gauche comme dans (B.9).

i € o4& Ju; € RY7 [yl A = Nl (B.9)

Le facteurs de participation pj; est un nombre complexe qui donne la participation
de la variable d’état z; dans la valeur propre A;. Il est calculé dans (B.10).

Pri = ui(k)yi(k) (B.10)

Réduction de modéles

Une réduction de modeles est un processus qui trouve un modele avec une sortie
proche de celle du modele initial mais de taille réduite. Par example, considérons les
modele dans (B.11) et (B.12).

dx ..
% = f(il?diff,il?azg,u)

0= 9(Tairs; Talg, u) (B.11)
Yy = h(Idiff,Iazg,u)
Taipp € RN4I7 3y, € RNeto g € RP gy € RY

dZ iy,
dt

= fr(Tdaigf,, Taig,,v)

e}

= 9r(Zdigf,, Tatg,, ) (B.12)
y'f’ = hr (xdlff'r7 xdlgr? u)

Taiss, € RN gy € RNaor 4 € RP y, € R

Le systéme dans (B.12) est une réduction du systéme dans (B.11) si I’équation (B.13)
est respectée, pour une erreur acceptée € donnée.

{Hy_yrH <€

B.13
Naigf, << Naisy (B.13)

Les méthodes de réduction de modeles les plus courantes sont présentées ici.

Troncature modale

La troncatures modale est basée sur la suppression de certains poles du systeme et
la préservation d’autres, assurant ainsi la préservation de la stabilité.
Pour illustrer, la méthode est appliquée au systéme dans (B.14).
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d
d—f:Ax—{—Bu

y=Cz+ Du (B.14)
z € RNuss 4 e RP y € RY

Décomposition en valeurs propres et changements de base La décomposition
en valeurs propres de A est effectuée dans (B.15).

A= P7'AP = P 'diag(\;)P (B.15)

En écrivant z,, = Pz, B,, = PB, C,, = CP~! le systéme peut étre réécrit dans
(B.16).

d
% = Az, + Bu

y = Cpnry, + Du
Ty, € RN4s5 4 € RP y € RY

(B.16)

Péles rapides/pbles lents Le systeme est organisé comme suit dans (B.17). Dans
ces équations, A; contient les poles a garder et Ay les poles a supprimer. En général les
pdles les plus lents sont gardés (ceux proches de 1’axe imaginaire).

i Tmy | _ Al 0 Tm,y + Bml
dt \Tm, -\ 0 A2 Ty Bmz B
B.1
Yy = (Oml sz) (iﬂ“) + Du ( 7)

m2

Ty € RNisH g, € RN4irf2 o € RP y € RY

Le choix de Ng;rf, détermine la taille du modele réduit.
La troncature modale consiste a tronquer le modele dans (B.17) pour ne garder que
Tpm,. Cela donne le modele réduit dans (B.18)

dxp,,

dt = A1$m1T + Bmlu

Yr = Cm1xm1,. + Du (B18)

Tm,, € RNdirs o € RP, y, € RY

Cependant, les variables d’état du modele complet et du modele réduit ne sont
plus les mémes a cause du changement de base et de la troncature, ce qui complique
I’analyse.

IX



Troncature équilibrée

Le systeme a réduire est celui dans (B.19).

Ccl;: = Ax + Bu
y=Cx+ Du (B.19)

x € RNass oy € RP y € RY

Gramiens d’observabilité et de commandabilité Les Gramiens de command-
abilité P et d’observabilité () sont définis dans (B.20).

+o0o
. / A BBT ATt gy
0
- (B.20)
0= / ATLOT Ot gt
0

Ils peuvent étre calculés en résolvant les équations de Lyapunov dans (B.21).

AP + PAT + BBT — ¢
(B.21)

ATQ+QA+CTC =0
Le systeme est considéré dans une nouvelle base b dans (B.22).

dxb
Y _ Ay + B
q e b (B.22)

y = Cyzy + Du

Les variables et matrices dans cette nouvelle base sont calculées en utilisant la
matrice 7T, comme dans (B.23).

Ty = Tbl’
Ay = T, AT,
b (B.23)
B, =T,B
Les Gramiens dans cette nouvelle base sont alors exprimés comme suit dans (B.24).
P, =T,PT}
or o (B.24)
Qv =T, QT,

Valeurs singuliéres de Hankel Les valeurs singulieres de Hankel (HSV) sont la
racine carrée des valeurs propres du produit PQ et sont notées o; comme dans (B.25).

o: = \(PQ) (B.25)
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Transformation d’équilibrage Considérons une matrice triangulaire supérieure U
et inférieure L telles que P = UUT et Q = LL™.
Une decomposition en valeurs singulieres du produit U L est faite dans (B.26).

UL =2xy?" (B.26)

La transformation d’équilibrage T} est alors définie dans (B.27).

T,=%22TU" (B.27)

Dans la nouvelle base b, les Gramiens sont alors égaux et diagonaux comme dans
(B.28). Les valeurs dans la diagonales sont les valeurs singulieres de Hankel.

Py = @, = diag(o;) (B.28)

Etats les plus commandables et observables Dans ces conditions, une HSV est
associée a chaque état dans la réalisation équilibrée x;,. C’est un réel positif qui donne
le degré d’observabilité et de commandabilité de ’état en question.

Le systeme est réarrangé de fagon a ce que z;, soit ’état le plus commandable et
observable et Loy, le moins.

Dans ces conditions, le modele peut étre exprimé comme dans (B.29).

i Lo\ _ Abn Ab12 Tpy + Bbl U
dt xbg N Abgl Abzg mbg Bb2
B.29
Yy = (Obl Cb2) (ih) + Du ( )

ba
1y, € RNairh gy € RN4irf2 o € RP y € RY

Troncature équilibrée La troncatures équilibrée consiste a tronquer le modele dans
(B.29) pour ne garder que les états les plus commandables et observables z3,. Cela
donne le modele réduit dans (B.30).

dz,
dt
Yp = Cypx, + Du

e Abqu’r + Bblu (Bgo)

POD

La POD (Proper Orthogonal Decomposition) est appliquée a systéme différentiel
ordinaire non linéaire dans (B.31).
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dx
E = f(x,u)

y=g(w,u)
zeRY ueRP,yeR?

(B.31)

Matrice de snapshots, decomposition en valeurs propres et approximation
La premiere étape de la méthode consiste a collecter des snapshots d’'une simulation
précédente. Cela donne la matrice X dans (B.32).

IL‘l(tl) xl(tNtime)
X=| : - : (B.32)

xN(tl) R xN(tNtzme)

Une decomposition en valeurs propres de la matrice X X7 est effectuée dans (B.33).

XXT=Uxv
(B.33)

XXT c RNXN,E GRNXN,U c RNXN,V c RNXN

L’équation (B.33) est réorganisée dans (B.34) de facon a ce que oy soit la valeur
propre la plus grande et oy la plus petite. Dans cette équation ¥ = diag(oy, ..., o)
contient les k valeurs propres les plus grandes de X X7

) 0 %
XXT = (U Upest) | 2F g
( F t) (0 2rest> (%est) (B34)
= Ukzkv;e + Urestzrestv;est
La matrice X X7 peut étre approximée dans (B.35).

Réduction de modele La réduction de modele par POD consiste a définir le systeme
réduit dans (B.36).

dx,
dt
Yr = g(Urzr, u)
z, € RF u e RP,y, € RY

= V;Cf(kaTv u)
(B.36)

Les fonctions f, et g, sont définies dans (B.37).

{fr(xra U) = ka(kar7u>

gr(zr,u) = g(Ugz,, ) (B.37)

Cela permet d’écrire le nouveau systéme réduit dans (B.38).
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W folarw)

Yr = gr(r, u)
z, € RF u e RP,y, € RY

(B.38)

Comparaison des méthodes et applicabilité a des réseaux de transport a
forte pénétration d’électronique de puissance

Le tableau B.13 résume les différentes caractéristiques des méthodes présentées ainsi
que les caractéristiques désirées pour la méthode recherchée. Ce tableau montre que
les méthodes classiques ne remplissent pas les criteres recherchées.

Applicabilité a des | Préservation | Préservation | Préservation de
modeles non linéaires | des variables des poles la stabilité
Modale Non Non Oui Oui
Equilibrée Non Non No Oui
POD Oui Non Non Non
Attendue Oui Oui Oui Oui

Table B.13: Comparaison des caractéristiques des méthodes de réduction de modeles
classiques

Conclusion du chapitre

Au vu de I’étude bibliographique effectuée dans ce chapitre, cette these se concentre
sur le développement de nouvelles méthodes de réduction de modeles. Ces méthodes
devront préserver les variables, les poles et la stabilité du systeme de départ.

Chapitre 2: modélisation de réseaux de transport a
forte pénétration d’électronique de puissance

Ce chapitre présente les différents modeles utilisés dans cette these.

Modélisation des éléments basiques d’un réseau de transport
Lignes
Modele en Pi Les équations d’une ligne en modele en Pi sont données ici.

L diy

o dt — vy, — Rig +wli, (B.39)

—_= ’Uld
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L di,

= vy, — Vg, — Rig —wlig

wy dt
C d
— Vla :iid —’id‘i‘W*Ul
2wy dt 2 1
C d’l)lq . i C
- =1, —lg — W—V
2wb dt K 1 2 K
C d
-_— UQd :’L.d—ijd—l—W*Ug
2wb dt 2
C d?)gq . . C
—— =g — 1; —W—TU
2wy dt 9 e gt

Modele RL Les équations d'une ligne en modele RL sont données ici.

L diq . .
o dt = vy, — Uy, — Rig+wliy
L di . .
w—bd—: = vy, — Vo, — Rig —wLig

Transformateurs

Les équations du modele utilisé pour les transformateurs sont données ici.

L dig . .
ol v}, — Uy, — Rig +wLiq
L di, , , , ,
wbe = Ulq - 'UQq - qu - (.ULZd

!

v\ } vy,
la ) —

vlq r Ulq

() = (ol ) () = ()

Les équations du modele des charges sont données ici.

Charges

L diq . .
JbE = Vg — RZd —|—WLZq
L di ) )
w—bd—; = vy — Rig — wliy
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(B.40)

(B.41)

(B.42)

(B.43)

(B.44)

(B.45)

(B.46)

(B.47)

(B.48)

(B.49)

(B.50)

(B.51)
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Condensateurs shunt

Les équations du modele des condensateurs shunt sont données ici.

C dvd .
Jbg = 14 + vaq (B53)
Cdv, .
= -G — B.54
o di ig — wCvy (B.54)

Machines synchrones

Les équations du modele de la machine synchrone utilisé sont données ici.

1 doa

o dt vg + Ryiqg + woy (B.55)
ibd;;q = Vg + Rslg — Wy (B.56)
:bdjf — V, — Ryiy, (B.57)
;dj;tld = —Ry,u, (B.58)
;df;;q = —Ry, iy, (B.59)
(jbdjtzq = —Ry,ia, (B.60)

¢a = —Lata + Layif, + Lagt1, (B.61)
¢g = —Lgiq + La,i1, + La,ia, (B.62)
Gp; = —Lagia+ Lyjig, + Laginy (B.63)
¢1, = —Layta + Layig, + L1y, (B.64)
$1, = —Laytq + L1i1, + La,to, (B.65)
$2, = —La,iqg + Layir, + La,ia, (B.66)
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Fe = ¢diq - ¢qid

L, dig . .
LTZE = vg — vy, — Ryiq + wLyi,
L, di . :
w—zd—: = Vg — Vg, — Ryiyg —wlyiq
dw
2(]% =0 —Te — ka(w —wy)
1 dd
—— =w—w
Wy dt g

mgAP* = w" — w

AP
Tdd “ _ AP* — AP,
dt
dAAP.
T,.———% — p* _ AP, — AP,
dt
7. Bl _Ap AP,
dt
dAP dr
T “ AP, =T,—™ 4T,
T T 2 T
V =\ /vi+ v?
dv;
7.1 v _v
dt f

du; -

T, 7 = K,u —uy
v, .

Te dt Keuf ‘/6

dV. dv.

K,—£=1V, °f

I at T

(B.67)

(B.68)

(B.69)

(B.70)

(B.71)

(B.72)

(B.73)

(B.74)

(B.75)

(B.76)

(B.77)

(B.78)

(B.79)

(B.80)

(B.81)

(B.82)



Modéles des convertisseurs
Convertisseurs grid feeding

Les équations du modele des convertisseurs grid feeding sont données ici.

izd;‘;d = U, — €q — Ryig, +wprrLyis, (B.83)
i;:d;iq = Up, — €q — Ryis, — wprrLyis, (B.84)
SZC;; — iy — gy + wpriCreg (B.85)
SZCZZ = 15, — tg, — wWprrCyeq (B.86)
f;;d;id = eq — Vg, — Ryig, + wprr Ly, (B.87)
f}iﬁiq = eq — Vg, — Rity, —wprrLiig, (B.88)
Upy = Umyg (B.89)

W, = U, (B.90)

B~ Koy, (B.91)

WpLL = KpPLLGZJ: Merr + wy (B.92)
ibdegtﬂ — wpr—w, (B.93)

P = €dig, + €qlg, (B.94)

q = eqlg, — €qlg, (B.95)

O~ Ko 1) (5.96)

dd]\fq = K, (¢" —q) (B.97)
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?

= Kppq<p* _p> +Mp

= Kppq (q* - q) + Mq

Sq
dj\éde = KiCL (i:d - iSd)
ok, _ Ko, i)
de;;lf + €d; = €4
de;:f +eq; = €
Upy = €dy + Kpe, (G, — 1s,) —wprrLyis, + Mcy,
Up, = €qp + Koy (15, — is,) +wprrLyis, + Mcy,

Convertisseurs grid forming

Les équations du modele des convertisseurs grid forming sont données ici.

ij:d;;d = Uy — €q — Ryis, +wLyis,

i:d;;q = U, — € — Ryis, — wLyis,
S}J:dde; =15, — ig, + wCre,
ici;q =iy, — iy, —wCreq

izd;id eq — Vg, — Ryig, +wliiy,

(B.98)

(B.99)

(B.100)

(B.101)

(B.102)

(B.103)

(B.104)

(B.105)

(B.106)

(B.107)

(B.108)

(B.109)

(B.110)

(B.111)

(B.112)



Umq - ?qu

D = €dlg, + €qlg,

dpm N
R

w=w" +my(p" — pm)

Ldo

- =W —Ww
wbdt g

q = eqlg, — €dlg,

dim
oo —
dMAD )
o = wrr(Byglg, — Map,)
dMp, .
—aq = wrrBypig, — Map,)

eq = |€‘* + mq(q* - Qm) + Map, — Kyyig,

6; = MADq - Kffigq

dt L= Kiy, (ed - ed)
dMyr, .
a KiVL(eq — €q)

i:d = Krrig, + Kpyy (62 - ed) - waeq + Myr,

Sq

dMey,
dt

dMC’Lq . )
dt = KiCL (qu - qu)

= KiCL (Z:d - 7:Sd)
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(B.114)

(B.115)

(B.116)

(B.117)

(B.118)

(B.119)

(B.120)

(B.121)
(B.122)

(B.123)

(B.124)

(B.125)
(B.126)

(B.127)

(B.128)

(B.129)



* _
Umd = Kppved + K

U;knq = KFFveq + KPCL (i:q — isq) + CL)LfiSd + MCLq

Modular multilevel converter

Les équations du MMC sont données ici.

di
gd . o _ . .
Lac 2 Vma T Vo Raciy, +wprrLaciy,
di
dq . . . . .
LACW = Um, — Vg, — Raciy, —wprrLaciy,
dipc .
LDcht = Upc — Umpe — Rpcipe
C.,v dvc“’t—v 1pC — Umla, — Um. 1
eqVCtot dt — UmpctDC mq'gd mgqgq
* J—
vaC - vaC
* —
Up, = Uy
* —
U = Vg
dMprr %
dt = Nipp Vg,

wpLr = KpPLngq + MPLL + wg

dOprr, —w o
= wpLr —
dt g
*
- p
ng -
Vga
*
- q
qu -
Vga

DAC = Vg,lg, T Vg, lg,

Wtot = U2

Ctot

XX

pCcL (i:d - iSd) - waiSq + MCLd

(B.130)

(B.131)

(B.132)

(B.133)

(B.134)

(B.135)
(B.136)
(B.137)

(B.138)

(B.139)

(B.140)

(B.141)

(B.142)

(B.143)
(B.144)

(B.145)



thot

L a—n Lt Wiot, = Wit (B.146)
P Ky (Wi~ Wi, ) (B.147)
it = Ky Wity — Wiot,) + Mw + pac (B.148)
Upc
dj\éj“ = Kio, (i3, —ig,) (B.149)
s — Kooy, — 1) (B.150)
Vpy = Vgq + Kpep (7, — ig,) — wprrLaciy, + Mo, (B.151)
Vpny = Vga + Kpey, (z‘;q —ig,) + wprrLacig, + Mcr, (B.152)
OW;COL = Kipee, (ipe — inc) (B.153)
Umpe = Upc — Kppeo, (ipe — inc) — Mpecr, (B.154)

Conclusion du chapitre

Dans ce chapitre, les modeles des éléments d'un réseau de transport ont été présen-
tés. Cela donne, pour le réseau complet, un systeme algébro différentiel non linéaire
qui sera réduit grace aux méthodes de réduction de modeles présentées dans le chapitre
3.

Chapitre 3: développement de méthodes de réduc-
tion de modeles

Ce chapitre présente les méthodes de réduction de modeles développées.
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Principes communs aux méthodes
Résidualisation d’état

Systéme algébro différentiel non linéaire Un systeme algébro différentiel non
linéaire est considéré dans (B.155). La taille de ce modele est donnée par Ny;rr. Taify
représente les variables d’état, u les entrées, x4 les variables algébriques et y les sorties.

dxg;

% = f(iﬂdz‘ff,%lg,u)
0= 9(Taifs; Tag, ) (B.155)
Y = h(Taiff, Targ, v)

Tairy € RN 3y, € RNals y € RP y € RY

Principe de la résidualisation La résidualisation d’une variable d’état consiste a
transformer cette variable en une variable algébrique en négligeant la partie dérivée dans
I’équation différentielle correspondante, ce qui la transforme en une équation algébrique.

Le modele réduit obtenu par résidualisation d’état peut étre écrit comme dans
(B.156).

E dx;iff = [(Zairf: Targ, )
t

0= g(Tairs, Tag: v)

y = h(Tairs, Targ, v)

E = diag(5;),6; € {0;1},Vi, B € RNairs*Naiss

Taipy € RN4I7 3y, € RNets g € RP gy € RY

(B.156)

La taille du modele réduit est donnée par tr(E).

L’avantage de la résidualisation est qu’elle préserve les variables et la structure
physique du systeme.

L’approche modale

Le systeme dans (B.155) est considéré.

Ici, on cherche a relier les états du systeme a ses podles de fagon a ce que la résid-
ualisation entraine une suppression de pdles tout en gardant les autres pratiquement
inchangés. Cela est résumé dans B.4.
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Non linear DAE model

v

LTI model in state-space

v

Participation factors

v

Group of states for each eigenvalue

v

Groups of eigenvalues and their associated group of states

Figure B.4: Synoptique décrivant ’approche modale

Linéarisation du modeéle Le modele est dans un premier temps linéarisé dans
(B.157).

d
d—f = Az + Bu
y=Cz+ Du (B.157)

z € RNass oy e RP, y € RY

Calcul des facteurs de participation et formation de groupes d’états qui par-
ticipent dans une valeur propre La seconde étape consiste a calculer les facteurs
de participation py ;.

Un critere €participation entre 0 et 1 est choisi. Pour chaque valeur propre \;, les k
variables d’état correspondant au k plus grands facteurs de participation sont gardées
de facon a ce que la somme de leur participation soit supérieure a €pariicipation- Elles
forment le groupe des états qui participe dans \;. Ce groupe est noté P,
Tout ceci est résumé dans (B.158).

i €participation *

PAiy“:pa'rticipation = {xk/vxm ¢ P)\iyeparticipation7 |pkﬂ| 2 |pm774|

Dk, Z Eparticipation
§| |2 Cparticipn (B.158)

\V/.I’l S P>\i,€participation7 Z |pk,z| < Eparticipation}
TRFET

Ce processus est effectué pour toutes les valeurs propres du systeme.

Formation de groupes de valeurs propres dans lesquelles les mémes états
participent Quand le systeme est couplé, chaque état participe dans plusieurs valeurs

XXIII



propres et chaque valeur propre dépend de plusieurs états. De cette facon, certains des
groupes formés précédemment sont fusionnés pour former P;. Chaque groupe P; est
associé a un unique groupe de valeurs propres dans lesquelles les états de P; participent.
Tous les groupes sont disjoints.

Ces groupes ajoutent une contrainte sur la matrice E recherchée. Cela est formalisé
dans Ec ,,,.ciperion Ui contient toutes les matrices E respectant les couplages identifiés
auparavant. Cela est résumé dans (B.159). Cela signifie que les états d’'un méme groupe
doivent étre résidualisés en méme temps.

VP, Vay € PV, € Py, E(k, k) = E(1,1) (B.159)

Stratégies développées pour choisir les groupes d’états a résid-
ualiser /les groupes de valeurs propres a supprimer

Les groupes P; d’états sont formés et chacun est associé a un groupe de poles L;.

Stratégie 1: supprimer les podles les plus rapides

Le synoptique dans la figure B.5 résume cette stratégie.

Fastest eigenvalues | |Groups of eigenvalues and their associated group of states

v v

Residualizing the groups of states linked to the fastest eigenvalues

Figure B.5: Synoptique décrivant la stratégie 1

Stratégie 2: supprimer les pdles qui dépendent des états les moins observ-
ables et commandables dans la réalisation équilibrée

Le synoptique dans la figure B.6 résume cette stratégie
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Groups of eigenvalues and their associated group of states

Compute the Hankel Singular Values
Compute the balanced realization

Identify the most observable and reachable states
in the balanced realization

Identify the poles that are linked to the
most observable and reachable states

Identify the states to residualize
in the physical realization

Figure B.6: Synoptic décrivant la stratégie 2

Stratégie 3: supprimer les pdles qui minimisent un critere d’erreur

Le synoptique dans la figure B.7 résume cette stratégie.

Linearising the system

v

Computing the error matrix
in the Fourier domain

Groups of eigenvalues and groups of states

Express the energy of the error for
the considered input/output couple

v

Find E to minimize this energy |«

Figure B.7: synoptique décrivant la stratégie 3

Linéarisation Les modeles complets et réduits sont linéarisés dans (B.160) et (B.161).

CZ = Ax + Bu
y = Co+ Du (B.160)

z € RNass 4 € RP y € RY
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dzx,
dt
yr = Cx, + Du (B.161)

x € RNass 4 € RP y € RY

E

= Az, + Bu

Matrice d’erreur dans la representation de Fourier Une transformation de
Fourier et quelques operations mathématiques aboutissent a (B.162).

{ V-Yr=dw)U (B.162)

avec €(w) = C[(jwln,,, — A)~" — (jwE — A)~'|B € CT*?

La nouvelle matrice €(w) est appelée matrice d’erreur.

Energie de lerreur pour un couple entrée-sortie spécifique L’erreur pour la
sortie Y; par rapport a l'entrée U; est un scalaire donné par €; ;(w).
L’énergie de cette erreur €;; est définie dans B.163).

€ij = / l€,5(w) [P dw (B.163)

L’identité de Parseval dans (B.164) nous indique que les énergies dans la represen-
tation de Fourier et en temporel sont égales.

/_ Z ey (w)[2dw = 27 /_ O:O e (1)t (B.164)

Probleme d’optimisation L’idée est alors de trouver E qui minimise 1’énergie de
I'erreur. Le probléme d’optimisation est présenté dans (B.165). La taille désirée pour
le modele réduit est notée n.

. o 2
minimize € ; = €. (w)]“dw
E I /_oo| (@)l (B.165)

subject to £ € E tr(E) <n

€participation ?

Ce probleme étant discret, il est résolu en utilisant un algorithme génétique.

Conclusion du chapitre

Ce chapitre a présenté les 3 méthodes développées. Elles sont basées sur deux
principes communs: la résidualisation et une approche modale.

Ensuite chaque méthode adopte une stratégie différent pour choisir les variables a
résidualiser/les poles & supprimer:

e la premiere supprime les poles les plus rapides.
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e la seconde résidualise les états qui participent dans les poles liés aux états les
moins commandables et observables dans la réalisation équilibrée.

e la troisiéme minimise un critere d’erreur.

Chapitre 4: application des méthodes pour la sim-
ulation et ’analyse de réseaux de transport a forte
pénétration d’électronique de puissance

Dans ce chapitre, les méthodes développées dans le chapitre 3 sont appliquées a des
cas tests réalistes basés sur les modeles du chapitre 2.

Cas simple a un convertisseur grid forming connecté a un réseau
infini

La figure B.8 présente le systeme étudié.

Current Voltage [ External [* P
loop @&—— loop |@&—— loop |a&|e|*

[ T B -
e s e g ++

*
Um
Ly
po MY
vpc | Um
AC

Figure B.8: Structure du systeme étudié

Ce systeme est modélisé par le systeme d’équations dans (B.166).
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dxdiff _

Td; ,Zl'a 7“
7 f(Zaifss Targ, v)

0 = 9(@dgiff, Targ, )
Y= h<xdiffaxalgau)
.. .. T
Tdiff = (st qu €d €q g, qu Pm 0 dm MCLd MCLq MVLd MVLq MADd MADq)

* -k

T
_ * * %k ok
Lalg = (’Umd 'Umq Umd 'Umq pwqey €q st qu Vgq Ugd)

T
U= (vgdg Vgg, W* P* G |6|*>
(B.166)

Groupes d’états/de valeurs propres Les valeurs propres du systéme linéarisé et
les facteurs de participation sont calculés et donnés dans le tableau B.14.

]\/[CLLL ;‘Wf(qu x“‘\/[‘/Ld AJ‘/LQ AJADJ A/[ADQ isd isq igd igq Pm | m 0 €q €q

A =-14 0.18 | 0.08 0.5 0.24 0 0 0 0 0 0 010 0 0 0

A3 =—15+0.1¢ 0.16 | 0.34 | 0.16 | 0.34 0 0 0 0 0 0 010 0 0 0

A =—1.7 0.5 0.24 | 0.18 | 0.08 0 0 0 0 0 0 010 0 0 0

Asg = —15.5£28.2 0 0 0 0 0 0 0 0 0 0 (05| 01]05] O 0

A7 =—16.2 0 0 0 0 0.4 0.6 0 0 0 0 010 0 0 0

Ag = —17.2 0 0 0 0 0.6 0.4 0 0 0 0 010 0 0 0

Ay =—314 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Aon = —21 =134 0 0 0 0 0 0 0251025025025 0 | 0O 0 0 0
A1213 = —759 £ 33307 0 0 0 0 0 0 0130131012012 0 | O 0 [0.25]0.25
A1a15 = —790 £ 3820 0 0 0 0 0 0 0121012013013 0 | O 0 10.25]0.25

Table B.14: Facteurs de participation

Le critere de participation €pqrticipation = 0.99 est choisi, ce qui permet d’identifier les
états qui participent le plus dans chaque valeur propre, ce qui est fait dans le tableau
B.15.
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Valeur propre Etat
AN =—14 Mcr,, Mcr,, Myr,, My,
Aoz =—15+0.1i | Mcr,, Mcr,, Myr,, Myr,
M= —1.7 Mer,, Mov,, MyL,, Myr,
Asg = —15.5 £ 28.2i Pm; 0
A = —16.2 Map,, Map,
dg = —17.2 Map,, Map,
Xo = —31.4 dm
Aoa1 = —21 + 134 Usas Usg> Lgas Lgq
Mgz = =759 £33300 | iy, is,, gy, lgys €ds €q
Mais = —790 + 3820i Usyg Usys Lga> Lgy €ds Eq

Table B.15: Etats qui participant le plus dans chaque valeur propre

Ce tableau permet de créer les groupes de valeurs propres et leurs groupes d’états
associés dans le tableau B.16.

Valeurs propres Etats Nom du groupe
A1, A2z, A Mcyr,, Mcr,, Myr,, Myr, Py
As.6 P, 0 P,
A7, Ag Map,, Map, Py
Ag Im Py
)\10,11, )\12,13, >\14,15 isd, isq, igda igq> €d, €q P

Table B.16: Groupes d’états et de valeurs propres

Ce tableau donne les modeles réduits possibles qui sont résumés dans le tableau
B.17.
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Ordre | Nom | Groupes résidualisés | Groupes gardés
0 0 Py, P, Ps, Py, Ps
1 1 Pl,PQ,Pg,P5 P4
2 2a Pl,Pg,P4,P5 PQ
P 2% P, Py, b, P, f2)
3 3a P, Py, Ps P, P,
3 3b P, Py, Ps P, P,
4 4a, PQ,Pg,P4,P5 Pl
4 4b P, Py, Ps Py, P
) 5a P27P37P5 Pl,P4
5 5b Py, Ps Py, P, P,
6 6a P3,P4,P5 Pl,Pg
6 6h Py, Py, Ps P, Py
6 6¢c P, P, P;, Py P
7 Ta Ps, P P, by, P,
7 b Py, P P, P, P,
7 Tc P17P27P3 P4,P5
8 8a P4,P5 P17P27P3
8 8h P, Py, P, Py, Ps
8 8c P, Py, P, Ps, Ps
9 9a Ps P, P Ps, Py
9 9b P, P P, Py, Ps
9 9c P, P, Ps, Py, Ps
10 10a, P27P37P4 Pl,P5
10 10b P, Py Py, P, Ps
11 | lla Py, P Py, Py, Ps
11 | 1ib P, Py, Ps, Py, P,
12 12a Pg,P4 Pl,Pg,Pg,
12 12b PQ,P4 Pl,Pg,Pg,
13 13a P3 Pl,PQ,P4,P5
13 13b Py P, P Py, Ps
14 14 P4 Pl,Pg,Pg,Pg)
5 | 15 P, Py, Ps, Py, Ps

Maintenant que tous les modeles réduits possibles sont connus, les trois méthodes
développées aident a choisir le modele le plus adapté.

Table B.17: Modeles réduits possibles

La taille voulue pour le modele réduit est arbitrairement fixée a 6.
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Premiere stratégie IL’application de la premiere stratégie est plutot directe et donne
comme modele réduit le modele 6a.

Deuxieéme stratégie La fonction h est choisie afin que les sorties du systéme soient
les courants i, et ig,.
Les HSV sont calculées et données dans le tableau B.18.

Ly Loy | Tbg | Tby | Tbs | Tbg | Loy | Lbs | Tbg | Thig | Loy | Lbig | Thig | Tbiy | Thys
HSV (in %) | 11.1 | 11 {102 9.1 |84 |83 |7.1| 7 |6.3]| 6.3 | 62| 6.1 | 1.5 1 0.4

Table B.18: HSV du modele

Une analyse des facteurs de participation dans la réalisation équilibrée et dans la
réalisation physique permet de créer les groupes d’états et de valeurs propres. Ils sont
présentés dans le tableau B.19.

Etats Valeurs propres Etats Nom du groupe
Loy ) Thy )\5,6 Pm,, 0 P2
Tbsy Tbyy Loy, Thg A1, Aoz, A Mcr,, MCLQ, Myr,, MVLq Py
Thys Togs Thyr Thigs Thips Thys | A10,115 A12,135 14,15 Usys sy bgys Lggs €ds €q Py
Thgy Ly )\7, )\8 MADd7 MADq P3
Ty g qm, Py

Table B.19: Groupes d’états et de valeurs propres dans les réalisations équilibrée et
physique

Le critere exgy = 50% est choisi. Les états a garder dans la réalisation équilibrée
sont Ty, , Tp,, Thy, Tn,, Tos €6 Ty, les poles a garder sont A\j, Aa3, Ay et A5 6 et les états a
résidualiser dans la réalisation physique sont les états dans P, Py et Ps.

Troisieme stratégie Le probleme d’optimisation suivant est résolu en utilisant un
algorithme génétique :

minimize € ; = - € i (w)]?dw
B ” /_oo| i)l (B.167)

subject to £ € E tr(E) <6

€participation ’

Dans le cas considéré, ¢ = 1, la variable observée est i;, et j = 1, I'événement
considéré est un changement de la tension du réseau v, dg” Grace a une analyse des
facteurs de participation, £ est défini comme suit:

€participation
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E ={E ¢ R®"*¥/E = diag(5;), & € {0;1},
V(Z,]) € {1’ "’6}a E(Zvl) = E(]?])a
E(7,7) = E(8,8), (B.168)
V(i,7) € {10,..,13}, E(i,1) = E(j,7),
E(14,14) = E(15, 15)}

L’optimisation trouve la matrice E suivante comme solution:

€participation

(B.169)

=

I
S OO DD DD OD DD OO o000 oo
S OO DD DD DD OD DO OO o000 oo
S OO DO DD OO OO OO o0 o oo
S OO OO OO OO OO o0 oo o
SO OO OO DD OO OO oo oo oo
O OO OO OO O OO o oo oo
O OO DD DD DD OO OO oo oo
DD DD DO O R OO o oo
DO DD DD DO DD oo o000 oo
DO DO O OO OO oo oo
DO OO OO OO o oo
DO O H OO o oo
OO OO DD o oo
S OO DO DD OO OO OO oo OO0 oo
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Résultats de simulation Le modele complet d’ordre 15 et le modele réduit d’ordre
6 sont considérés ici.

Tout d’abord, on remarque dans la figure B.9 que comme voulu, certains poles ont
été supprimés et les autres tres peu modifiés.
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107 102 10! 10"

Real part

Figure B.9: Comparaison des pdles des modeles complet et réduit
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Un court-circuit au niveau du réseau est simulé puis éliminé apres 150ms. Le courant
dans le convertisseur est observé dans la figure B.10.

[
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Figure B.10: Comparaison du courant dans le convertisseur pour les modeles complet
et réduit

On remarque que 'allure générale du courant est préservée.

Cas d’un réseau de transport

Le réseau de transport irlandais est considéré. Ce systeme est composé de 47 charges,
14 convertisseurs, 85 lignes, 6 condensateurs shunt et 40 transformateurs. Le modele
est d’ordre 906. Une représentation de la structure est donnée dans la figure B.11.
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Figure B.11: Structure du réseau de transport irlandais

Un court-circuit est simulé au niveau d'une charge a ¢ = 0.1s (Dunstown sur la
carte). Le courant dans un convertisseur proche (Shellybanks sur la carte) est observé.
Seule la troisieme stratégie est appliquée.

Habituellement, I’approximation phaseur est effectuée, ce qui mene a un modele
d’ordre 210. L’idée ici est de trouver un modele réduit de méme taille et de le comparer
au modele complet et a ce modele phaseur.

Dans le modele réduit obtenu en appliquant la stratégie 3, certains convertisseurs
sont réduits, d’autres non, de méme pour les lignes.

Le tableau B.20 donne I'ordre du modele pour chacun des convertisseurs du réseau.

Converter 11213456 |78 |9]10/11 12|13 14
Order (strategy 3) [ 12|12 (121212 |12|12|12|6| 6 | 6 | 6 | 6 | 6

Table B.20: Ordre du modele pour chaque convertisseur

Sur la figure B.12, la partie du réseau en EMT et la partie en phaseur sont représen-
tées. On peut remarquer que les lignes proches du convertisseur observé et de I’événement
simulé sont en EMT.
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Figure B.12: Structue du réseau de transport irlandais apres la réduction de modele

La figure B.13 représente le courant dans le convertisseur pendant le court-circuit
pour les trois modeles : complet, phaseur et réduit.
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Figure B.13: Comparaison du courant dans le convertisseur pour les modeles complet,
réduit et phaseur
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On peut remarquer que le modele phaseur ne prend pas en compte le pic de courant
alors que le modele réduit oui. Globalement, ce dernier est plus précis que le modele
phaseur.

Conclusion

Le contexte de cette these était la recherche de solutions techniques, telles que de
nouvelles lois de commande, pour s’assurer que 'intégration massive de 1’électronique
de puissance dans les réseaux de transport n’entraine pas une diminution de la stabilité
et de la sécurité du systeme. L’objectif principal de cette these est rappelé et a con-
sisté a développer de nouveaux outils et méthodes pour simuler et analyser des réseaux
de transport a forte pénétration d’électronique de puissance. Le premier chapitre a
présenté quelques outils communs qui sont utilisés aujourd’hui pour simuler et analyser
les systemes électriques. Grace a cet état de I'art, un besoin de réduction de modeles a
été identifié pour accélérer la simulation et simplifier I'analyse. C’est pourquoi la deux-
ieme partie de ce chapitre a été consacrée a la présentation des méthodes classiques
de réduction de modeles. La conclusion était que les méthodes classiques ne convien-
nent pas a la simulation et a ’analyse des réseaux électriques parce qu’elles utilisent
des changements de base et des troncatures, qui modifient les variables et la structure
du systeme. C’est pourquoi 1'objectif de cette these était de développer des méthodes
de réduction de modele qui préservent les variables et la structure physique du sys-
teme. Le deuxiéme chapitre a présenté les modeles des différents éléments d’un réseau
de transport a forte pénétration d’électronique de puissance. Le troisieme chapitre a
présenté les méthodes de réduction développées. Ces trois méthodes sont basées sur la
residualisation d’état, une approche modale et certaines caractéristiques inspirées des
méthodes classiques présentées au chapitre 1. Comme souhaité, les méthodes dévelop-
pées préservent les variables du systeme, sa structure physique, la stabilité autour du
point de fonctionnement et ont une erreur limitée. De plus, certaines d’entre elles don-
nent un modele réduit qui est spécifique au cas test considéré, c’est-a-dire la variable
observée et I’événement simulé. Comme les méthodes développées conservent la struc-
ture physique et les variables du modele, ’analyse est simple, il est possible d’ajouter de
nouvelles boucles de controle directement sur le modele réduit et il est facile de mettre
les modeles réduits dans les outils classiques de simulation. De plus, le temps de calcul
est tres réduit. Le quatrieme chapitre a présenté les résultats de I'application des trois
méthodes développées a des cas test réalistes.
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Outils et Méthodes pour I’Analyse et la Simulation de Réseaux de Transport 100%
Electronique de Puissance

RESUME :

Le développement des énergies renouvelables et des liaisons HVDC conduit a une
augmentation de la pénétration de I’électronique de puissance dans les réseaux de
transport d’électricité. Comme les convertisseurs possédent des propriétés
physiques différentes de celles des alternateurs synchrones, une évolution des
controles employés s’avére nécessaire. Au vu de la taille des ensembles a simuler, la
validation de solutions innovantes doit étre réalisée par des simulations
numériques et il est nécessaire d’étre vigilant sur les outils utilisés afin d’éviter des
temps de calcul prohibitifs. Dans cette thése, des outils et des méthodes pour
I’analyse et la simulation de réseaux de transport 100 % électronique de puissance
sont développés. Une partie importante des travaux est consacrée a la modélisation
des convertisseurs, ce qui permet de réaliser des simulations numériques plus ou
moins précises en fonction du cahier des charges de I’étude et d’appliquer ou de
développer des méthodes d’analyse de stabilité. Un modéle simplifié du réseau
Irlandais est utilise comme réseau exemple de facon a valider les méthodes et outils
développés dans le cadre de la these.

Mots clés: Analyse des réseaux de transport, 100% Electronique de Puissance,
Simulation de réseaux électriques, Réduction de modeéles

Tools and Methods for the Analysis and Simulation of Large Transmission
Systems Using 100% Power Electronics

ABSTRACT:

The development of renewable generation and HVDC links lead to an important
increase of the penetration of power electronics in the transmission systems. As
Power Electronics converters have completely different physical behavior than
synchronous machines, an evolution in the way TSOs control transmission systems
is needed. It is impossible to build a real size prototype of a transmission system.
The validation of the solutions must be done using dynamic numerical simulations.
Because of the size of the studied systems, we have to be careful with the
simulation tools that we use, in order to reduce the computation time. In this PhD
tools and methods for the analysis and simulation of large transmission systems
using 100% power electronics are developed. An important part of the work looks
at the models of the converters. Those models allow us to do numerical simulations
and to apply and develop stability and performance analysis methods for the
considered system. A simple model of the Irish network will be used as an example
in order to assess the developed methods.

Keywords : Power Systems Analysis, 100% Power Electronics, Power System
Simulation, Model order reduction
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