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Abstract

In this paper, a model order reduction method is proposed, to simplify power electronics converters
and allow simulating large transmission systems using 100% power electronics. Unlike existing
methods it keeps the system’s physical structure, thus making the simulation and the analysis more
flexible. This method is validated on a two-converter system and proves to be both conservative and
accurate.

Introduction

The development of wind and solar photovoltaic power plants, as well as the multiplication of high
voltage direct current links, increases the Power Electronics (PE) penetration in the transmission
system.

As PE devices and Synchronous Generators (SG) have very different physical behaviors, the
conditions to ensure the system stability are changing [1]. To cope with that, new converters controls
need to be developed [2]. These controls have to be tested with numerical simulations as real-size
experiments on transmission systems are impossible [3].

PE converters are complex systems, with many equations, variables and parameters. The aim of this
work is to simulate and analyze large transmission systems with 100% PE [4]. In that case, using
detailed converters models would lead to a high computation time and an arduous analysis. It is thus
necessary to simplify the models of the converters [5]. This is called Model Order Reduction (MOR)
in the literature.

Many MOR methods exist [6]. But despite being very accurate, most of them have an important
drawback: by doing basis changes and truncations, they change the variables, the poles and the
physical structure of the system, which is not flexible, as the stability analysis is not feasible anymore.

In this paper, a structure-preserving MOR method, based on state residualization and modal analysis,
is proposed and applied to a converter example. The obtained reduced model is then validated on a
two-converter system to check if the important interactions between the converters are kept, even
though the converters are reduced separately, and to verify that the reduced model is conservative.

The first part of this paper describes the chosen converter, while the second one applies the MOR
method to it and the third one is dedicated to the test case with two converters.



Grid Forming Converter model

General structure

In the case of a transmission system using 100% PE, the converters need to form the voltage
waveform, just like would SG do. Theses converters are called grid forming converters [7].

An example of grid forming converter is studied in this paper and then reduced. Its physical part is
composed of the DC/AC converter itself connected to the infinite grid through an RLC filter and an
RL line/transformer. Its control is made of an external loop, a voltage loop and a current loop.

The general structure of the converter is given in figure 1 but more details can be found in [8]. The
different parts of the system are described in the next subsections.
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Fig. 1 : General structure of the chosen grid forming converter

External control

The external control is made of a Virtual Synchronous Machine (VSM) that mimics the behavior of a
SG and a reactive power droop that gives the voltage reference for the voltage controller.
Their structures are given in figure 2 and 3, and their equations in (1)-(4).
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Fig. 2: Structure of the Virtual Synchronous Machine (VSM)
Ta d“;vtsm +ka (wvsm - wgref) = Pref — Do (1)
et = wysw 2)

In the rest of the paper, all the equations will be given in the dq reference frame of the VSM
angle Bygy.



Reactive power droop
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Fig. 3: Structure of the reactive power droop
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Voltage controller

The voltage controller is made of two PI controllers. It gives the current reference to the current
controller.
Its structure is given in figure 4 and its equations in (5)-(9).

WV sM

Vo

Fig. 4: Structure of the voltage controller
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Current controller

The current controller uses the output of the voltage controller as an input. This is called a cascaded
loops structure. It is quite similar to the voltage control loop, with two PI controllers. It gives the
voltage reference to the DC/AC converter.

Its structure is given in figure 5 and its equations in (10)-(13).
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Fig. 5: Structure of the current controller
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DC/AC Converter

To simplify, it is considered that the voltage of the DC/AC converter is equal to its reference. It is
written in equations (14)-(15).

de = Ucdref (14)
Veq = Vg, (15)
RLC filter
The RLC filter is described by equations (16)-(19).
Lrfea _ 0y Rei. + wysylyi (16)
wp dt cq 04 flca VSM&fteq
Lf dic . .
w’; —t = v, — Vo, — Rylc, — wysulyic, (17)
Cr dvy . .
w—'; dtd = ¢y — log + WysmCro, (18)
Cr dv,y i .
w_l; dtq = lcq - loq - wVSMCfUOd (19)
RL line/transformer
The RL line/transformer is described by equations (20)-(23).
Lg dig . .
w_i dtd = Vo, — Vgq — Rglog + @ysmLglo, (20)



w_b7= qu —ng _Rgioq _wVSMLgiod (21)
Po = 17odiod + Vo, ioq (22)
4o = Vo, iod - Uodioq (23)

Summary

To sum up, the converter is made of 13 differential and 10 algebraic equations (1)-(23). It is thus a
13th order system.
This model is simplified in the next part, using the developed structure-preserving MOR method.

Model order reduction of an example of grid-forming converter

General principle and participation factors

The first part of the proposed method is to linearize the equations (1)-(23). The algebraic equations are
then injected into the differential equations to obtain a linear system represented using the state-space
representation, like in (24).

% = AAx + BAu (24)

The main idea of the method is to freeze, in the nonlinear equations (1)-(23), the dynamics of the
differential variables that influence the most the fastest poles of the linearized system (the eigenvalues
of A that are far from the imaginary axis, see table I). This removes these fast poles while almost
unchanging the slow ones, that are the most important for the stability analysis and the simulation.

To do so, the participation factor [9] of each differential variable Ax; in each eigenvalue 4; is

computed. The participation factor is a dimensionless number between O and 1 that gives the
participation (its influence) of each state variable in each mode of the system. It is defined in (25).

P =u;;y;; (25)

In this equation, y; ; is the j th entry of the i*" right eigenvector of A associated to 4; and u; j is the j th

entry of the i*" left eigenvector of A associated to ;.
All the participation factors are calculated. An example for one particular double eigenvalue Ag ;¢ is
given in figure 6. It shows that it is mainly influenced by the dynamics of the voltages and currents in

the converter.
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With the participation factors, it is then easy to know which variables influence the most an
eigenvalue. As one state variable can participate in several eigenvalues and an eigenvalue can be
influenced by several state variables, groups are formed in table I.

Table I: System eigenvalues and the state variables on which they depend

Eigenvalues State variables Model order
/113 = _1555 Wysm 12
A112 = —1048 £ 179i Vod> Vogs Lods Log» Leds Leq 6

/19,10 = _507 i 3290l

As¢ = —31.76 + 0.02i 0 0q 4
J,=—314 Im 3
12'3 = —1.03 i 7.71 fd’ §Q’ GVSM NA
Al = _1

Then to reduce the order of the model, the dynamics of the state variables that participate the most in
the eigenvalue that one wants to remove are frozen. This is called state residualization [10]. According
to table I, it is possible to derive a 12" order, a 6™ order, a 4™ order and a 3™ order model.

12" order model

To obtain the 12" order model, A5 is removed by freezing the dynamic of wygy. (1) is changed into
(26).

kq (wvsm - wgref) = Pref — Po (26)

As a differential equation is changed into an algebraic equation, the order of the model is reduced by
one. The variables of the system are kept exactly the same, some dynamics are just frozen. This is
flexible and it allows representing physically the reduced models with block diagram, just like for the
full model, as can be seen in figure 7.
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Fig. 7: Structure of the Virtual Synchronous Machine (VSM) after the reduction
6" order model

To obtain the 6™ order model, (16)-(21) are changed into (27)-(32) to discard A112> A9 10 and 45 g.

0= Vey = Vo, — Rficd + a)VSMLfiCq (27)
0= Veq = Vog — Rficq — wysmLyic, (28)
0 =ic, —lp, + WysuCsvo, (29)
0 =i, —io, — WysmCrvo, (30)
0 =1, = Vg, = Rglo, + wysmlglo, (31)

0= Vo, ~ Vg, — Rgioq — wysmlglo, (32)



4" order model

To obtain the 4™ order model, (10)-(11) are changed into (33)-(34) to remove A5 6.

Figure 8 shows how the current controller is modelled after the reduction. The physical structure of the
converter is kept once again.
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lcgyey = lcq (34)
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Fig. 8: Structure of the current controller after the reduction

3" order model

Finally, to obtain the 3" order model, (3) is changed into (35) to delete A,.
Figure 9 shows how the reactive power droop is modified by the reduction.

dm = 4o (35)
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Fig. 9: Structure of the reactive power droop after the reduction

Pole comparison

To compare the models, it is interesting to look at the poles of the systems. Let’s consider the 3" order
reduced model (the most reduced one). In figure 10, the poles of the full (order 13) and reduced (order
3) systems turn out to be really close. The fast eigenvalues are removed, and the slow ones almost
unchanged, just like wanted. It means that the stability is kept (no pole is deviated in the positive half-
plane).
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Fig. 10: Pole comparison between the full (order 13) and the reduced (order 3) models



To validate this reduced model on larger systems, the study of a two-converter system is performed in
the next section and time simulation are performed, as well as poles analysis.

Case study: reduced models of a two-converter system

The 3™ order reduced model is compared to the detailed model with the simulation of a two-converter
system. As reduced models for each of the two converters are used (this is called a Cartesian approach.
Each converter is modeled by a 3" order model.) instead of a model reduction of the whole system
(this is called a systemic or holistic approach), some interactions could be missed. Two fast
eigenvalues of two different converters could interact and create a slow (if not unstable) pole, which
would be missed with the reduced models. This is investigated in this section.

The considered system to be simulated is given in figure 11 and the parameters in table II. It is made
of two grid-forming converters, separated by a transmission line, a load and the infinite grid.

Converter 2

<

Converter 1
loy lo,

Rline

LI'ine

Uine

Fig. 11: Structure of the studied two-converter system

Table II: System parameters in pu (converter 1; converter 2)

[Vlrer1; [Vlrer2 | 151 Pref1; Pref2 | 045 0.1 Tref1; Qrerz | 0:0
Rr1; Rep 0.005; 0.007 Leys Ly 0.15; 0.17 P 0.066; 0.07
Ry1; Ry 0.005; 0.007 Lg1;Lg 0.15; 0.17 Wp 314 rad/s
Ker,,; Krr,, 1;1 K, ; Kp, |0.65 0.7 K ;Ki, 20; 22
KFFL'l; KFFiZ 0; 0 val; vaz 179; 1.9 Kivl; Kivz 81; 82
kai; kaz 3100; 3150 Ta1;Tar 2s; 2s Wg,or15 Dgyofs 1;1
Mgq; Mg 0.000045; 0.000055 Wr1; Wf2 31.42;31.42 Rioaa 2.5
Riine 0.01 Liine 0.3 R, 0.005
L, 0.15 Vga 1 Vg, 0

The idea of this study is to simulate a load increase after 1s. Two cases are considered: a stable case
where Rj,,4 goes to 1.25pu and an unstable one, with an extreme load increase (or a short circuit),
where R,44 goes to 0.125pu. The aim is to check whether the reduced system is conservative or not (a
stable full system gives a stable reduced system; an unstable full system gives an unstable reduced
system).



On figure 12, the poles of the reduced and full systems for both cases are compared. The left side is for
the stable case and the right one for the unstable case. The lower figures are a zoom on the two slowest
poles of the system. This figure shows that the reduced model is conservative: when the full system is
stable, the reduced one is stable too (and the same goes when unstable). Moreover, the poles that
remain in the reduced system are really close to the slow poles of the full system. Only the fast poles
are deleted.
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Fig. 12: Pole comparison between the full and reduced models in the stable (left) and unstable (right)
cases

In figure 13, the active power received by the grid is represented. The reduced and full models give
similar results for both stable (left) and unstable (right) cases. By zooming in, it can be seen that just
very fast transients are neglected while the general shape of the curve is the same, which shows the
accuracy of the reduced models.
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Fig. 13: Simulation comparison between the full and reduced models in the stable (left) and unstable
(right) cases. Evolution of the active power received by the grid.



Conclusion

In this paper, a MOR reduction that preserves the physical structure of the system is proposed and
applied to a PE converter. The obtained reduced model is then validated on a two-converter system to
check if it is possible to reduce each converter separately while keeping a good accuracy. Two cases
are tested, a stable and an unstable case. In both cases, the reduced model gives satisfying results by
being accurate, conservative and by keeping the important interactions that can occur between the two
converters. The slow poles of the system are kept almost unchanged and the fast ones are discarded.
The time simulations show similar results in both full and reduced cases.

The next step will be to simulate a large system with reduced models and compare it to the case with
detailed models, to generalize the outcomes of this study made on a small two-converter system. A
work on the error estimation also has to be done to choose the most suitable model for each converter
in the system depending on the events to be simulated and the system variables under consideration.
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