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Abstract: Due to increasing decentralized power applications, power electronics are gaining
importance, also in distribution grids. Since their scope of investigation is diverse, their
versatile models and their use in grid calculations are important. In this work, a three-phase
grid-synchronous inverter with an LCL filter is considered. It is defined as a component of
the “Extended Node Method” to make it applicable in this node-based transient grid calcu-
lation method. Because the component stucture always looks the same and the construction
of the grid system of equations always follows the same, straightforward process, the
model can be applied easily and several times to large network calculations. Furthermore,
an approach is developed for how inverter control algorithms are interconnected with the
method’s results in the time domain. This allows for the fast analysis of converter control
schemes in different grid topologies. To evaluate its accuracy, the developed approach is
compared to equivalent calculations with Simulink and shows very good agreement, also
for steep transients. In the long term, this model is intended to bridge the gap to other
DC systems like electrochemical components and to gas and heating networks with the
Extended Node Method.

Keywords: power electronics; inverter control; grid calculation tool

1. Introduction

The use of power electronics is becoming increasingly important for future decentral-
ized generation, also including DC appliances such as photovoltaics or batteries. Since these
power electronics have different dynamic behavior than conventional generators, and also
can be small and distributed, there are many challenges in the context of the transition
from traditional energy supply to more decentralized energy supply in the AC power grid.
Although a complete abandonment of powerful central power plants and their reserve
capacities and, hence, a finalized decentralization of power generation are currently not yet
possible for economic reasons and due to the complexity of managing multiple plants and
their maintenance, decentralization offers some advantages. The power transport losses
decrease and also a smaller dimensioning of the required transmission capacity of main
power transmission lines becomes possible. In addition, the impact of faults in central
power plants or main power transmission lines is reduced. Power electronics are also indis-
pensable when it comes to connecting electrochemical components to the grid: electrolyzers,
in particular, can convert excess renewable electrical power into storable gas, while heat-
controlled fuel cells require a joint consideration with local heating supply. Therefore,
considering power electronics is necessary when it comes to cross-energy management
strategies and network analysis, and of integrated power, gas, and heating grids.
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Researchers are tackling these numerous challenges in terms of power electronics
in various subject areas, such as filter design, inverter control, and stability analyses.
The main subject of this work is a three-phase inverter with an LCL filter. Due to its
design, a high impedance for high-frequency components can be achieved, whereas few
losses occur at the fundamental grid frequency. But they have a resonance point whose
position and deflection must be taken into account when designing the passive filter
components to guarantee safe and stable inverter operation [1]. Since in most cases not
all the characteristics of the grid to which an inverter is to be connected are known, the
design should be as robust as possible. Hence, there is a lot of research in the field of
filter design [1-6]. The improved robust approach in [2] can be used in a wide range of
grid impedance. The authors in [3] also provide guide values and limits for inductors and
capacitors’ in particular, they show how passive damping affects the frequency behavior
of the filter. In [7,8], the authors analyze the power injection capability of inverters as a
function of grid impedance and the short-cut ratio between the grid and inverter. The
general modeling of single inverters is part of [9-11]. In addition to the model explanations,
Ref. [9] also provides detailed insight on the control of voltage source converters. In [12],
a review on single converter models is provided. Suitable model types are described
based on relevant stability issues. In [13], the authors give an overview on power system
modeling with inverter-interfaced generation and in [14], the focus is on the formulation
of steady-state power-flow in inverter-based grids. The development of control strategies
is also a large field when it comes to inverters with an LCL filter. Since there are many
different purposes and fields of applications for inverter control, research in this area is
correspondingly diverse: In [15-17], some guidelines for inverter controller designs are
given. In [18], a current control is proposed for the inverter-side current. The authors
in [19] especially challenge the problem of inverter-side current control, which is weak in
suppressing harmonics in the grid current under a distorted grid state; also, ref. [20] gives
an approach for grid current control. In [21,22], cascaded control schemes are presented
to divide the LCL three order system into three one-order systems. In [23], control and
stability analysis for LCL grid-connected converters is performed, especially addressing the
challenge of phase-locked-loop (PLL) and current control coupling for weak grid conditions.
In [24], a robust control scheme which works under grid disturbances is presented. The
authors in [25] developed an improved control strategy for inverters with LCL filters which
uses a novel reduced-order observer so that only one sensor is needed. The authors in [26]
address the LCL filter design, as well as strategies for resonance damping: in addition to
passive damping strategies, active damping approaches by capacitor current or voltage
feedback or by inserting a notch transfer function are also presented and investigated.
In [27], a parallel feedforward compensation design which achieves efficient damping,
good control characteristics, and better robustness in terms of filter paremeter variations is
explored. In recent research, e.g., [28-31], approaches using artificial intelligence (AI) can
be found in the field of inverters and inverter-based grids. The review in [28] provides an
overview of Al-based controllers and discusses the benefits. The work in [29] presents an
approach for Al-based single-phase converter control and the work in [30] discusses a three-
phase neutral back-to-back power converter for wind energy conversion. The authors in [31]
use Al for diagnosis and fault detection for grid-connected photovoltaic systems. Since the
investigation of inverter behavior is important and cannot be limited to only considering
one inverter, tools are necessary that allow the simultaneous observation of several inverters
and can show their effects on the grid, including critical transients. Therefore, simple
and universally applicable models of inverters that work well with transient network
calculations are useful. The authors in [32] address this field by developing an inverter
model for the electrical engineering software PLECS [33]. Also, other established software
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tools such as DIgSILENT PowerFactory [34] and Simulink [35] offer models for power
electronic components. Whereas Simulink makes it difficult to set up very large network
structures, Powerfactory in particular is very well suited for network calculations in large
grid topologies, including electromagnetic transients, asymmetrical network conditions,
and fault events. The work presented here also makes its contribution to dynamic inverter
modeling for large grid calculations. It contains the modeling of a controlled inverter
component with an LCL filter as a universally applicable component in the “Extended
Node Method”. This method is used for the transient calculation of electrical power
grids based only on node equations [36,37]. For this purpose, components and nodes
are classified as special types, which leads to an Differential-Algebraic-Equation-System
(DAE). This method was also addressed and used in [38-45]. Although the work in [36]
gives detailed explanations on the characterization of conventional AC components for
the ENM, it is lacking when it comes to power electronics. Therefore, an inverter with
an LCL filter is now made available for this method as an example of a power electronic
converter within this work. In addition, a design interface of the method-specific DAE in
‘abc’ and a subordinate inverter control scheme in ‘dq” are developed. This means that
prospectively any type of control for LCL filters can be easily included into the ENM. This
makes this work a tool that is easy to use for research in the field of controller design. Since
the inverter model always has the same structure due to its characterization, large grid
calculations with one or more controlled inverters are possible with the ENM. Thus, a
framework for testing control strategies in combination with transient grid calculations is
provided here. Based on this, many studies on stability can be carried out, since the grid
does not have to be rigid and interactions between different active network components
are considered. However, since the ENM can also simulate grid faults easily using the fault
matrix method [36], the behavior of inverters in the event of fault can also be investigated.
But further use of the model is not limited to the AC side: one can also take a look at the
other side of the inverter, since it enables a path to DC applications like electrochemical
components [46,47] to be calculated together with the ENM. In contrast to PLECS and
Digsilent Powerfactory, this method is not limited to electrical aspects but can be further
developed for combined cross-energy grid calculations regarding electric power, gas, and
heating grids [48].

This paper is structured as follows: In Section 2, firstly, the basic principle of the
ENM is explained in terms of the method-specific component and node definitions and
the structure of the DAE are given in Section 2.1. In Section 2.2, a three-phase grid-tied
inverter with an LCL filter is considered and special requirements of the filter design are
briefly discussed. In Section 2.3, the inverter with the LCL filter is embedded into the ENM.
Based on its electric circuit diagram, the parameters for the component matrices are derived.
Also, it is stated where the variables occur in the DAE. Subsequently, a cascaded control
system for grid-following inverters with an LCL filter is then proposed as an example
for inverter control. In Section 2.5, the developed general software tool including the
ENM with embedded inverters is briefly described and a visualization of the combined
control and grid calculation algorithm is presented. To validate the accuracy of the method,
results for transient network calculations with controlled inverters are compared with
Simulink/Simscape R2024b in Section 3. In Section 4, the main achievements of the
presented work are summarized and an outlook on the further application of the inverter
component and the further extension of the ENM is given.

2. Materials and Methods

In the following, the used and derived materials and methods are described.
Firstly, the ENM and its characteristic classification of components and nodes are pre-
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sented. In Section 2.2, the general model of the two-level three-phase inverter with an LCL
filter is taken up and the relevant criteria for designing the filter parameters are briefly
introduced. Subsequently, the LCL inverter is embedded into the ENM in Section 2.3,
whereby a distinction is made between the basic model and circuits with damping resistors.
Also, the sensitivity of the filter parameters and how they affect the system of equations are
also briefly addressed. In Section 2.4, an inverter control algorithm is introduced, which
will be used in this work to operate the grid-connected LCL inverters. The structure of the
software tool and the methodology for the combined inverter control and grid calculation
algorithm with the ENM are presented in Section 2.5.

2.1. The Extended Node Method

The ENM is a method for transient electric grid calculation [36,37]. One major advan-
tage is that it is based only on nodal equations and therefore the elaborate formulation
of mesh equations can be omitted [36]. To obtain these nodal equations, all grid compo-
nents are classified according to their terminal behavior concerning voltage u and current
i. The three main types are the following: L components with inductive behavior, R com-
ponents with resistive behavior, and C components with capacitive behavior. One-port
components are of type “A’, whereas two-ports are named “AB’ components. The general
explicit state equations for the different component types are listed in Table 1.

Table 1. Component types and their explicit state equations for the Extended Node Method [36].

Component Type State Equation
L component up = Lip + Ryip + UqL
R component iR = GRUR + igr
C component ic = Cuc + Gcuc +igc

The individual component parameters are collected in component matrices in diag-
onal form, preferably sorted according to A and AB components. The resistors Ry, of L
components are part of Ry, and their inductive conductances G = w%)L are part of G and
GL diag.- GL diag. ONly differs from Gy, for L-AB components without an inner cross-branch
(cf. Section 8.8.2 in [36]). Resisitive conductance values of R components Gg = % are
consolidated in Gr. For C components, their capacitances are sorted in Cc and parallel
conductances in G¢. Source voltages (us1) or source currents (isr, iscc) can also occur
in components.

Also, the nodes are divided into three different groups in the ENM: L, R, and C nodes.
The node classification depends on the connected components according to the following

scheme (cf. [36]):

Lnode L components mandatory

= ¢ Rnode R components mandatory, L components optional (1)

Cnode C components mandatory, R and L components optional

This definition leads to the whole system’s triangular nodal equation system:

Kiy, 0 0 i
Kr. Kgrg O iR | =0 )
Kcr Kcr Kcec/ \ic

with Ky, representing the clamping matrix for L components at L nodes, Kry, and Kgg for
L components and R components at R nodes, respectively, and Kcr, Kcr, and Kcc for L,
R, and C components at C nodes. The current vector contains the terminal currents iy, iR,
and ic. Due to these definitions, a simple handling of inductive currents iy, is achieved by
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introducing the modified currents i’} = iniL [36]. The before-mentioned component and
node classifications lead to the following DAE with the algebraic equation system (AES):

Gir Gir)\ (#iN) _ [ —KiLGrdiag. 0 UgcL,
0 GRrRr URN 0 Kgrr iscR
—Ki1 Gy giaw R -G ]
+ LLOL diag. /AL LC 11, 3)
Kgr, —Grc ) \ucN

as for the calculation of node voltages u, and ug at L and R nodes and the differential
equation system (DES)

i, \ _ [ ~woGLdiag RL woGLK{ iL
tieN CrnKer —CnnGece ) \uen
UscL

n — WG, diag. 0 0 in
0 C;Hl\[KCR C;Hl\]KCC ,SC

1scC
wo GLKE*L wo GLK};;‘ ULN
+ -1 (4)
0 — CNN GCR URN

one can solve for the terminal currents iy, of L components and the node voltages ucn of
C nodes [36]. Besides the already mentioned component matrices, the node conductance
matrices Grr, GLr, GLc, GRr, Gre, Ger, and Gece and the node capacitance matrix Cnn
are also part of the method. If further internal state variables appear, they are summarized
in the vector z, which is determined by an additional DES [36]. In this work, the internal
DES (IDES) is set up in the general form

2= M,z+ Mr 5)

and has to be embedded into the whole solving process. For a detailed derivation and
explanation of the full ENM, as well as a derivation of individual matrices, please refer
to [36].

2.2. Two-Level Three-Phase LCL Inverter

The aim of this work is to define an inverter with an LCL filter as a method-specific
component in the ENM in order to achieve a uniform model shape which can be used
in this transient network calculation method. For this, the two-level three-phase inverter
with an LCL filter pictured in Figure 1 shall be considered. For the sake of simplicity, the
switches should be regarded as ideal.

o P,Q
G <3 G, N
< =1

,—W
1 1
UDC <__b:}_.r\/\n M

Isc,c

P 4@& 4@5 WTT% ’

Figure 1. Two-level three-phase grid-tied inverter with LCL filter configuration.

Assuming symmetrical behavior, the three-phase circuit from Figure 1 can be simpli-
fied to one single-phase electric circuit diagram displayed in Figure 2, which represents
each of the three single phases—a, b, and c.
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Figure 2. Single-phase electric circuit diagram of grid-tied inverter with LCL filter.

It consists of a centered capacitance C, inverter-sided longitudinal impedance L¢ and
R¢1, and grid-sided impedance L¢, and Ry,. The voltage directly at the switches” outlet is
defined as inverter source voltage us. and the inner source current as is.. The quantities
ip and uy are the terminal current and voltage. The A-terminal represents the point of
common coupling (pcc) of the inverter, so that upec = u. Depending on the purpose of the
specific investigation, two main inverter models are common practice [9,12]: the “switched”
and “average model”. In terms of control design and dynamic analyses, average values
become of higher interest in comparison to instantaneous values [9] and, hence, the average
model is often sufficient. It is based on the moving average, describing the varying average
value from one switching cycle to another. Using the average model, the time-dependent
inverter source voltage us.(t) is formulated as a function of the sinusoidal modulating
signal m(t). The two-level inverter’s source voltage s .bc(t), representing three-phase
power supply at a DC link with voltage Upc, can then be expressed as follows:

usc,a(t) Upc
usc,abc(t) = usc,b(t) = mabc(t)T (6)
usc,c(t)

with the modulation signal vector mp (), with m,, my,, and m., where —1 < m(t) < 1. To
keep the focus on the AC consideration, Upc = const. is assumed in the following.

2.2.1. LCL Filter Design

The main requirement of the inverter filter is the filtering of high frequencies caused
by switching, so that the terminal current to be fed into the grid only has low harmonic
distortion [1]; hence, the passive components must be selected according to the desired
attenuation, especially at the switching frequency fs and higher. Due to the central cross
capacitor, LCL filters offer a path with low impedance for high frequencies. But this creates
a resonance point, for which certain boundary conditions must be adhered to in order to
maintain control stability. At the same time, the voltage drop across the filter should not be
too great in order to avoid high power losses. Some universally applicable approaches on
LCL filter design [1-3] especially depend on the switching frequency fsw, the inverter’s
nominal power P, and the considered grid voltage level uy. Only if the filter fulfills the
requirements for attenuating high-frequency parts can it be used as an average model
for network calculations in the fundamental grid frequency fy. Therefore, the chosen
path in this work is briefly presented in the following, including the approaches in [1-3].
The maximum value of the total filter inductance Liot = Ly + Ly is given as follows [1,3]:

2

U,
Liot <0.1—2 7
tot > (UOPn ( )

with the fundamental grid angular frequency wy. In [1], the factor for dividing the total

inductance Lot between Ly and Ly defined as ap = ﬁ is given as being between

0.5 and 0.9. In [2], the ratio between grid-sided and inverter-sided inductance a = E—ﬁ is
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defined with amax = L“’Ltig‘” — 1. The maximum value of the capacity is often based on the
maximum acceptable power loss due to reactive power according to [2]:
Py
C <0.05 . 8
woll2 ®)

In [1], it is recommended to estimate C from the desired damping at the switching
frequency of between about 50 and 90 dB [1], while damping at the fundamental frequency
fo must be within an acceptable range. The harmonic attenuation rate

5 1
|1+ ar(1 - LpCw?,)|

©)

with the angular switching frequency wsw = 27 fsw should be small to guarantee low
current harmonics. J is upwards limited due to the distance between the resonance fre-
quency and cutoff frequencies f. min = fSTW and fomax = beW Downwards, it is limited by

the condition 1

1+ amax (L Cwdyy — )|

6 > Omin = (10)

The resonance frequency fres of the LCL filter is given as

1 [Ly+Lp
Y i S * 11
Fres 2\l LyLpC (11)

It must be located between the minimum and maximum cutoff frequencies f. min and
femax [2], so that finally for the resonance frequency, the condition

10f0 < fs?w S fres,min < fres < fres,max < fSTW (12)

must be fulfilled. In general, the derived design parameter can be checked for plausibility
using the conditions

Z1(fo) < Zc(fo), Zc(fsw) < ZL(fsw) (13)

with Zj, stating the inductive longitudinal path and Z¢ the capacitive cross-branch [2].

2.2.2. Resonance Damping

As the stability of the inverter control suffers due to the existence of the resonance peak
of the LCL filter, there are various ways of damping [3]. Two strategies for passive damping
are the connection of a small damping resistor Rc in series with the filter capacitance C
or a very low conductance G, in parallel [3]. The damping resistance R¢ causes a shift of
the resonant pole and provides a further zero in the filter transfer function [1]. In contrast,
adding a parallel conductance to the capacitance does not affect the characteristics of the
frequency response. But the disadvantages—large damping losses and poor reference
tracking and disturbance suppression capability—are mentioned in [3].

2.3. LCL Inverter Model in the Extended Node Method

To make the inverter with the LCL filter applicable in the ENM, the corresponding
valid equivalent circuit diagram is interpreted in the time-domain and transformed into a
method-specific component equation. Here, a basic LCL filter as well as two cases with
resonance damping are considered. The relevant parameters will be specified and it is
mentioned where they are placed into the component matrices and vectors of the DAE in
the Equations (3)—(5).
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2.3.1. Basic LCL Inverter

The electric circuit diagram of the basic LCL filter neglecting damping resistors is
displayed in Figure 2. The explicit equation of state for the grid-sided mesh is

Lipia + Rpia + tic = up (14)

and meets the definition of an L-A component in the ENM (cf. [37]). The typical conversion
of Equation (14) for L components gives

1. 1 1
./ . .
A = —ip = Up — (Rp ipn + uc ). (15)

wo woLp Wolp =

—— —— €R, €ip EgL,
€GL, GL diag. €GL, GL diag.
. . 1 .

The grid-sided parameters Ry, and Gy, = -7— occur as scalar inputs for the system

matrices in Ry, and GL and G gjag, respectively, in Equations (3) and (4). The terminal
current is part of the inductive current vector i; and therefore a result of the DES in
Equation (4). As an L component, the LCL inverter is not the decisive component for node
characterization (cf. (1)). This means that the node at the output terminals can be an L node
as well as an R or C node if other component types (R or C) are connected (ua € urN, #UrN,
or ucy). The source voltage 1. in the sense of the ENM is not the actual inverter source
voltage but the capacitor voltage uc. Hence, uc is inserted as an element into the vector
usq1, in Equations (3) and (4). This voltage uc in turn depends on the internal source current
isc. The differential equations of the capacitance uc and the source current isc are

. 1 . .
Uuc = E(ZA - lsc) (16)
: 1 .
Isc = T(_Rfllsc +uc — usc)' (17)
f1

Both variables are consolidated in the vector of inner variables

ZICL = <I:C> (18)

and result in the IDES in matrix form corresponding to Equation (5), as follows:

. 1 1 .
uc 0 -C uc C 0 1A
)=l &)l )l o : (19)
Isc gy In Isc La Usc
(R LN N
ez eM, ez eM, er

The actual inverter’s source voltage us. as well as the inverter-sided passive compo-
nents Ly and Ry are not part of the actual grid DAE in Equations (3) and (4), but only
occur in the IDES in Equation (5).

2.3.2. LCL Inverter with Parallel Damping Resistor

If a conductance G¢ is arranged parallel to the central capacitor for resonance damping
and should not be neglected, the electric circuit diagram of the inverter with LCL filter is
created as shown in Figure 3.
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Lfl

Figure 3. Single-phase electric circuit diagram of grid-tied inverter with LCL filter and parallel
damping conductance.

Thereby, Equation (17) is modified to

. . G
(ia —isc) — fcuc (20)

Ol =

Uc =

which states an additional entry in M, so that Equation (19) is modified to

- _ G 1 1 '

Cl=0C &)+ (¢ al. (21)
1 il _1

i = —12/\i 0 u

sC Lﬂ Lf] SC Lfl sC

Since Equation (15) still describes the behaviour of the grid-sided mesh, the definitions
of the component type as well as the system parameters for Ry, G1, and uc € us, do not
change compared to the basic LCL filter.

2.3.3. LCL Inverter with Series Damping Resistor

Considering a damping resistor Rc in series to the centered capacitor, the electric
circuit diagram of the inverter with LCL filter is changed to the one displayed in Figure 4.

LMA
O

Figure 4. Single-phase electric circuit diagram of grid-tied inverter with LCL filter and series
damping resistor.

Lt‘l Rf 1 Rt2 Lf2

in

Due to R, the internal voltage no longer exhibits purely capacitive behavior, but now
consists of capacitive part uc and resistive part ug, so that uy; = uc + up states the new
resulting voltage over the cross branch. By this, Equation (22) is adapted to

1. 1 1
., H .
A= —ip = Up — (Rpp ia + um ). (22)
wo woLg wolp = =~
N—— N—— ERL eiL euSCL
€GL, GL diag. €GL, GL diag.

This does not affect the characterization of the inverter component type, which is
still an L-A component. But in this case, uy represents the source voltage in the vector
usc1. The differentially behaving quantities u#c and i shall still be sorted in z. Taking into
account the now additionally acting voltage ur = Rc(ia — isc) affecting is., Equation (19)

. 1 1 .
uc 0 el uc el 0 1

: = 1 Ry S:rRC . + RCC 1 A : (23)
i - ——a—=</\i = —1-) \u

sc Ly Lp sc Lp Lp sc

Keeping the structures of z and r, 1) can be determined with

is changed to
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lipg = (1 —RC) (Zf) + (RC 0) (::) (24)
=M, a1g =M, g

and, so to speak, represents an additional inner AES, which also must be evaluated at every
timestep just like the Equations (3)—(5).

2.3.4. Sensitivity of Filter Parameters

In the following, it will be briefly described how the values of filter inductances L¢; and
Lg, and of the capacitor C affect the system matrices and hence the computation outcomes
of the ENM. The general design should fulfill the criteria mentioned in Section 2.2.1, but
the actual values in operation may differ slightly from the design values, or the availability
of components may not correspond to the exact design values. Therefore, it makes sense to
also consider close values around the design point, to evaluate if the inverter operation is
stable with the selected control strategy, even with small deviations in the filter parameters.
Hence, it will be briefly addressed how changes around the exact design parameters L¢,
Ly, and C affect the system quantities and the matrices for the grid calculation with the
ENM for the basic LCL inverter model. The modified values are defined as L¢; = g Lg,
Ly = Tplp, and C = {cC with the gain factors (¢, {p and {c > 0. The LCL inverter
component Equation (15) and the IDES of Equation (18) can then be written as follows:

1. 1 1
./ H .
iy=—in= ———— up— ———— (Rpp ipn + uc), (25)
wo wolpLe wolpLy N~~~
N~ N~ €Ry i, SN
€Gr, GL diag. €GL, GL diag.
. 1 1 :
ucy _ 0 &eC He) 4 [ acc 0 A (26)
Isc D T isc 0 - % Usc
Cnlp Cnlp Crnlp
—— —_—— ———
€z eM, €z eM; er

In general, the impedance decreases for the grid-sided LR branch for {, < 1 and
increases for (p > 1. For small impedance, the terminal current increases in its root
mean square value. Due to the increasing absolute values of the prefactors for p < 1
prior to ua, Rpia, and uc in Equation (25), the influence of the individual variables on
the current derivative increases accordingly in a linear manner. These prefactors are part
of the component conductance matrices GL and G gjag., Which occur frequently in the
matrices of the DAE in the Equations (3) and (4). Depending on whether the LCL inverter
is connected to an L, R or C node, the node conductance matrix Gy, Gir or Gic is also
affected. When considering the inverter-sided LR branch of the LCL filter, the same applies
to the current derivative is of the source current when varying the filter inductance L¢;. For
{1 < 1, the absolute values of the matrix entries in the second row of M, and M; become
larger; thus, the influence of the corresponding quantities increases linearly. For (g, > 1, the
matrix entries become smaller in their absolute values. According to the definition of the
LCL inverter with internal variables, a variation of the filter inductance L¢; only affects the
IDES in Equation (5), but not the DAE in Equations (3) and (4). By varying the capacitance,
the cross-branch impedance is reduced for higher values and increased for lower values of
C. Here, too, the absolute values of the matrix entries in the first row in M, and M, become
higher for {c < 1 and describe the voltage derivation tic. Changes to C also only affect the
matrices of the IDES in Equation (5).
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2.3.5. On Solving Inner Differential Equation Systems vs. Stating Additional Grid Nodes

As could be observed from the previous sections, when considering an inverter with an
LCL filter as an L-A component, internal state variables are present. These are the capacitor
voltage uc and the internal source current is.. They have to be solved with the help of the
IDES according to Equation (5)—more precisely, with the help of Equations (19), (21), and
(23). In the case of an LCL filter with a series damping resistor, the capacitor voltage uc
only represents a part of the actual centered voltage 1y, which states the source voltage in
usc1,, and thus even an additional algebraic equation, Equation (24), is found, which has
not yet been considered with any classic component in the ENM so far (cf. [36]). In order to
avoid these internal state variables for the LCL filter, it is also possible to organize the LCL
filter differently by dividing it into further individual components. Since generally good
experiences have been made with the application of the IDES in Equations (19), (21), (23),
and (24), this possibility will only be briefly described in the following to generally enable
this method of application.

The inverter-facing LR series branch would represent an L-A component itself with
the source voltage us. € ugq. and the grid-facing series impedance of Lg, and Ry, indicates
an L-AB component, whose parameters have to be arranged in matrix form. Particular
attention should be paid to the diagonal form and complete form of the conductance
(GL and G gjag, cf. Section 8.2.2 in [36]). The central capacitor is to be defined as a C-A
component with G¢ = 0 for the basic LCL filter and the one with the parallel conductance
as Gc # 0. This makes the inner node of the filter a C node by definition for the ENM.
Its node voltage is now part of #cy and a result of the DES in Equation (4). In the case of a
series damping resistor Rc, an R-AB component is also added and characterizes the central
node of the filter as an R node. The node voltage acting here corresponds to the previously
defined uy;. It is part of urn and results from the AES in Equation (3). The node between
Rc and C is by definition a C node. Its node voltage will be part of ucy.

This decomposition of the LCL filter into its individual parts generally increases the
number of grid components and nodes, thereby also increasing the size of the DAE. But
advantageously, the IDES is either eliminated completely or limited to other network
components, such as transmission lines represented by T or Pi-EC (cf. [36]). The favourable
approach remains the decision of the user. When choosing the approach with the internal
variables, it is recommended to keep the uniform shape of Equation (5) for all components
with inner state variables and also the sorting of the components, so that they can be easily
put together in large diagonal matrices M, and M. In the application example used here,
the basic LCL filter model is used as an L-A component with the IDES.

2.4. Inverter Control

In this section, a control algorithm in the dq frame will be applied to later show how it
can be included in the ENM in Section Combined Control and Grid Calculation Algorithm.
Using the rotating dq frame for inverter control is advantageous, because the variables to be
controlled gain the shape of DC quantities, which allows the use of simple PI controllers [9].
As already mentioned, several investigations already exist on the inverter control with
LCL filters. The aim of this work is not to propose a new control strategy, but to show
how the inverter control loop interacts with the ENM. From this, the effects of inverter
control on the grid can be analyzed in order to evaluate the stability or to try out suitable
controller parameters. The “measured” variables for the control loops occur directly during
the calculation. This is independent of the number of inverters under consideration, so it
can be performed for networks with numerous connected power-controlled inverters. The
application of the inverter control loop is not limited to the following example. Rather, any
type of control can be used.
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In the following sections, it is briefly shown how current references are obtained
from power references in the dq frame. Subsequently, an example of a cascaded current
control loop for the inverter is presented. Finally, a PLL example is given, which is used in
this work.

2.4.1. PQ Control in dq Frame

The active and reactive power P and Q of the inverter are to be controlled at the pcc;
hence, the dq frame is defined there. For the conversion between abc and dq variables, the
amplitude invariant transformation matrices Tapc,dq () and Tyqabc(€), defined as

_ 2z _ 4rn
T N 1A R

3\ —sin(f) —sin(6 — %”) —sin(f — 47”
cos(0) —sin(0)
qu,abc(g) = COS( - ZTT[) —Sil‘l( - ZTT() (28)
cos(f — 4T)  —sin(0 — 4F)

are used. The time-dependent angle 6 states the angle between the fixed a8 coordinate
system and the rotating dq frame [9]. Since the electric grid behind the pcc can have any
shape, it is advantageous to define the fed-in power on the basis of the inverter’s terminal
values up and is. According to the introduced sign convention in Figure 2, Ppcc and Qpec
are formulated from dq quantities as

Ppec(t) = _%(upcc,d(t)iA,d(t) + Upee,q(t)iag(t)) (29)
Qpcc(t) = %(”pcc,d(t)iA,q(t) - ”pcc,q(t)iA,d(t)) (30)

with the terminal currents i 4 and ia q and pcc voltages uq pec and g pec. For g pec = 0, as
desired in the PLL [9] (cf. Section 2.4.3), the current references i} 4 and i}, q can be obtained
with the help of the power references P* and Q* [9]:

o 2P, 20*

ind irq (31)

3Md,pcc 3ud,pcc

and will be used in grid current control as the reference variable.

2.4.2. Current Control

The cascaded current controller shown in Figure 5 with disturbance feed-in will serve
as an example for current control of an inverter with an LCL filter. It is mainly created for
the basic case of the LCL filter—i.e., damping resistors are neglected (Rc = 0 and G¢ = 0).
By using the cascaded approach, mainly inspired by [21], the system is broken down into
three first-order systems [1], thereby simplifying the design of the individual controller
parameters. The control here is implemented in the time domain. For this purpose, each PI
controller output signal out(t) is discretized to be

out(t) = Kpe(t) + K e(t) (32)

with the error signal e(t), the proportional gain Kp, integral gain K;, the current point in
time t, and the previous point in time ¢_;.
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Figure 5. Cascaded grid current control loop for inverter with basic LCL filter in dq frame.

The current setpoints i} 4 and ij%,q resulting from Equation (31) serve as the reference
inputs. The terminal currents in the abc frame result from iy, in Equation (4). They are
transformed into dq quantities i 4 and ia q and fed into the control loop as control variables.
The controller outputs of P1; 4 and PI; 4 are used to generate the reference values for the
filter capacitance voltages u¢ 4 and uaq. In the following, the source current references ig_4
and i:c, q are obtained and the error between them and the actual values i, 4 and isc q go into
the third PI controller P13 4 and PI; 4. Finally, the control loop sets the modulating signals

myq, which can be retransferred to the abc frame and used to set the inverter’s source
*

sc,dq
indicates that the variables ia, upc, tc, and isc to be introduced into the control loop are

voltage u according to Equation (6). For simplicity, usc = uj. is set here. Figure 5 already
extracted from the ENM. Finally, the structure of the software tool for grid calculation with
the ENM is described and a detailed insight into the methodical design of the handover
between inverter control and grid calculation is given in Section Combined Control and
Grid Calculation Algorithm.

2.4.3. Phase-Locked Loop

To keep the quadrature axis reference upcc q at the pcc at zero for grid synchronization,
a synchronous reference frame PLL loop according to Figure 6 is applied [9,49]. Beyond this
introduced PLL algorithm, any type of PLL is conceivable in combination with the LCL
inverter model and the ENM.

u
pec,abe e, Aw ®
HETIETS et
@o 2n

Figure 6. Synchronous reference frame phase-locked loop (PLL) for grid synchronization based
on [49].

2.5. Software Tool for Transient Grid Calculation with ENM

Before the actual transient calculation takes place, all grid components and nodes are
created with the help of Python using object-oriented programming. The components are
sorted by L, R, and C components as proposed in [36]. Within each group, the components
are also sorted according to their number of terminals (A and AB). The parameters of the
sorted, uncoupled components set up the system matrices Gi and Ry, for L components,
Gr for R components, and Cc and G¢ for C components [36]. For components with inner
state variables, especially the inverter with the LCL filter in this work, the matrices M,
and M, are also built. These matrices are joined in such a way that a large IDES of the
form given in Equation (5) is created. In case of the inverter with a series damping resistor,
M a1 and M, ¢ are also to be constructed. By connecting components to the nodes, these
are classified according to the definition given in (1) as L, R, or C nodes. The nodes are
also sorted accordingly and all clamping matrices K (cf. Equation (2)) are constructed.
The node conductance matrices Gry, Gir, Grc, GrRr, Grc, Ger, and Gec and the node
capacitance matrix Cny are determined using the K matrices and component matrices
(cf. [36]). With this, all matrices can be set up for the DAE in the Equations (3) and (4). In
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the work shown here, a three-phase symmetrical calculation is carried out. Initial values for
the node voltages and terminal currents can be determined using complex AC calculations
for steady-state conditions.

Combined Control and Grid Calculation Algorithm

A visualized representation of the ENM algorithm for transient grid calculation using
the DAE in Equations (3) and (4) is given in Figure 7 taken from [36]. The Box ‘Algebraic
Node Voltage Equation” represents the AES with the node voltages at L and R nodes uy N
and ugry as its outputs. The boxes ‘L Components” and 'C nodes” define the DES. The
‘L component’ box provides the results of the inductive currents i}, and the ‘C node” box
delivers results of the node voltages ucn at C nodes.

To show how the inverter with the LCL filter with subordinate control can be
included in the ENM, the illustration in Figure 7 has been expanded with the box
‘LCL Inner States” and the handover points of the variables to the inverter control
loop. Hence, Figure 7 pictures the combined network calculation/control algorithm. In
this work, this combined algorithm was implemented in the Julia language using the
‘DifferentialEquations.jl” package.

LCL Inner States Usc EF
from Controller

[Sve ,f a
NS4
uc, isc _ o
2= (uc, i
to Controller Lor= (uc, isc)
Uc € Uyl
URN ‘ Uger s IR
Algebraic Node
Voltage Equation
uN
U € Ugep, L Components in€ip
Ug, I, . o
e L inci
3 to Controller
Upee € (up N, g, uCN)
to PLL & Controller
C Nodes
UcN
.[ dr e
iSCR’ iscC

Figure 7. Combined grid calculation with the Extended Node Method and inverter control, basi-
cally taken from [36] and expanded with the LCL inner states and the interface with the cascaded
current controller.

For reasons of clarity, the abc/dq conversion is not explicitly shown. But in general,
an abc/dq conversion takes place at any point indicated with ‘to Controller’. The schemes
of the control loop in Figure 5 and the PLL in Figure 6 are written as functions in Julia
using Equation (32) for the PI controllers. Their algorithms and hence the setting of
the new inverter source voltage us. are only carried out at times that are multiples of
Tetrl = ﬁ, while the numerical integration of the DES and IDES is carried out in smaller
time steps. The illustration was developed based on the cascaded controller in Figure 5,
but generally applies to all control approaches that require the same or fewer state variables
as inputs. In this case, a particularly large number of input variables from the network
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calculation is required (ia, 1, uc ,and is) and hence this is an example of a particularly
strong exchange between the network calculation process and the controller algorithm.
Fortunately, all necessary variables occur as a solution at every time step anyway during
the solving process.

Since the LCL filter is an L component, its terminal current ip can be extracted as a
part of 4. It is fed into the current controller as the controlled variable, but also states a
part of r to be put into the ‘LCL Inner States” box representing the IDES in Equation (19)
for the LCL filter. Another necessary input of this box is the inverter source voltage us,
which results from the control loop. The pcc voltage can be extracted out of one of the node
voltage vectors up N, UrN, or ucn. It is needed for the PLL as well as for the current control
loops as the disturbance input. The output of the ‘LCL Inner States’ box is the vector zi ¢
containing the inner capacitor voltage uc and the source current is.. uc is extracted to be
put into ug., which is needed as an input for the boxes ‘Algebraic Node Voltage Equation
Voltage’ and ‘L components’.

It should be emphasized again that any other inverter control loop can also be com-
bined with this grid calculation method to check on the robustness or speed of controller
designs at various grid topologies. Further compensators, observers, and pre-filters can
also be inserted between the grid calculation results and the controller. Also, it is not limited
to the grid-following mode.

When considering large power grids, many other grid components occur. In addition,
further internal state variables z arise, in particular for power transmission lines (cf. [36]).
However, in order to keep the focus on the LCL filter, further internal state variables are
not explicitely shown in Figure 7.

3. Results

To ensure that the ENM with the developed inverter component and subordinate
control loop developed here can be used for transient grid calculations, its accuracy and
reliability must be verified. For this purpose, various study cases of inverters connected
to a European low-voltage grid (U, = 400V, fy = 50 Hz) are considered. Firstly, the filter
design selected here is presented. Subsequently, grid calculations are carried out with the
ENM using the DAE given by Equations (3)—(5) and the established tool Simulink /Simscape
as comparison software. Thus, the same grid configurations are set up once in our own
tool according to the ENM’s component and node definitions (cf. Section 2.5) and once
in Simulink (Matlab R2024b) using the Simscape ‘Specialized Power Systems’ library [50].
The inverter control loops are also set up in the same way according to Figure 5, realized
by interconnecting single blocks available in Simulink. To focus on the inverter component,
transients are generated by changing the power references P* and Q* as an ideal step
function, while the loads are kept constant. This work does not take into account how the
power references P* and Q* are derived, but specific methods can also be easily supple-
mented here. They could, for example, be the result of maximum power point tracking
of PV systems or result from economic optimization for the operation of electrochemical
components or batteries or from grid code requirements. Both results will be compared
in the following sections. The ENM results will be displayed with a solid line and not
specially marked. Simulink results will be shown with a dashed line and marked with ‘Sim’
in the index. Further discussion on the results and the presented method will be given in
Section 3.4.

3.1. Filter Design and Control Parameters

According to the mentioned LCL filter design requirements in Section 2.2.1, one sample
filter design is given in Table 2 that meets the requirements for the switching frequency
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fsw = 20 kHz. It will be used for the following study cases. In this case, the controller
parameters are designed for a fast response. A damping resistor is neglected; i.e., the
following results are based on the basic LCL model from Section 2.3.1. The resulting Bode
diagram of this filter design is pictured in Figure 8. The transfer function for the design
selected here is plotted with the exact values from Table 2 as well as with 20% deviating
values for Lg, Lip and C in order to take the component tolerances into account. For the
configuration selected here, the distance of the resonance frequency to the cutoff frequencies
femin = 3.333 kHz and fcmax = 10 kHz is maintained.

Selected controller parameters for the PLL and the current control loop are also listed
in Table 2. In order to stabilize the inverter control by slightly decoupling it from the AC
network dynamics [9], feed-forward compensation for the U qq is introduced. This is
implemented as a low-pass of the form

(Kupcc (t) - apcc,—l )dt

apcc(t> = apcc,—l + T+ dt

(33)

with time-constant T and df = t — f_4. The values l]pccld and l:[pcc,q are applied to calculate
the current references with Equation (31) and are fed into the control loop in Figure 5 as
disturbance input.

Table 2. Proposed LCL filter design and controller parameters.

Component Parameter
Ly =2.0mH, Ry = 0.0163Q), L, = 1.4
Inverter with LCL Filter mH, Ry = 0.01090), C = 0.6 pF,
Upc =700V, few = 20 kHz

PLL Kp =0.02,K; = 0.1, fo =20 kHz

Kp1 =5.6,Ki1 =43.6, Kp2 = 0.08,

Cascaded Controller Kip =24, Kp3 = 11.0, K3 = 89.65,

fer1 = 20 kHz
Feed-Forward Compensation K =1.0,7 =0.00045s

50 T T T T T T T

GLCL
GLOL+20 % | |
GLCL,—20 %

Magnitude (dB)

-90 \

-180 - 4

Phase (deg)

) Y Y I 7Y EA SR WYY SRR ¥ 1| S Y] |
10° 10! 10? 10° 101 10° 100

Frequency (Hz)

Figure 8. Bode plot of selected LCL filter design with exact values and +20% tolerance.
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3.2. Single Inverter at Low-Voltage Grid

Firstly, one single inverter model is tested at a rigid low-voltage grid. The single-phase
electric circuit diagram of the configuration is shown in Figure 9. The low-voltage grid is
represented by an ideal voltage source with an LR series impedance. In this configuration,
only one L node is present which states the pcc. Its node voltage is hence a part of u N and
will be determined by Equation (3).

Lf 1 Rf 1 RQ Lt2 ] Lg Rg

A

isc

usc,inv ¢

Figure 9. Single-phase electric circuit diagram for single grid-connected inverter with LCL filter.

In order to test the behavior of the grid-tied inverter and accuracy of the method for
different grid impedances, three different values for Lg and Rg will be considered in the
following with a constant R/X ratio of 2.4. For one case, Section Impact of Filter Parameter
Deviations also displays an example of how small changes in the filter parameters affect
the inverter operation. The power setpoints are changed according to the following cases:

0.1kW, t<0s
1.6 kvar, t<O0s
. 2kW,  t>0.0005s
Pi(t) = ,Q*(t) = { 0.0kvar, t>0.0077s. (34)
3.5kW, t>0.018s
—0.5kvar, t>0.018s
09kW, t>0.027s

Figure 10 shows the step responses of the system for a small grid impedance with
Lg = 0.16 mH and Rg = 0.12 (), which represents a strong grid. In Figure 10a,b, the inverter
terminal currents in the abc and dq frames, respectively, are presented. Figure 10c,d show
the pcc voltage as well as the grid power values P and Q in comparison to the setpoints
P* and Q*. With the selected controller parameters, the step responses of the currents are
very fast (cf. Figure 10b). In addition, the results between the ENM and Simulink agree
very well, as no significant deviations can be observed. The phase currents match very
well; only in the q component I of the inverter current is a small difference visible at
the transients, but this hardly affects the time constant of the step response. This small
deviation is transferred accordingly to the transients of reactive power Q.

< (JL
N ) 8
g —
< |
5
0 0.005 0.01 0.015 0.02 0.025 0 0.005  0.01  0.015 0.02  0.025
t/s t/s
ina iAb o iAc Ig I3 lagim 13 sim
"”iA,a,Sim "”iA,b.Sim "”iA,c,Sim Iq 71;1 ""Iq,Sim ""Iq‘Sim
(a) (b)

Figure 10. Cont.
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Figure 10. System responses to sudden changes in active and reactive inverter power references P*
and Q* with grid impedance Ly = 0.16 mH and Rg = 0.12): (a) Inverter terminal current i qp.-
(b) Inverter terminal current and current references I’} T (c) PCC voltage u,p,. and Uyq- (d) Grid active
and reactive power references P* and Q* and actual power P and Q.

The corresponding results for higher grid impedance values Lg =2 mH and
Rg = 1.51 ) are displayed in Figure 11. Here, too, the instantaneous values of the two tools
show good accordance and the step responses are fast. In Figure 11c, it can be seen that the
q component of the pcc voltage shows a stationary deviation from its counterpart and is
always slightly higher in Simulink. This also generates a small deviation in the reactive
power from the target reactive power in Simulink, as can be seen in Figure 11d.

0 0.005  0.01 0.015 0.02 0.025

t/s
iAa iAb A Iq I;l Id,Sim '"'I:LSim
“'Aa,Sim %A b,Sim ~ %A ,c,Sim Ig —1Ig Iy Sim ""Iq,Sim
(a) (b)

-~

|
|

N

P/kW, Q/kvar
[ w

. — —
0 0.005 0.01 0.015 0.02 0.025

| i S
f/s 0 0.005 0.01 0.015 0.02 0.025
Ua,pee Ub,pee —Uc,pec ~~Ua pee,Sim t/s
~—=Ubhpce,Sim —~ Ye,pec,Sim Ud,pee Uq,pce p* P Py,
Ud,pec,Sim Vg pec,Sim —Q" —Q——-Qgim
(c) (d)

Figure 11. System responses to sudden changes in active and reactive inverter power references
P* and Q* with grid impedance Ly = 2 mH and Rg = 1.51(): (a) Inverter terminal current ix spc-
(b) Inverter terminal current and current references I’} q (c) PCC voltage u,p,. and Ugq- (d) Grid active
and reactive power references P* and Q* and actual power P and Q.

In Figure 12, the results are pictured for a grid impedance of Ly = 8 mH and
Rg = 6.03(), hence indicating a weaker grid. In this case, the problem of the interac-
tion of PLL and current control mentioned in [23] can be observed. The P and Q step
responses become significantly more shapeless, but generally show the same curve in both
tools (cf. Figure 12d). Differences between the results of the ENM and Simulink occur
slightly in the currents” small phase shift in Figure 12a and at the pcc voltage Ug,pcc in
Figure 12c¢. This also affects a deviation in the reactive power curve.
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Figure 12. System responses to sudden changes in active and reactive inverter power references
P* and Q* with grid impedance Lg = 8 mH and Rg = 6.03(): (a) Inverter terminal current i ap-
(b) Inverter terminal current and current references I} T (c) PCC voltage u,pc and Uyq. (d) Grid active
and reactive power references P* and Q* and actual power P and Q.

Impact of Filter Parameter Deviations

Since the values of inductors and capacitors have tolerances and may fluctuate to
some extent, an example of the previously presented second case with the grid impedance
values Lgiiq = 2 mH and Rgyiq = 1.51 Q) with varying filter parameters Lg, L, and C by a
£20% change will now be considered. According to Section 2.3.4, this corresponds to the
factors g1, (g, and (¢ being 1.2 or 0.8, respectively. For reasons of clarity, the following
results will only be given for the cases if all filter parameter values increase (Lg; = 1.2L,
Lyp = 1.2L, and € = 1.2C) or decrease (L = 0.8L¢, Ly = 0.8L¢, and C = 0.8C). The
design case ({1 =1, {xp = 1, and {c = 1) is also printed for comparison. As the parameters
here change to the same extent, only the substitute variable { will be used in the following.
The setting of the control loop in Figure 5 as well as the feed-forward compensation should
remain unchanged (cf. Table 2); hence, the controller parameters K}, and K; for all three
controllers as well as the gain factors still correspond to the design case. Figure 13 shows
the time curves of the phase current i, ., the dq currents I4 and Iq of the inverter, and the
active and reactive power references P* and Q* and actual values P and Q for varying
. The results are compared again with Simulink, illustrated with a dashed line-style. To
better visualize the impact of {, only the time range from ¢t = 0 s to t = 0.012 s is displayed.

For small { and thus smaller values for the inductances and the capacitor, steeper
courses of the sinusoidal terminal currents occur, as can be seen here for iy . in Figure 13a.
With ¢ = 0.8, steeper curves also arise for the dq currents I and Iq in Figure 13b and active
and reactive power P and Q in Figure 13c after changes in power setpoints. The plots of
the curves generated by Simulink show the same effects as the ENM. Since the gain factors
in the control loop (cf. Figure 5) do not exactly match the component parameters L¢;, Lp,
and C for { # 1, steady-state deviations occur for active and reactive power compared to
the reference values, but the system remains stable during inverter operation.
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Figure 13. System responses to sudden changes in active and reactive inverter power references
P* and Q* with grid impedance Ly = 8 mH and Ry = 6.03() for varying filter parameters with
Ly = Ly, Ly = {Lgy, and C = {C: (a) Inverter terminal current i A,c- (b) Inverter terminal currents
Iq and Iq. (c) Grid active and reactive power references P* and Q* and actual power P and Q.

3.3. Inverters at Simbench Testgrid

Now, two inverters in the sample LV grid Simbench “1-LV-rurall’ as stated in Figure 14
will be considered. This testgrid consists of 15 nodes (0-14), 13 lines (L1-L13’), 13 loads
(Load 1-Load 13) in the LV level, a medium-voltage (MV)/LV transformer, and a 20 kV
MV grid. The LV section is exactly obtained from the network topology of Simbench
‘1-LV-rurall’, available at [51]. Further technical parameters for the transformer and the MV
grid are summarized in Table 3. The transformer inductor Ls and resistor Ry are related to

the secondary side (LV).
MYV Grid
14
T 20/0.4kV
3
L7 L3 L12
Load?2 ¢ 7 Load 9¢ 6 Load 124 | L10
L5 L8 L4
Load 11410 Load 10e 11 Load 5S¢ g Load 84
L13
Load 1 Load 3813 Load4e12
Inverter 2
Load 782 Load 6 A
Inverter 1

Figure 14. Grid topology of sample network ‘Simbench rural” with connected inverters at nodes 5
and 9.
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The power lines are modeled as a T electric circuit diagram, which correspond to L-AB
components with inner capacitor voltages 1 jine (cf. [36]), which become part of the vectors
z and w1 . The transformer model is simplified to an LR series element and also declared
as an L-AB component. Two grid-synchronous inverters, labeled ‘1" and "2’, are added at
nodes 5 and 9.

Table 3. Technical parameters for MV grid and MV/LV transformer in sample network.

Component Parameter
Un = 20KkV, Lg = 27.8723 mH,
MV Grid Rg =0.8756 ), wo = 27t - 50 rad /s
Uscgal(t) = ﬁ%cos(wot)
Transformer Unnmy = 20kV, Uny = 400V, k = 50,

Type: Yy0, Ly = 0.119 mH, R, = 0.008 )

In order to also represent the loads as electric circuit diagrams, impedances are used.
Two different load situations are considered for this:

1.  Study case 1: All loads (1-13) are resistive-inductive.
2. Study case2: Loads 1, 6, and 11 behave capacitively; all other loads are resistive—inductive.

The individual load parameters Ljy,q, Rioad, Cload, and Gc jpaq are listed in Table 4 for
both study cases.

Table 4. Load parameters for the LV Simbench Testgrid, regarding study cases 1 and 2.

Load Active and Reactive

Load Active and Reactive

Impedance Parameters, Impedance Parameters,

Load Power Demand, Study Study Case 1 Power Demand, Study Study Case 2
Case 1 Case 2
Load 1 Pload =6 kW, Lload =29.01 mH, Pload =12 kW, Cload = 39.79 }lF,
Qload = 2.37 kvar Rload =23.06Q2 Qload = —2kvar GC,load =0.075S
Load 2 Pload =3 kW, Lload = 58.04 mH, Pload =6 kW, Lload =29.02 mH,
Qload = 1.19 kvar Ripaq = 46.12 Q Qload = 2.37 kvar Rioad = 23.06 Q
Load 3 Pload =5 kW, Lload = 3441 mH, Pload =10 kW, Lload =17.41 mH,
Qload = 1.97 kvar Rioad = 27.68 Q Qload = 3.95 kvar Rioad = 13.84 )
Load 4 Pload =2 kW, Lload = 87.01 I'I‘IH, Pload =4 kW, Lload =43.51 I'I‘IH,
Qload = 0.79 kvar Rload =69.200Q0 Qload = 1.58 kvar Rload =34.60Q0
Load 5 Pload =4 kW, Lload = 43.52 rnH, Pload =8 kW, Lload = 21.76 mH,
Qload = 1.58 kvar Rload =34.60Q Qload = 3.16 kvar Rload =173Q
Load 6 Pioad = 3 kW, Ligad = 58.04 mH, Pload = 6 kW, Cload = 39.79 1F,
Qload = 1.19 kvar Rload =46.12Q) Qload = —2kvar GC,load =0.0375S
Load 7 Pload =8 kW, Lload =21.76 mH, Pload =32 kW, Lload =54.41 mH,
Qload = 3.16 kvar Rload =1730Q Qload = 1.27 kvar Rload =43240)
Load 8 Pload =14 kW, Lload = 12.434 mH, Pload =56 kW, Lload = 31.09 mH,
Qload = 5.53 kvar Rload =9.880) Qload = 2.21 kvar Rload =2471Q
Load 9 Pload =3 kW, Lload = 58.04 mH, Pload =12 kW, Lload = 145.11 mH,
Qload = 1.19 kvar Rigad = 46.12Q) Qload = 0.47 kvar Rigad = 11531 Q)
Load 10 Pload =12 kW, Lload = 14.50 l’l’lH, pload =438 kW, Lload = 36.27 l’l’lH,
Qload = 4.74 kvar Rioaq = 11.53 Q Qload = 1.90 kvar Rioad = 28.83 Q
Load 11 pload =2 kW, Lload = 87.01 mH, Pload =08 kW, Cload =6.29 pF,
Qload = 0.79 kvar Rioad = 69.200) Qload = —0.32 kvar GCload = 0.005Q)
Load 12 Pload =4 kW, Lload = 43.52 I’I'IH, Pload =16 kW, Lload = 108.81 mH,
Qload = 1.58 kvar Rload =34.60Q0 Qload = 0.63 kvar Rload =86.490)
Load 13 Pload =14 kW, Lload = 1243 mH, Pload =56 kW, Lload = 31.09 mH,
Qload = 5.53 kvar Rload =9.880) Qload = 2.21 kvar Rload =2471Q

The resistive—inductive loads are each modeled as LR series impedances resulting from

U2 Ploaq U2 .

L = Qoaah _ and R = —ladxn _ The capacitive loads are modeled as CR
load wo (P12(>ad+Q120ad) ! load (Plzc)ad+Q120ad) p

parallel circuits and their values are determined by Cjp,q = % and G¢ joad = %.

04n n
With T electric circuit diagrams for the lines, inductive loads, and also the LCL inverters as
L components, the network only consists of L components for study case 1. Since there are
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no components of type R or C, no R or C nodes occur and each of the node voltages will be
a part of up in this case. Therefore, the parts urn and iscr and their specific matrix entries
can be removed from Equations (3) and (4). Also, the DES in Equation (4) is reduced to the
first row solving for the inductive currents i} . In contrast, regarding study case 2, here C
components also occur with the three capacitive loads 1, 6, and 11. Thereby, the nodes 5, 9,
and 10 are now classified as C nodes by definition, and are hence also nodes to which the
two inverters are connected. Therefore, the pcc voltages are part of ucy and are a result
of the DES in Equation (4). The full method’s DAE is only reduced by the parts relating
to urNn and iR for study case 2. In order to make the study cases comparable despite the
different load situation, the operation modes of the inverters are set to be the same. Inverter
1 is controlled according to the power setpoints in the first example (cf. (34)). The second
inverter setpoints are chosen as follows:

03kW, +<0s
Pi(t) = { 4kW t > 0.00317s, Q3 (t) =
—25kW t > 0.0058s

l4kvar, t<0s

. (35)
—03kvar t>0.01s

Since any type of DC configuration can be located ahead of the inverter, a negative
value is also used for PJ in order to test whether this can also be considered with the
ENM. This includes appliances that consume active power, such as electrolyzers or electric
vehicles, or that have bidirectional power flow like batteries or whole energy manage-
ment systems.

In the results, the presentation of all individual node voltages and component currents
will be omitted. Instead, the focus will be on the inverters and their pcc. The main results—
the terminal currents ip. and Iq4q, the pec voltages upecabe and Upee,dq, and the power
results P and Q—are displayed in Figure 15 with inverter 1 on the top and inverter 2 on
the bottom of each figure for study case 1. In addition, further detailed results for values
inside the LCL filter that are decisive for the cascaded control approach are also presented
in Figure 16. In particular, it shows the phase-source currents isapc and Iqq as well as
the capacitor voltages Uc qq and the modulating signal m44 as results of the control loops.
Accordingly, the same results for study case 2 are shown in Figures 17 and 18. All results
are again compared to Simulink.

The phase currents and voltages of the two inverters in Figure 15a,c for study case 1
as well as in Figure 17a,c for study case 2 show very good accordance between the ENM
and Simulink. The pcc voltages in Figure 15¢ for study case 1 are the result of the AES
in Equation (3), whereas for study case 2, the pcc voltages are obtained from the DES in
Equation (4), since the pcc nodes are C nodes. The good agreement can also be confirmed
for the source currents iy o1 in Figures 16a and 18a, which were obtained here from the
IDES in Equation (19). The values of the internal control variables Uc 44 and the modulation
signals mgq in Figure 16¢,d for study case 1 as well as in Figure 18c,d for study case 2 also
show that the controllers work the same in the ENM as in Simulink. At the point in time
when the setpoint of P, assumes a negative value, the setpoint component of I3 of the
terminal current also changes its sign accordingly. The reference value of the source current
I, also changes its sign, but more smoothly here due to the type of control. The model also
works as desired for negative values of P*. The overall very good agreement between the
two tools for the two different study cases with different load parameters and node types
suggests that the method developed here provides reliable results for inverter operation.
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Figure 15. System responses to sudden changes in active and reactive inverter power references Py,
Q7 and Pj, Q3 in the Simbench rural testgrid for study case 1. (a) Inverter terminal currents is spc.
(b) Inverter terminal currents and current references I} q (c) PCC voltages u,p, and Uyq. (d) Grid
active and reactive power references P* and Q* and actual power P and Q.
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Figure 16. System responses to sudden changes in active and reactive inverter power references
T, Qi and Py, Q3 in the Simbench rural testgrid for study case 1 (a) Inverter source currents i spc-
(b) Inverter source currents I qq. (¢) Capacitor voltage reference Uad q and actual voltage Uc,aq-

(d) Inverter modulation signal myq-
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Figure 17. System responses to sudden changes in active and reactive inverter power references Py,
Q7 and Pj, Q3 in the Simbench rural testgrid for study case 2. (a) Inverter terminal currents is spc.
(b) Inverter terminal currents and current references I} q (c) PCC voltages u,p, and Uyq. (d) Grid
active and reactive power references P* and Q* and actual power P and Q.
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Figure 18. System responses to sudden changes in active and reactive inverter power references Py,
Q7 and Pj, Q3 in the Simbench rural testgrid for study case 2. (a) Inverter source currents i spc-
(b) Inverter source currents I qq. (¢) Capacitor voltage reference Uad q and actual voltage Uc,aq-

(d) Inverter modulation signal myq-
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3.4. Discussion

Previously, study cases have been presented that include a combined control/grid cal-
culation procedure with the ENM for grid-connected inverters with LCL filters. The results
generally agreed very well with equivalent calculations using Simulink. For both tools,
the change in the output for a variation of filter parameters was also observed to the same
extent (cf. Section Impact of Filter Parameter Deviations). For weak grids, a deviation
could be observed, which probably occurred due to the PLL. The larger network calculation
showed very good concordance between the results of the ENM and Simulink also for
steep transients, other load situations, and for different node types of the pcc. Thus, it is
concluded that the method delivers reliable results for transient calculations in the time
domain, if the grid impedance is not in a very unsuitably large area as given in the third
example of Section 3.2. However, it should be reiterated that the regarded study cases
include normal grid-following inverter operation. Some special cases like the inverter
start-up and behavior during fault events were not considered, as they highly depend on
the specific control but do not affect the building of the developed approach for the inverter
model and the interface between the combined control and ENM grid calculation. To focus
on the inverter component, the load impedances were kept constant for the respective
case studies. Because of this, the system matrices for the DAE remained the same for the
considered time ranges and only had to be set up once at the beginning of the simulation.
This is different if, e.g., load changes also occur, which may also lead to changing node
types. In this case, the DAE has to be set up again and a new grid calculation must be
carried out starting at the specified time step using the actual results of the previous system
as its initial states. The versatility of the inverter model presented here in the ENM is of
course not limited to applications with this sample PQ control but can be used for stability
analyses with various control approaches. In fact, there are many areas of application in
which it can be used. For example, the ENM is not limited to symmetrical considerations;
negative and zero systems can also be taken into account [36], which makes it easy to
also take single-phase generators into account. Furthermore, by simply incorporating the
fault matrix method [36], the inverter behavior in the event of short circuits can also be
examined. To mention a key advantage of this approach and tool over Simulink: The setup
of the network configuration is much quicker. The drag-and-drop characteristic of Simulink
sometimes makes setting up the network very laborious and time-consuming for users.
Changes in the network topology can hardly be carried out quickly. In contrast, in the tool
used here, the network is described only by its DAE as given by Equations (3)—(5). Since the
classification of components and nodes is always carried out in the same, straightforward
way, new topologies can be built very fast by reading technical parameters and the topology
from tables and setting up the DAE. This advantage is particularly effective when even
larger grids and, as planned, grid configurations that go beyond the electrical network (gas
and heat) are considered. As has been observed, bidirectional load flow is also possible
with the ENM inverter model, which represents the bridge to the charging of batteries,
electric vehicles, and even to fuel cells. Fuel cells, as mentioned above, can be connected to
gas and heating networks which in turn provide the joint consideration of coupled energy
grids. In this field of cross-energy grid calculations, the properties of different numerical
solver methods must be carefully studied in order to allow an efficient and reliable process
for these systems with strongly derivating time constants. Since the AES and DES results
complement each other and the source voltages are subject to control loops, only the use of
explicit methods is possible. In the previous examples including power electronics and the
AC grid, good experience has been gained with the 'RK4" method and an error tolerance
of 1 x 10~® was suitable for the cases displayed in this paper. But this error tolerance
may need to be chosen even more strictly or other explicit solver methods can be useful
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when regarding other network topologies, different voltage levels, other switching and
control frequencies, or more inverters. Fortunately, the implementation in Julia and the
‘DifferentialEquations.jl’ package makes a large selection of solver methods available for
solving the DAE efficiently, as well as prospectively for combined power, gas, and heating
grid calculations.

4. Conclusions

In this work, a model for an inverter with an LCL filter has been developed as a
component for the ENM to be used in the node-based transient electric grid calculation
method from [36,37]. With this, the method has been expanded to include an inverter
component with an LCL filter. Since it is always built in the same way and the construction
of the DAE always follows the same, straightforward process, transient grid calculations
with numerous controlled LCL inverters become possible. In addition to the considered
study cases, the method is easily transfearable to further network configurations and not
limited to the low voltage level. Furthermore, the model can be used with novel control
loops including Al-based controllers and for a huge scope of events, such as short circuit
analyses, inverter start-up, asymmetrical operations, or the switching of connected loads
and generators. Thus, a framework was developed that can be used in many areas of
inverter research. The main conclusions and achievements of this work can be concluded
as follows:

*  The inverter with the LCL filter is classified as an L component for the ENM. Its
terminal current is part of the current vector i1 and thus results directly from the
DES in Equation (4). The parameters for the component matrices Ry, and Gy, are the
grid-sided resistor Ry, and inductor Ly,.

* Asan L component, it is not decisive for the classification of the pcc node. The pcc
node type depends on further connected component types. The terminal voltage
can be either a result of the AES in Equation (3) (us € upn or ury) or of the DES in
Equation (4) (us € ucn).

e The LCL inverter has internal state variables to be considered in the IDES in Equa-
tion (5). These are the capacitor voltage uc and the source current isc, which are solved
by the IDES in Equation (5). In order to avoid these internal variables, the model can
also be broken down into its individual components, whereby the actual size of the
DAE increases.

* A cascaded control loop was developed for a grid-following inverter in the dq frame
for decoupled active and reactive power control. An interface between the ENM
network calculation results and the controller has been derived and displayed in detail.
This framework is universally applicable for diverse inverter control approaches.

. Different study cases were used to evaluate the ENM with grid-tied inverters, also
with varying filter parameters, different load parameters, and node types of the pcc.
The results show generally high accordance in comparison with the network calcu-
lation in Simulink. The differences between both tools were greatest for particularly
weak networks. This approach is thus considered as validated to be further used for
transient grid calculations.

As already mentioned, the inverter component presented here serves as a link to
further preconnected DC/DC and DC applications, especially electrochemical components
(cf. [46,47]). Regarding the power electronics part of the method, including the interaction
of DC/DC and DC/AC applications, further validation with specially developed software
will be useful. In the long term, the aim is to build a bridge to other energy carriers,
so that gas and heating networks can be considered together with the electric power
grid in a joint DAE to enable efficient coupled transient calculations for multi-energy
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grids. This point addresses integrated network planning interests as new configurations
and system responses to transient switching actions can be quickly tested. In addition,
combinations of the method with various optimization strategies (e.g., for maximum
renewable feed-in or minimization of operating costs) for coupled grid operation are
also conceivable.
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