energies MBPI|

Article
Fundamentals of State-Space Based Load Flow Calculation of

Modern Energy Systems *

Tobias Blenk *© and Christian Weindl *

Institute of High Voltage Technology, Energy System & Asset Diagnostics, University of applied Sciences Coburg,

96450 Coburg, Germany

* Correspondence: tobias.blenk@hs-coburg.de (T.B.); christian.weindl@hs-coburg.de (C.W.)

t This paper is based on the mathematical description puplished at 2022 International Conference on Diagnostics
in Electrical Engineering (Diagnostika).

Abstract: Our current energy landscape is ever-changing, resulting from the ongoing energy transition
and introducing a massive expansion of volatile generation feed-in and energy consumption (due
to electrification). In turn, the energy supply’s requirements are also being affected. In this context,
the energy system’s optimisation across all sectors will only grow in significance, especially in terms
of future developments. Facilitating and researching methods for carrying out the aforementioned
optimisation creates new demands pertaining to load flow simulation programmes. The volatility of
specific participants and their interactions within existing power grids must be evaluated, wherefore
the consideration of a large number of time steps but also dynamic simulations becomes inevitable.
Carrying out such simulations is possible but very time-consuming. This article compared a variety
of conventional load flow simulations such as the current iteration and Newton—-Raphson methods
and also introduced a novel, state-space based calculation approach, which boasts the potential of
structurally increasing simulation speeds. Each of the method’s underlying principles, requirements,
and mathematical correlations will be discussed and explained. In the second part of this article, the
most important state-space equivalent circuit models of critical operating equipment are introduced.
check for These models are essential for carrying out load flow simulation tests for an exemplary test network
updates but could also be used for dynamic purposes. The previously showcased load flow methods were
Citation: Blenk, T; Weindl, C. applied to a test network, with which the simulation methods should be validated. The results show
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conventional load flow simulations, especially for the analysis of complex, time series-based, and
intelligently controlled smart grid power systems. In this context, the direct application of system
theoretical methods for stability calculations, controllability, and dynamic system studies is to be
Academic Editors: Vedran Kirincic, mentioned. Optimisation options regarding the processes within the state-space calculation software

Tomislav Plavsic, Vladimir Valentic still promise further significant increases in performance.

and Marko Mimica

Received: 20 May 2023 Keywords: state-space; load flow; simulation; energy; gird
Revised: 13 June 2023

Accepted: 14 June 2023

Published: 22 June 2023

1. Introduction

Energy systems are in a constant state of transformation, moving away from a uniform,
centralised, and predictable structure towards a decentralised, highly volatile, complex
structure. This complexity transfers to the simulation models, in which the assumption of
continuous consumption and generation no longer applies. The variable feed-in resulting
from the increasing use of renewable energies, such as wind or PV, as well as the dynamic
conditions of the Creative Commons CONsUmMption behaviour resulting from new technologies, such as e-mobility and heat
Attribution (CC BY) license (https://  Pumps, must be taken into account. The increasing number of harmonics, arising from the
creativecommons.org,/ licenses/by/ increased use of inverters, must also be accounted for [1]. The loading behaviour can be
40/). considered by using standardised load profiles or by including measured time series in the
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simulation models. This enables the modelling and predicting of the network behaviour for
different conditions. In modern load flow simulation programs, well-known methods, such
as Newton—Raphson, are usually used. These methods allow the calculation of all network
conditions by solving a system of equations. However, the algorithms used to solve these
systems of equations have a certain weakness, especially regarding simulations with large
sets of load profiles. The repetitive process of establishing matrices for each time step takes
its toll and increases the required simulation time. Frequency-dependent simulations, such
as those needed for the evaluation of inverters, also require other substitute models and
calculation methods. In this paper, a calculation method is presented that is intended to
meet the requirements of modern load flow problems.

2. Energy Grids

The existing grids have grown historically and have a clear structure in which the
energy is generated at the highest voltage levels (high and extra-high voltage) and then
distributed to the lower voltage levels (medium and low voltage). A distinction is made
between the transmission grid (110 kV to 380 kV) and the distribution grid (230 V to 110 kV).
The electrical energy was mainly generated in large power plants, which were primarily
built in places with corresponding loads, often heavy industry around mining and the steel
industry. This explains why, for example, the majority of German power plants are located
in the west (NRW) or in the east (Brandenburg). The ever-increasing interconnection of
the systems was intended to increase system reliability in addition to the actual energy
transport. The main task of the grids was and is to ensure security of supply, system
reliability, and stability. In addition, transmission losses should be minimised. In order
to ensure high quality, reliability, and safety in electricity transmission and distribution,
the grid operators continuously take measures to keep the frequency, voltage ,and load
of the grid resources within the permissible limits or to return them to the normal range
after malfunctions.

2.1. Feed-in from EEG Plants

New laws, such as those based on the European Green Deal, are changing the way we
generate energy, but also how we consume it. For example, since the introduction of the
Renewable Energy Sources Act (EEG), which has been in force by law since 2000, the supply
structure in Germany has visibly changed. Renewable energy systems are increasingly
feeding into the grids. Out of the 123.5 GW (as of June 2020 ), 63% of the systems feed their
energy primarily into the lower grid levels. High levels of regenerative feed-in within the
lower voltage levels can lead to an increase of energy feed-back into the higher voltage
power grids, where power is then horizontally distributed. This behaviour is prevalent
up to the 110 kV grid which, in contrast to the extra-high voltage grid, is increasingly
developing into a distribution grid, often of cable design, as a result of the increasing load
densities in large cities [2].

At almost all voltage levels, a large share of energy is being generated by volatile
systems (such as wind or PV generators). As a result, one can also speak of an ongoing
weather-related transformation, where energy is increasingly being distributed horizontally
instead of vertically. One consequence of these horizontal energy transfers is increased
distribution grid losses, which on the one hand influence grid stability and on the other
hand lead to an increased load on the grid elements, such as lines, transformers, etc. Wind
and PV systems, in particular, are increasingly posing problems for grid operators, as the
grids have to be expanded so that they can endure the maximum load of the systems, which,
however, only arises on rare occasions over the course of a year. The annual monitoring
report of the Federal Network Agency provides a good overview of the state of the grids [3].
Comparing the reports for the years 2012 and 2022, one can see the problem of increasing
structural change. The net generation volume remained almost constant at 551.3 TWh but
generation from non-renewable energy sources fell by 104.6 TWh during this period. In
the same period, however, the amount of energy withdrawn also fell by 39.1 TWh, which
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led to an increase in electricity exports by 32.3 TWh and grid losses by 6.3 TWh due to the
increased distribution demand. As a result, the outage work due to redispatch has also
increased significantly. The work lost due to redispatch measures was 2.7 percent (2020:
2.8 percent) of the total annual energy fed into the grid from plants that are entitled to
payment under the EEG (including direct marketing) [3].

2.2. Possible Trends in the German Power Grid up to 2050

According to the EEG 2023, 80% of the electricity supply shall come from renewable
energies by the year 2030. Assuming further electrification of transport, heat, and industrial
processes will result in an annual energy demand of up to 600 TWh. To achieve this, energy
generation from PV plants is to be increased to 215 GW, onshore wind plants to 115 GW,
and offshore wind plants to 30 GW [4]. To reach these goals, the grids must be expanded
in the first place. However, methods must also be developed to ensure the stability of the
grids in the face of numerous volatile generators. Several scenarios for a possible grid
expansion were simulated in the dena distribution grid study [5]. In the process, further-
reaching measures and their effects on grid expansion costs were also examined (see
Figure 1). “In the potential assessment, only the impact on the grid investment requirement
was determined. Additional expenses, for example, for maintenance, operation, or the
construction of storage facilities, were not taken into account. It should also be noted that
the potentials of the individual options cannot be added together” [5]. This means that, in
all scenarios, the avoided investment costs could be compensated or even exceeded by the
additional operating costs. In addition to grid expansion, various control and optimisation
methods were also examined.

M Use of innovative network resources Grid-driven load control
Adaptation of the tech. regulations m Reduction of elect. demand
Regulation of RE peak production  m Market driven load control
Grid-driven use of storages W Market-driven use of storages
Foresighted network planning
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Figure 1. Variant calculation for different technical options in the electricity distribution grids until
2030 [5].

2.3. Grid Stability with Increased Use of Distributed Energy Systems

With the increase of renewable energy systems, the number of inverter systems con-
nected to the grid also increases, which leads to a reduction of the grid quality due to the
increased harmonic components, as already mentioned in the introduction. One of the
reasons for this is the non-constant grid impedance. On the one hand, it depends on the
node under test and the equipment connected to it. On the other hand, the equipment and
the capacitance and inductance within it are also responsible for the fact that the network
impedance is also frequency-dependent. Finally, it is also dependent on the connected
loads and generation plants and their working points. Finally, the changing grid impedance
is responsible for the fact that the filter resonance frequencies of the inverter systems shift
and, thus, the grid disturbances become larger and thus the grid quality decreases [6,7].
According to [7], this can lead to serious effects up to the destruction of inverters or other
plant components in weakly damped resonances between inverters and the grid or between
several inverters.
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According to [6], it can be assumed that problems with resonance points will tend to
increase in the future as the proportion of capacitive elements in the grid increases. This
is due to the increasing use of cables, and the resulting much higher operating capacity
compared to overhead lines. The second trend is the increased use of power electronics
and the associated filter circuits. For economic reasons, smaller coils and larger capacitors
are increasingly being installed in these filters. These capacitors therefore also contribute to
an increase in the capacitive component of the network impedance, which, in conjunction
with the inductance of the network, leads to resonance points.

3. Algorithms for Load Flow Simulation

It is becoming apparent that the feed-in behaviour into the grids is becoming in-
creasingly volatile, supported by various technologies with a wide variety of generation
behaviour. Consumer behaviour is also changing, particularly influenced by electromo-
bility and heat pumps. In order to prepare the energy grids for these requirements, a
deeper understanding of the interactions between generation and consumption is needed,
especially with regard to avoiding expansion efforts. This increases the necessity for simu-
lations based on time series, which can span from 1 s up to several hours, depending on
the requirements. The duration of the time series can ultimately be up to several years.
Simulations over a whole year are certainly useful for examine the effects of the different
seasons. Using the example of a time series over a year with a resolution of 10 s, this would
mean that the simulation would have to be repeated 3,153,600 times. This can take up
to several hours, depending on the degree of optimisation of the load flow program and
algorithms used. Time series smaller than 1 s are also possible, but it has been shown that
the static network behaviour can be simulated sufficiently accurately here. More precise
simulations, such as those required for recording the network quality, should be carried out
dynamically in the time domain. Simulations in the state-space offer good prerequisites
for being able to carry out both time series simulations and dynamic simulations with
effective values (RMS) and transient values (EMT) in real time. In comparison to common
solution algorithms, the load flow simulation in the state-space shows the potential for
speed optimisation, as will be shown below [8].

3.1. Mathematical Models Using an Admittance Matrix

A variety of methods for solving load flow problems can be found in the literature.
The most common systems are the current iteration and the Newton-Raphson method,
which are used to solve mathematical network models with an admittance matrix.

3.1.1. Setting up the Equation System

To set up the admittance matrix according to the node voltage method, all operating
impedances of the network representation must be converted into admittances. In the
single-phase network of Figure 2, the neutral conductor (N) is numbered 0, while all other
nodes are numbered from 1 to n. The elements of the admittance matrix are calculated
using the node voltage method. The network contains 7 + 1 nodes including the neutral
conductor (N). In addition, an arbitrary reference point is chosen, which must neither be
part of the network nor connected to it via passive components, e.g., a local earth electrode.
Each node is assigned a node voltage which is referenced to the selected reference point.
The current flowing from each node is positively registered and can be expressed by the
node voltages at both ends of the current path and the admittance in between [9].

When using the node voltage method, it is advantageous to use PI equivalent circuits
to replicate passive equipment (transmission lines and transformers) instead of T equivalent
circuits. This avoids the formation of additional nodes, which would increase the order of
the equation system [10].
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Figure 2. Creating the admittance matrix using the example of a mesh with the nodes i and k.

By applying Kirchhoff’s second law, the node current for each node can be calculated

as follows:
n

Y Li=Lo+In+...+Li+...+L,=0. 1)
k=0
The current flowing through the branches of the network can be calculated as shown
in (2)
Lig = Y- (Vi = V). @)

In summary, the current of each node can be expressed as a function of the voltages of
the neighbouring nodes and the corresponding admittances of the branches, as shown in
(3). This principle can be applied to all nodes of the network and used to set up a system of
equations describing the node currents.

Yoo Yo Yoo - Yo .. Yoy Yy Ipg

Yio Yiu Yo oo Yy oo Xy, vy I
: : : : : ' : - : ®)

Xn() an XnZ s Xm' s Xnn Zn lnn
Y V=1L 4

Y stands for the square admittance matrix, V represents the vector of node voltages
and I the vector of node currents [9]. If there is no connection between two nodes, the
corresponding element in the admittance matrix is zero [10]. Equation (5) applies to the
admittance matrix formed in this way.

detY = 0. 5)

If the condition shown in (5) is fulfilled, this means that the system of equations
cannot be solved uniquely. However, this can be worked around by choosing a suitable
reference node (e.g., node 0 in Figure 2) and reducing the system of equations so that it
transformed from a singular to a regular matrix. Unfortunately, this procedure often leads
to ill-conditioned matrices. Nevertheless, the system can be further reduced by choosing
another, arbitrary node as a constant-voltage node, so that it becomes solvable. In (6), this
was achieved by using node 0 as the reference node and node 1 as the constant-voltage
node [9].

Yoo o0 XYy o0 Yo V,-V Iy +Y50- V,
Y3 o Yz oo Ygy V-V, I3 +Y3- V3

. . . . . (6)
XnZ e Xm' Xnn Vn - Kl lnn +Xn0 'Zn'
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The solvability of the equation system can be guaranteed by implementing the algo-
rithms mentioned above.

3.1.2. Current Iteration Method

The current iteration method is a simple algorithm that determines the load flow
of the system with a desired accuracy by including the specified node powers using
iterative calculations of the corresponding currents and voltages of each node [2]. The node
current can be calculated by dividing the complex conjugate apparent power and voltage
at each node. gt

(v) _ 2N,
LY = Vi @)

Furthermore, an improved node voltage can be determined iteratively for each itera-
tion step v via (4) [2]. When additionally considering the slack node (balance node), the
equation system expands to

Y, Y,]- {Lﬂ ~1. ®)

The equation system in (8) can be solved with the Jacobi method (total step method)
as shown in (9).

w+) _ 1 |P—jQi ¢ (v)
S o ©)
UV 74 k=1
" : ki
Alternatively, the same can be achieved with the Gauss-Seidel method (one-step
method), which is shown in (10).

I<

wiy _ 1 [ P—jQi S ) | | ()
= o T Yl - ) Yalo (10)
ii Kz’ k=1 k=i+1

With the one-step method, the improved node voltages of the previous iterations are
taken into account in the calculation of the subsequent iterations. This leads to faster con-
vergence.

However, generators have not been included in Equation (9) or Equation (10) until
now. Unlike loads, a generator tries to adjust its node voltage to the generator nominal
voltage Ug y at a given nominal active power Pg . Since it can be assumed that the newly

calculated voltages ’Vi(v) ’ deviate from U y, a correction step must be carried out to correct

it. For this, Equation (8) is extended to (11), whereby the nodes are separated into load (/)
and generator (g) quantities [9].

u
AN »
Y Y Yy ;f I.

For the correction of the node voltage, the absolute value of the node voltage is first set
to the nominal generator voltage. For the angle, it is assumed that the calculated generator
angle corresponds to a better approximation. Thus, the new node voltage at the generator
results in

v — 4% (12)

1

Since the voltage changed in this way also has an effect on the neighbouring nodes,
these must also be corrected according to (13).
w_ 1 (Pl,i —jQui

_ W) )
= — -Y, Vo' =Y U ). (13)
Xll ‘/l,l lg g Is*s

<
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Finally, from the results obtained this way, the new reactive powers of the generators
can be calculated according to (14).

u;
Q((gv) =Im Xg) [ng ng Xgl:| KZ' . (14)
vy

The new results for the voltages and powers can now be inserted back into
Equations (9) and (10), respectively. The iteration is stopped when the desired accuracy is
reached. Both the voltage change and the power deviation (the deviation of the calculated
power from the nominal power Py) can be used as termination criteria, as shown in (15)
and (16) [11]. The entire procedure can be taken from Figure 3.

]ﬂmtyﬁgs (15)

’A”EM)‘ = [P - Pi(wl)’ = (16)
1 1
[ag Y] = |oni - Y| < eo
The most important properties of the current iteration method are:

¢  Low convergence speed, i.e., many iterations are required until a sufficiently accurate
solution is found;

*  The number of iterations required depends on the network size and increases with the
number of nodes;

*  The inclusion of generator nodes is complex;

e  High radius of convergence; even a poor initial prediction leads to a solution;

*  Easy to program;

*  Constant system matrix, which, unlike each iteration step, only needs to be built or
inverted once.

Particularly in large networks, current iteration has convergence problems, so it is
generally used less often today. Instead, the Newton—Raphson method is used [11].

Initial values

Calculation of the
node currents

Calculation of the
node voltages

Correction of generator
and load voltages

Correction of the
node powers

Calculation of the
slack outputs

v o)

— max(y, u, )<8

Figure 3. Flowchart of the solver algorithm for the current iteration method.
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3.1.3. Newton-Raphson Method

Newton’s method allows the approximation of non-linear functions with several
variables. In the case of power flow analysis, these variables are represented by the
equations for the node powers, which depend on the voltages applied to each node.

Si= f(V1, Vo, Vs,..., V). (17)

In general, the following applies to the active and reactive power at each node.

n
Si =P —jQi=VL=V") YaV, (18)
k=1
with
V= Vie*j‘si
Vi = Vel (19)

Vi = Yye 1Ok,

Separating (18) into its real and imaginary parts yields to (20) and (21).

n
P; = V;ViYiicos ©; + Y ViVi Yy cos(®y + 6; — 5) (20)
k=1
ki
n
Qi = ViViYiisin®;; + ) ViViYisin(@j + 6 — d). (21)
k=1
ki

The previous equations apply for i = 2,3,4,...,n, since i = 1 represents the slack
node. To be able to solve these non-linear functions, they are expanded in a Taylor series,
which is terminated after the first derivative (22). This transforms the non-linear load flow
equations into a linear system of equations. The following recursion formula can be derived
from the Taylor series, which is set up around an operating point x(%).

D) () a0 — 4 (0) _ [f’ (x(o))} -1 _f(x(o)), (22)

This concept is applied to the equations for active and reactive power. The start vector
U is used for the expansion of the Taylor series.

op o (9% 9F; Ll ap;
PZNPZ+<852>A52+...+(852>+A5n+<aV2)AV2+...+(aVn AV, (23)
0. 1 (99 9Qi 0Q; 90;
QINQ1+<852>A52+...+<852 A5+ (G |+ (G AV @Y

The deviation between the calculated and the specified active and apparent power of
each node for the selected starting vector is shown in (25) and (26).

AP; = Py ; — P (25)

1

AQ; = Qu,i— QY. (26)
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The count variable v is used to specify the iteration step of the recursion process.
Applying all the previous steps for each node of the network leads to the system of
equations in (27a), respectively (27b).

(@) &) @) (B Jrang am s
: ‘ . : :
ER) e (E) L (R) o ()l an | | an | g
(a%z) aa?,f | (8%) 3% AV, AQ,
. . . ‘ . . . : :
: K : ! : K : : )
(%) ()06 - () [P0 R
] - AX~Z. (27b)

If there are generator nodes in (27a), due to the condition that the generator voltage
is constant, the corresponding line in the lower section can be deleted and the condition
AlUg = 0 can be set up.

In (27b), AZ is the vector of the power deviations AP,AQ;, AX is the vector of the
deviations of the node voltages and J, the so-called Jacobian matrix, which can also be

represented as follows:
J= [ Juo IZ } (28)

The diagonal and non-diagonal elements of the submatrix J; of the Jacobi matrix are
calculated as follows [12]:

) n
% = =) ViViYisin(@y + 0 — ) fork = i (29a)
i f—
i
JdP;
675; = ViV, Yy sin(@y + 6; — 6;) fork # i. (29b)

The diagonal and non-diagonal elements of the submatrix J, of the Jacobi matrix are
calculated as follows:

1 n
% =2V;Y;icos(O;) + Y ViYikcos(Oy + 6 — &) fork =i (30a)
i =
i
P, |
3V, = V;Yi cos(@y + 6; — ) for k # i. (30b)

The diagonal and non-diagonal elements of the submatrix J3 of the Jacobi matrix are
calculated as follows:
0Q; " .
= ViVi Y cos(®y + 6; — 6¢) fork =i (31a)
0, =
ki

= —ViVi.Yi COS(@ik +6; — (Sk) fork # i. (31b)

0Q;
30,
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The diagonal and non-diagonal elements of the submatrix J4 of the Jacobi matrix are
calculated as follows:

20Q; 1
a(‘Q/l =2ViYj; Sin(@ii) + 2 ViYie sin(@ik +0; — (5k> fork=1 (32a)
i =
i
g%’ = V; Yy sin(@y + 6; — &) fork # 1. (32b)
k

Solving the load flow problem with the Newton—-Raphson method requires several
steps. First, assumptions are made about the initial conditions of the variables U and ©.
The nominal voltages of the nodes with a phase shift of 0° are often suitable for this (the
so-called flat start). The following steps are repeated iteratively until the power deviations
AP; and AQ); are smaller than a predefined accuracy €. One of these steps to be repeated
is the calculation of the active and reactive power of the nodes, as shown in (20) and (21).
The results are used in (25) and (26) to calculate the power deviations of the individual
nodes. If the desired accuracy has not been achieved, the voltage deviation is calculated by
transforming (27b) as follows:

AX = AZ-J7 L (33)

The node voltages are corrected and used to calculate the improved node performances
of the next iteration. This process is repeated until the desired accuracy is achieved [10,12,13].
The entire process can be seen in Figure 4.

Initial values

2

— Calculation of the voltage matrices

|

Calculation of the node powers

|

Calculating the Jacobian matrix

|

Calculation of the difference between the
setpoint and actual values of the powers,
calculation of the angle and magnitude
differences and calculation of the new
voltage values

}

M _g ’ e Calculation of all line currents and
= = power flows across the lines

Figure 4. Flowchart of the solver algorithm for the Newton-Raphson method.

The most important features of the Newton-Raphson method are:

¢  Complex programme structure;

¢  System matrices are usually highly overdefined. A network with N nodes has 2(N — 1)
equations;

e  Iterative recalculation of the Jacobian matrix required after each iteration step (very
complex and time-consuming);

*  Bad starting conditions can make convergence impossible;

e  Fastiteration (approx. 3 ...5 steps);

*  Number of iterations is independent of the system size.

The equations shown above can also be set up in Cartesian form but the integration of
the generator nodes, similar to the current iteration, is somewhat more complex, since the
node voltages must be corrected here as well. However, the Newton-Raphson method in
the Cartesian representation offers the following advantages [11]:

. The Jacobian matrix is easier to set up;
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*  The gradients of quadratic instead of trigonometric functions can be formed;
*  The radius of convergence is larger.

3.2. State Space Modelling and Analytical Solution Methods

First, the network to be analysed is translated into the state-space by setting up the
system’s corresponding network and node equations. This process is more complex than
setting up the admittance matrix. First, the complete tree of the network must be established,
upon which the state variables and the system matrices are obtained according to Figure 5.
This process can be carried out with fundamental network analysis methods, such as those
described here [14] or here [15].

A
o—2 Blz'fz C —o—ts

D

Figure 5. Signal flow diagram of the state equations. It illustrates the relationship between the signal
input and output vectors, the internal states z, as well as the system matrices A to D.

For very simple systems, such as those shown in Figure 6, the derivation of the
corresponding differential equation system can be easily performed by hand. Under the
premise that the energy stores in the system are linearly independent, the order of the
differential equation system is equal to the number of energy stores. In most electrical
power systems, at least some of the energy storage devices are interdependent. Therefore,
the physically exact and necessary system representation can be derived by reducing
the system to the rank of the analysed network. In this way, the system model becomes
analytically solvable and minimal simulation times are obtained. By applying a systematic
mathematical approach, the generation of system matrices in their minimal form is ensured
and can be automated.

Furthermore, the derivation of the state space equations is realised in symbolic form,
which enables the variation of system parameters without having to rebuild the system
matrices for each time step. The basic principle of the methodology is explained below
using the very simple example network shown in Figure 6.

0

%‘Q . T

Figure 6. Simple example system to illustrate the derivation process of the resulting differential

equation system (energy storage: L, C—state variables: ij, uc).
Using Kirchhoff’s laws, a network analysis leads to the following differential equations:
u0:R~iL+Mc+XL'l:L (34)

. : 1 1
10——1L+qu~uc+xfc-uc, (35)
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which are used to set up the corresponding systems of equations. All impedances are
normalised to the fundamental frequency w. Therefore, the time variable is formally
extended by the fundamental frequency,

u(wt) R z(wt) X z(wt)
— ———— ———
Up | R 1 iL XL 0 iL
o] =5 a0 ] 9

This system description can also be represented in matrix notation as follows:
u(wt)=R-z(wt)+X- z(wt). (37)

To solve this system, the implicit system representation from (37) can be converted
into the explicit system representation (38) by means of a coefficient comparison.

z(wt) = A - z(wt) + B - u(wt), (38)
where
A=-R-X!
B=X1L

This is the standard form for the differential equation system. Applied to Equation (37),
according to [16], one obtains

z(wt) A z(wt) B u(wt)
—~ = — = —T—
iL . —R/XL —1/XL iL + 1/XL 0 up (39)
ic| Xc _XC/Rq Uc 0 Xc iol|

With the help of the differential equations from (39) and suitable solution algorithms
(e.g., Runge-Kutta method, Adams-Moulton method, Adams-Bashforth method, etc.), the
system states of the given network can be calculated in the time domain in order to be able
to simulate, e.g., transient or switch-on processes.

If these equations are transferred with

Z(t) = jw - z(wt) (40)

to calculate the load flow in the stationary (steady-state) operating case resulting from the
mains-frequency supply, the solution of the system of equations can be further simplified.
The time-dependent solution is thus transferred to a complex system of equations:

Z= — U (41)

The matrices A and B represent the system impedances, E the unit matrix, u the vector
of the sources, and z the vector of the state variables of the system. This also makes it
possible to analyse the frequency behaviour of the circuit, as is necessary, for example, for
the harmonic analysis of frequency converters.

With Equation (41), it is also possible to perform load flow simulations in the state-
space. In the undisturbed case, it can be assumed that f = 50 and, therefore, w = 100 - 7
applies. This simplifies the equation to

z=K-u (42)

Assuming that the impedances of the system do not change due to, e.g., switching
operations, it is possible to solve the load flow equation with only one mathematical
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operation for each different load situation. As already mentioned, the bfu vector contains
all sources of the system and thus also all controlled systems according to (47) or (48),
which can be solved iteratively, as also described on page 14. The termination condition is

max(‘gv —u'! D < €. (43)

It is advantageous that the vector is set up in symbolic form, as this means that it does
not have to be set up anew with each iteration, but only the new values have to be assigned
to the corresponding variables. The sequence of the load flow simulation in the state-space
is shown in Figure 7. It can be seen that only two calculation steps are necessary for the
simulation. Without controlled systems, the entire calculation is even reduced to only one
calculation run, which is less than with the other methods presented and is thus a possible
alternative to shortening long time series calculations. With four to seven repetitions, the
number of required iteration steps is also low.

Initial values

}

Calculation of the system
impedance K from A and B

.

— Calculating the state variables

!

Calculating the sources u

V

Output of the state

I max(|u"’)—u(”’”|)<g —_— X
= = variables

Figure 7. Flowchart diagram of the solver algorithm for the load flow simulation in state-space.

The most important characteristics of the state-space method are:

*  The state-space matrices provide a system representation of the physically minimum
valid order;

¢ Direct system-theoretical solution of the load flow problem -> minimum of calculation
operations and calculation times;

*  Since the differential equation systems are available, it is possible to switch between
static and transient simulations at any time without having to recalculate the system;

¢ Very good convergence properties;

*  System matrices enable the implementation of control structures with increasing com-
plexity (Al or agent system-based strategies for controlling smart grid systems, etc.).

4. Simulation of Basic Network Resources in State-Space

For the simulation of electrical networks in the state-space, a wide range of different
components are required, whose physical properties should be simulated as realistically as
possible. In order to be able to guarantee the greatest possible flexibility, all assemblies can
be simulated in a specially developed program from the basic elements R, L, and C, the
ideal transformer, as well as voltage and current sources. The four most important modules
necessary for the load flow simulation are presented in the following.

4.1. Loads

All loads are electrical energy converters that draw electrical energy from the grid.
A distinction is made between regulated and unregulated loads or consumers with or
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without constant power consumption. Unregulated equipment generally does not have
a constant power consumption, such as toasters or other heating systems, because their
power consumption depends on their internal resistance and the grid voltage applied at
the connection point (see also Figure 8).

Ucria
s==2 (44)

1

L R

R

Figure 8. Simulation of a load, without regulation (simplified single-phase equivalent circuit).

Regulated loads, such as all modern switched-mode power supplies, on the other
hand, can keep their power consumption constant over a wide voltage range, which can,
however, also lead to increased load currents in mains areas with lower voltage. In both
cases, the load can be simulated by an R-L element, through which the nominal power can
be taken from the grid at nominal voltage.

In order to be able to simulate a control system, a controllable source must be added
to the circuit from Figure 8, as shown in Figure 9. The source can be either an ideal voltage
or an ideal current source. Depending upon which type of source is chosen, different
calculation methods result. The voltage and current meters represent the system variables
needed for the calculation.

L R

o — Il
O,

Figure 9. Simulation of a controlled load (simplified single-phase equivalent circuit).

If the load is simulated via an ideal voltage source, the following formula results:

u—v—(”ﬂf%~m+ﬂﬂf (45)

While choosing for the ideal current source, the equation is as follows:

(Pn +jON)"
R

I= (46)

In both equations, Py and Qp are the predefined powers that are to be set at the load.
Note that V can only be considered constant when the load is connected to a rigid source.
In all other cases, it changes depending on the series resistor and load, which makes it
necessary to solve the equations iteratively. Under this condition, Equations (45) and (46)
result in:

U = y-n _ (P Nvt JAN (R4 jL)) (47)
IV = M, (48)

yv-1)
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where V(0 = Uy - e/ and where Uy is the nominal voltage of the node and v represents
the iteration step, starting at 1. Comparing Equations (47) and (48), it is immediately
apparent that loads with a constant current source should be preferred, as the resulting
equations are less complex. In special constellations, however, it is necessary to use loads
with voltage sources in order to be able to set up the equation system.

By varying the stored formulas, which influence the source currents or voltages, a
wide variety of equipment can be simulated, from generators to power storage units, as the
impressed currents can be both positive and negative.

4.2. Transformers

Transformers are essential for transmitting energy with as little loss as possible over
long distances. Depending on the requirements, they can be constructed and internally
connected in different ways. The single-phase equivalent circuit of a transformer according
to Figure 10 takes into account the copper and stray losses of the primary side as well as
the variables of the secondary side related to the primary side, as well as the core losses

and the transformation ratio.
1/tr :

Figure 10. Single-phase equivalent circuit diagram of a transformer.

L

R L, R,

ol

’

The elements of the equivalent circuit can be determined from the real transformers
short-circuit and open-circuit measurements. The copper and stray losses can be determined
from the short-circuit measurements according to (49) and (50).

uZ
R= NslN tr (49)
UIZ\,1 u,% u?

Here, Uy is the nominal voltage on the primary side, uy is the referred short-circuit
voltage in percent, u, is the referred ohmic short-circuit voltage in percent, and Sy is the
nominal apparent power of the transformer. Without further information, the short-circuit
reactance can only be divided arbitrarily, since the currents of both windings are always
involved in the leakage field. Usually, half of it is assigned to each winding [17]. Since
the short-circuit resistances are often not measured separately, a similar approach must be
taken here so that the following applies

1

Ri=R, = SR (51)
;1

L(71 == L(TZ == ELU (52)

From the open-circuit measurements, the elements of the cores can be calculated
according to (53) and (54).

Ry, = Uiz Pre (53)
(io - SN)2
Uz, -+/(io - Sy)* — P2
Lh _ N2 ( 0 Yl) Fe (54)

(io - Sn)*
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with

Unp = Rated voltage of the secondary side (V)

Pr, = Iron losses (W)

igp = Referred open circuit current (%)

Sy = Nominal apparent power of the transformer (VA).

The transmission ratio tr of the ideal transmitter T, which is still to be determined, is
calculated from the nominal voltages as follows:

s Un
ii=———-e)? (55)
Un2
Here, ¢ is the phase shift of the secondary voltage to the primary voltage. It usually
results automatically from the wiring of the transformer (see Section 4.4), but must be taken
into account in the single-phase model.

4.3. Cables and Overhead Power Lines

The overhead lines required for energy transmission can be generally simulated using
the Il equivalent circuit diagram in Figure 11 for the case of a symmetrically constructed
and operated system. The prerequisite here is that the line length I per IT element does
not exceed 150 km, as otherwise distortions in the transfer function occur. However, long
distances can be realised quite simply by connecting several I1 elements in series. Only in
the case of fast transient processes should the wave equations be used [2].

Figure 11. Single-phase equivalent circuit diagram of an overhead line.

with

R’ = Resistance coating (()/km);

L’ = Inductance coating (H/km);

C(, = Operating capacitance coating (F/km);

G’ = Leakage coating (2/km);

I = Length (km).

This equivalent circuit can be simplified in many cases. In the range of the grid
frequency, 1/ (wCp) < 1/G' usually applies for the transverse impedances, which is why
the leakage resistance G’ can be neglected. Assuming a steady state, the impedances can
also be assumed at a constant angular frequency for a simpler simulation (here, w = 100 - 7).
For high-voltage cables, it can additionally be assumed that R’ /wL’ < 0.3 applies and thus
the longitudinal reactance can be neglected, resulting in the equivalent circuit diagram
according to Figure 12.

X, -1
e R .
| 1

= EX('.-l:

|
e
I
1

Figure 12. Single-phase equivalent circuit diagram of a high-voltage overhead line.
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A simplified equivalent circuit can also be used for the medium-voltage and low-
voltage overhead lines. Unlike with the high-voltage lines, however, the longitudinal
reactances cannot be neglected here, but the operating capacity can, since this becomes
much larger than the other elements due to the shorter distances. This results in the
simplified equivalent circuit diagram in Figure 13.

X, -1 R

— -

Figure 13. Single-phase equivalent circuit diagram for an MV or LV overhead line or cable.

For cables, the corresponding parameters are determined differently than for overhead
lines but a similar equivalent circuit results here as well. Only the leakage resistance is
omitted here. Thus, medium-voltage cable results in a single-phase equivalent circuit as
shown in Figure 14. For low-voltage cables, this equivalent circuit can also be simplified,
since the operating capacitances can be neglected due to the low voltage. The corresponding
equivalent circuit diagram can be seen in Figure 13 [2]. The values for the components can
be taken from various cable manuals, e.g., [18].

X, 1 Rl

o ()

%X;.«Z:: %X;,-l:

I

Figure 14. Single-phase equivalent circuit diagram for a medium-voltage cable.

4.4. Symmetrical and Asymmetrical Simulation

In the case of an asymmetrical simulation, the procedure is the same as for a symmet-
rical simulation. In the asymmetrical simulation case, the single-phase models are replaced
by three-phase models, effectively tripling the number of substitute elements, as shown in
Figure 15.

X, R

\% X, R,
|

\ X5 R,

A

OO

Figure 15. Three-phase simulation of a PQ load for a state-space based simulation.

A great advantage of this type of modelling approach is the possibility of being
able to replicate transformers correctly, merely by means of the wiring. The transformer
in Figure 16 is simulated by three single-phase transformers (see Figure 10), which are
connected accordingly. In this way, the desired behaviour is simulated without further
intervention. Through the additional connections at the midpoint tap of the star side, a Dy5
and a Dyn5 can be simulated simultaneously with one model. The earth resistance can also
be varied as desired.
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7"1 ‘
TZi
T
‘ I

Figure 16. Three-phase simulation model of a DY5(n) transformer.

In overhead lines or cables, it is also possible to better represent capacitive and induc-
tive couplings and the behaviour in the event of short circuits, for example. An example of
a medium-voltage cable can be seen in Figure 17.

X1 R
!
Cufa’!

L

T X, R'2~l T

IR L -
o

T X, R

Figure 17. Three-phase equivalent circuit diagram of a cable.

Cray’

Jli"

5. Comparison of Newton—-Raphson Simulation and State-Space-Based Load
Flow Calculation

For the calculations of the load flow simulation in the state-space, a program was
developed in Matlab, which carries out the required simulation steps. In order to compare
the accuracy and speed of the simulation with the other two algorithms presented, MAT-
POWER [19], an open-source software based on various Matlab scripts, was used. As a
test network, the case “case22” was selected, a system provided by MATPOWER based
on [20]. This grid was also recreated for the StateSpace simulation in the Schematic Editor,
a graphics editor developed specifically for this purpose (see Figure 18).
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Figure 18. Examined example network, based on [20].

For all three simulation methods, an accuracy of € = 10~ was chosen as the termina-
tion criterion. In order to be able to compare the results with each other, the differences
of the calculated powers at the loads, between the programs and between the program
results and the power setpoints were formed. The current iteration method could not be
taken into account, as there was no convergence even after 500 iterations. The results of
the remaining methods can be seen in Table 1. The precision with which the target output
values are reached is clearly evident for both programs, thereby validating the state-space
calculations. Furthermore, the largest voltage and power deviations amount to 2 nV, 67 nW,
respectively. The scale of these results suggests that the deviations are negligible and can
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be disregarded without committing a significant error. The state-space method is able
to achieve the aforementioned levels of accuracy after only a few iteration steps. How-
ever, there is still great potential for optimisation within the StateSpace program structure,
which should enhance the simulation performance even further. A clear advantage for
the method in the state-space is the possibility to seamlessly switch from the load flow
simulation to a time domain simulation, which can definitely be advantageous for future
requirements, whereby the load flow simulation in the state-space could establish itself as a
good alternative.

Table 1. Comparison of simulation results between the StateSpace and the Newton-Raphson algorithms.

Difference State-Space — MatPower

Bus_ID P (W) Q (VA) U (V)

1 4.011 x10~° 1.978 x10~? 0

2 —1.700 x10~? —2.100 x10~? 0.810 x10~?
3 —1.401 x107? —1.699 x10~? —0.149 x107?
4 —7.502 x10~? —8.397 x10~? —0.960 x10~?
5 —3.200 x10~? —2.699 x10~? —0.446 x10~°
6 —2.401 x10~? —3.200 x10~? —0.3402 x10~?
7 —1.959 x10~°? —2.599 x10~? —0.411 x10~°?
8 —3.200 x10~? —4.198 x10~? —0.429 x10~°
9 —7.596 x10~° —9.899 x10~° 0.408 x10~?
10 —5.601 x10~° —7.200 x10~° —0.799 x10~°
11 —8.800 x10~? —10.601 x10~? —1.493 x10~°
12 —8.900 x10~? —10.699 x10° —1.166 x10~°
13 —51.907 x10~? —44.805 x10~° —1.483 x107°
14 —28.696 x10~? —24.400 x10~? —1.4315 x10~°
15 —29.002 x10~? —24.698 x10~? —1.804 x107°
16 —67.303 x10~° —58.004 x10~° —1.8135 x10~°
17 —43.598 x10~? —41.597 x10~° —2.097 x10~°
18 —43.801 x10~° —41.699 x10~° —1.8481 x10~°
19 —40.302 x10~? —35.499 x10~? —1.966 x10~?
20 —34.699 x10~? —32.996 x10~° —1.994 x10~°
21 —34.801 x10~? —32.996 x107? —2.012 x10~?
22 —28.998 x10~° —27.201 x10~° —2.019 x10~°

6. Conclusions

The state-space-based load flow simulation approach represents a fast and efficient
method of simulating the behaviour of power grids and power systems for varying op-
erating conditions. In contrast to the other two methods presented, in state-space it is
possible to solve networks without controlled systems directly on the basis of complex
equation systems, whereas current iteration methods, as well as Newton-Raphson methods,
are based on an iterative determination of all solutions. At the same time, the presented
method has a fast convergence on networks with controlled, nonlinear loads and requires
only a few iterations to find a precise solution. In contrast to the current iteration pro-
cedure, the convergence behaviour does not depend on the number of nodes (network
size). Additionally, the method presented above also offers, due to its symbolic matrices
and the exact and also quite simple algorithm, the possibility of additional flexibility and
the simplification of the calculations because the system matrices had to be built up only
once as long as the system structure remained unchanged. Of course, all system variables
(e.g., impedance, voltages, currents, etc.) may vary. This can considerably increase the
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speed of the calculation and therefore also has an advantage over the Newton-Raphson
method, in which the Jacobian matrix must be rebuilt for each iteration step. For time
series simulations especially, the necessary simulation time can be effectively reduced. The
calculations can be applied to complex networks with numerous nodes and links and can
also be used for various operating conditions such as dynamic loads, network component
failures, or power system disturbances, all of which can be realised using the same set of
equivalent circuit models. It offers high accuracy as it can model a system’s behaviour
by accounting for system dynamics, non-linear loads, and voltage harmonics, essentially
providing very detailed information concerning the system’s performance. This also allows
simulation of the frequency-dependent behaviour of inverters, either, as described in [7], via
the corresponding Thévenin equivalent or by directly inserting the state-space models, as
shown in [6]. The advantage of this method is to be able to first calculate the corresponding
grid states via the load flow simulation and then simulate the dynamic behaviour of the
inverters based on these operating points. This option is not, or not directly, available in
many other simulation systems. However, since dynamic inverter models can become very
complex, their useful application is to be limited to rather small networks in most cases. A
detailed investigation is in prospect. Further investigations will focus on the integration of
thermal networks via thermal-electric models. Good results have already been achieved in
first tests. The design as an open system also offers the possibility of a direct implementa-
tion of a wide variety of regulatory control systems. A subordinate disadvantage of the
developed method is that the derivation of the complete tree structure, which is necessary
for establishing the system’s equations in state space, requires an increased computational
effort compared to, e.g., the Newton-Raphson method. On the other hand, the system
equations are available in minimal form, thus enabling an exact calculation of the system’s
states in a minimal computation time. Only the physically necessary power controls have
to be iteratively reproduced. All in all, the load flow simulation in the state-space offers
many advantages that could be an interesting alternative to the conventional load flow cal-
culation when it comes to simulating the complex, time series-based influences of modern
power grids; this can be of increasing relevance in the future, especially in terms of the
maintenance of the system stability under the future plans of the European government
but also of the environmental protection concepts of other countries.
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