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Modeling of Electricity Distribution
Networks and Components

Erik Mollerstedt Sven Erik Mattsson
Bo Bernhardsson

Department of Automatic Control, Lund Institute of Technology
Box 118, S§-221 00 LUND, Sweden
E-mail: {erik, svenerik, bob}@control.lth.se

1. Introduction

This is status report for the project Modeling of electricity distribution net-
works and components which is financed by Elforsk AB as project 3153.

2. Motivation and Objective

Society today relies on a reliable, high-quality supply of electricity. Modern
electric power systems, which are very complex and widespread, must therefore
be robust enough to withstand any conceivable disturbance. This creates a
variety of design, operational and control problems for power-system engineers,
who need powerful computer-aided tools to solve them.

The increased use of switched power supplies and power electronics for
motor control creates disturbances in the wave form of the supplied electricity,
which ideally should be sinusoidal with constant frequency and amplitude.
These disturbances can be compensated for by inserting electronic devices
near to the load. Furthermore, the deregulation of the electrical power market
means that a distribution company must supply electrical power of high quality
and it must be able to solve its customers’ problems.

The simulation tools and component models available today have largely
been developed either for transmission and generation systems, or for compo-
nent design and development. What is needed are methods that deal with the
typical problems with distribution systems, with many and very non-linear
components.

The aim of this project is to develop model libraries, methods and tools for
static and dynamic simulation of electricity distribution networks. Simulation
of transient behavior means simulation of responses to disturbances caused by
for example voltage drops in feeding power, local malfunctions or switching



user equipments on or off. Possible aims are to study voltage propagation in
the network and to check for over-voltage and trip out of protection equipment.
Typical simulation times are 2-3 periods. Static analysis includes calculation
of wave forms and spectra. It is also of interest to investigate the risks for
resonances.

3. Description

Mathematical models for static and dynamic simulation electricity distribution
networks need to be non-linear and accurate up to frequencies of a few kHz,
Typical network configurations are a shopping center, an office building or a
local district with fifty houses, two factories, and two transformer stations.
Such networks have many components.

The approach normally taken for transient studies of power transmission
networks, [Dommel, 1969], is not useful, since it is assumed that voltages
in the network have a sinusoidal wave form. The problem is then simplified
drastically because linear models can be used. The linear models are, however,
only valid in a small frequency range around the synchronous frequency, i.e., 50
or 60 Hz. Furthermore, the loads have been modeled in aggregated ways under
various simplifying assumptions. When the focus is on distribution networks
for control of voltage quality it is necessary to use more elaborate component
models.

On the other hand straightforward uses of commonly used power electron-
ics component models lead to unmanageable models, because a network has
so many components. High fidelity models for transformers, cables, electric
motors, electronic devices etc. have been developed for design purposes to
check for spark-over or thermal properties or to support optimization of the
design, [Massobrio and Antognetti, 1993]. Even a simple light source gives rise
to complex and non-linear models and an office building may have hundreds
of light sources. Consequently, these models are in most cases too complex for
analysis of distribution networks.

Today’s complex distribution networks need special models. When select-
ing a model it is very important to consider the needs imposed by the problem
we are about to solve. For many reasons a model cannot describe all aspects
of a system, but it has to focus on parts and phenomena that are of real im-
portance for the problem to be solved. For other parts or phenomena we have
to use simplified or idealized behavior descriptions. It is crucial to keep the
models simple enough without loosing their properties for describing e.g. the
harmonic injection of disturbances.

To beat complexity it is necessary to develop models that are efficient to
simulate. For instance the modeling of solid-state switches (diodes, thyristors
and transistors) is a delicate issue. A detailed model includes extreme non-
linearities, which make the model time consuming to simulate. A simulator
with proper discontinuity handling as OmSim, [Mattsson et al., 1993, Ander-
sson, 1994, Andersson, 1995], can simulate a model with idealized switching
elements an order of magnitude faster. We know of examples where the sim-
ulation is ten times faster. We are now trying to investigate the differences of
accuracy in the two approaches.

It is also necessary to work with aggregated models. The big question
is then how to make the aggregation. It would be very useful to have tools



that can take a component based model of a part of a network and make
a simplified aggregated model. One difficulty is that a network includes non-
linear components. For linear dynamic models there are well-established model
reduction techniques.

To sum up, important subproblems in the project are efficient modeling
and simulation of switching devices and methods for aggregated modeling to
handle complezity.

4. Status

We are using an object oriented, equation based modeling language, Omola,
to develop models, [Mattsson et al., 1993, Andersson, 1994, Andersson, 1995].
Model libraries are built up hierarchically, using specialization and inheritance.
This makes the models reusable and easy to modify. The behavior of a compo-
nent is described by differential-algebraic equations, difference equations and
discrete events. The possibility to use hybrid models, that is, combine contin-
uous equations and discrete events, makes Omola very suitable for modeling
switching devices, such as power electronics and converters. Together with
Omola we use OmSim, an interactive environment for developing and simu-
lating Omola models.

In Omola we have developed models for a number of switching devices,
such as diodes, thyristors, fluorescent tubes, dimmers, converters, etc. We have
used different ways to characterize the non-linear behavior. For the diode,
for instance, we have models with the three different characteristics shown in
Figure 1. In this way we can compare the different models regarding simulation
speed, accuracy and simplicity.

A diode can, for instance, be modeled in three different ways as shown in
Figure 1. These three diode models lead to very different simulation problems
for the numerical solver. Modern solvers that handle discontinuities efficiently,
are much faster if the diodes are modeled as piecewise linear switches (b and
¢). Simulations of simple circuits, with voltage levels as in distribution sys-
tems, show that the results are almost identical when using the different diode
models. This is further developed in Section 5. Thus, the choice depends on
which models are the most efficient to simulate.

There are, however, problems with simplifying the models too much. The
models can lead to non-physical systems, that do not have a solution. Different
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Figure 1 Different ways to model the V I-characteristics of a diode. a) The clas-

sical exponential shape. b) An ideal switch. ¢) A diode modeled as a two-valued
resistor.



Figure 2 Since the amplitude of the voltage in distribution systems is large, the
performance of the circuit is not sensitive to how the diodes in the converter is
modeled.

numerical solvers do not fit efficiently with the same models. Choosing how to
model the components, and what numerical solver to use are related problems.

We are also developing a method to describe non-linear elements in the
frequency domain. This can be used to get the steady state solution for a
network. The models are also possible to aggregate to decrease the complexity
of the system.

The method works as follows: The components are described by a nomi-
nal current spectrum and an admittance matrix. The nominal current is the
current through the component when applied to an undistorted voltage of
nominal amplitude and frequency. The deviations from the nominal current
spectrum when the voltage is distorted are described by the admittance ma-
trix. Aggregation of loads and solving the network is done by direct calculation
using linear algebra, i.e., no iterative solution is necessary. This means that
convergence problems, and large computational efforts are avoided.

The models can be obtained analytically, through real measurement, or
by simulating the components in time domain, using, for instance, our Omola
models. The method is further discussed in Section 6.

5. Comparison of Different Diode Models

Because of the large voltage amplitudes in electrical distribution networks,
the exact shape of the voltage-current characteristics of switching devices
is of minor importance. To show this, we simulated the converter circuit in
Figure 2, using the two different ways to model the diode shown in Figure 1a
and c. The voltage source provided a 240 V, 50 Hz AC voltage. The smoothing
coil had the inductance L = 0.01 H, and the load was resistive with R = 1().
With an object oriented modeling language, that supports inheritance, like
Omola, it is easy to compare the performance of different diode models in a
network.

After the system had reached steady state, we analyzed the amplitude and
phase of the different frequencies in the line current. The harmonic amplitudes
are shown in Figure 3. For significant frequencies, the result is identical with
the different models. This indicates that both models are accurate enough,
and the choice we make depends on which one is the most efficient for the
simulation.

The exponentially shaped diode in Figure 1a leads to very stiff models that
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Figure 3 The periodic spectrum for the circuit using the two diode models. The
spectrum marked with + corresponds to the exponentially shaped diode model,
whereas the two-valued resistor model corresponds to o. For significant harmonics,
the two spectra are equal.
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Figure 4 The curves shows the AC-voltage, the DC-current and the current
through one of the diodes in an AC/DC-converter. The current through the diode
changes very rapidly in the switching instances. In between the switchings, all signals
are smooth.

are time-consuming to simulate. This is illustrated in Figure 4, which shows
voltages and currents from the converter circuit above. The AC-voltage, and
the DC-current, are very smooth signals that are easy to simulate. The current
through the diode, however, is smooth until the switching occurs, where the
current goes from 200 A to 0 A almost instantaneously. This means that a very
small step length is required, and the simulation is inefficient. It is obvious that
the exact diode characteristics in between the conducting phase, and the non-
conducting phase is irrelevant.



The two other diode models lead to more efficient simulation. The ideal
relay in Figure 1b is the most elegant way to model the diode, but it might
lead to isolated sub-circuits, that do not have a reference value for the voltage.
Such, so called, floating nodes give problems for the numerical solver. The two-
valued resistor in Figure 1c avoids the problems with floating nodes.

A problem with switching elements is that they often lead to index prob-
lems for the numerical solver. It is important to model the switches so that
these problems are avoided. There are numerical solvers that can treat models
with index problems.

We have investigated simple systems using different models and different
numerical solvers. Since all models are accurate enough it is a matter of sim-
plicity and avoiding index problems, which model and numerical solver to
choose. It is desirable to be able to say that this way to model the devices,
in combination with this numerical solver, is most suitable for simulation of
distribution system. That is the aim of our research.

6. Frequency Domain Methods

6.1 Harmonic Balance

Steady state harmonic analysis of linear power systems is often performed
using the phasor method. The phasors are the coefficients in the Fourier series
of voltages and currents in the system:

v(t) = Z Vkejk“"’t, i(t) = ZIkejkwot.
k k

The network components are conveniently represented by admittance matri-
ces. When the components are linear, these matrices are diagonal, and the
diagonal elements are simply the admittance of the component at the frequen-
cies considered.

With the admittance matrix, Y, and phasor vectors

v=wn V» ...J¥, andI=[L L ...]7,

we get the relationship, I = YV.

When Y is diagonal, the different harmonics can be treated individually.
Standard frequency domain methods do not have a convenient way to represent
the non-linearities. Some methods treat them as harmonic current injectors.
These injectors are assumed constant, but since most non-linear elements de-
pend on the rest of the system, the solution is often far from correct. However,
this means that we still can treat the harmonics one by one.

One way to improve the accuracy is to adjust the injected current it-
eratively. The solution is iterated between the linear network and the non-
linear elements, which are often simulated in the time domain. This is referred
to as the harmonic balance method, [Kundert and Sangiovanni-Vincentelli,
1986, Gilmore and Steer, 1991]. A problem is that it is time consuming, and
convergence of the method is hard to predict. With many non-linear elements
the problems become severe. Even though fast convergence have been proved
for a number of specific test cases, it is impossible to say something about
the general case. Another possibility to improve efficiency would be to avoid



to recalculate the Jacobian matrix every iteration, and set small values of the
Jacobian to zero, [Smith et al., 1996).

6.2 The Proposed Method

The fact that the harmonic balancing method is applied to electrical distribu-
tion systems creates some interesting possibilities to support modularity. The
idea is that for distribution systems, the line voltage is known in advance (e.g.
230V, 50Hz) and the maximum level of distortion, e.g., energy contents in
harmonics, is regulated by norms and standards not to exceed certain values.
The operating conditions for loads, which are connected in parallel, are hence
approximately known in advance. This makes linearization of the nonlinear
algebraic relations tractable.

A non-linear device can approximately be described by the following rela-
tion:

I=I+Y(V-T), (1)

where I is a vector containing the Fourier coefficient of the current, V' contains
the Fourier coeflicients of the voltage, and Iy and Vg are the nominal current
spectrum and voltage spectrum respectively, i.e.,

N
i(t) = Z Ay, cos kwt 4+ By sin kwt
k=1
=>I=[4, ... Ay By ... By[T
N
v(t):zakcoskwt+bksinkwt
k=1
:>V:[a1 ... any by ... bN]T.

The admittance matrix, Y, is a matrix that describes the linear relationship
between the voltage and the current.

04 84;
80,1 8b1
oI < mg B L
Y = v ~ | eB 8B . (2)
S e

The non-linear device is then represented by a nominal current spectrum,
Iy, and a Jacobian matrix, Y. The Jacobian is sometimes referred to as the
harmonic admittance matrix, but could also be called the linearized describing
function.

The model can be seen as a Norton equivalent of the component. One
advantage with this way of representing non-linear loads, is that the iterative
procedure is avoided. This leads to an efficient way to solve the network. The
matrix representation also makes aggregation of loads quite straightforward,
which is valuable for today’s complex distribution systems.

The method is a version of the Newton method of Harmonic Balancing,
also called harmonic iteration. It can be seen as one iteration of the method
where the nonlinear describing method has been linearized around a nominal



working condition, a network with pure sinusoidal signals. The main point
is that one iteration can be achieved using precomputed, modularized infor-
mation. This gives a very fast method that is interesting also for analytical
investigations since only linear algebra is used. The model, (1), (2), can be
obtained either by measurement, time domain simulation of simple circuits,
or analytical calculations. Moreover, a global admittance matrix can be com-
puted by interconnecting local models. The main problem to investigate is how
accurate solutions we get, using only one iteration. Our first experiments show
promising results. The idea is presented using two examples. The method is
further discussed in [Mollerstedt et al., 1997]

7. Examples

7.1 A Dimmer Circuit

To illustrate the idea, we consider a simple dimmer, consisting of two thyristors
in parallel. When the current through the dimmer becomes zero, the dimmer
is turned off. The current through the dimmer remains zero for a time, d, after
which the dimmer is turned on again. The dimmer is connected in series with
a linear resistor, see Figure 5. When connected to a stiff voltage source, the
current through the dimmer will be distorted, see Figure 6. Since the current
is symmetric, there will only be odd harmonics, i.e. we have

Unom(t) = af cos wt,
tnom(t) = Z AQ cos kwt + By sin kwt.
k odd

If, however, the voltage source is a bit distorted, we approximately have that
the deviation from the nominal current is linearly dependent on the distortion

dimmertest

i

.1||_D.

Figure 5 A dimmer in series with a resistive load.



Figure 6 The current through the dimmer is turned off for a time, d, every half
period.

of the voltage, i.e.,

v(t) = a? cos wt + Z Gk cos kwt + by sin kwt,
kodd

i(t) = Z (Ag + Zk) cos kwt + (B,g + ﬁk) sin kwt,
k odd

where we have put A = A2 + Ay, etc. and

A ar

/‘\ = Y ~ '

B, b,

o - 54, 84, 3
Biil 831
% dI :
av 8B, 8B,

521 o8,

In Figure 7, the resulting coefficients, calculated from this linearized model,
are compared with the true values obtained from a simulation of the network.
The results show that the linearized model is a good approximation if the
deviations in voltage are limited to 10%. Note that the current is severely
distorted due to the nonlinearity, as shown in Figure 6. The accuracy should
be enough for investigations of common electrical networks.

7.2 A Slightly Larger System

In radial distribution networks, the loads are connected in paralle]l. What
makes the voltage deviate from its nominal value are the line losses. The
steady-state solution for the system in Figure 8 containing two dimmers is
easily derived using our method to represent the dimmers. Applying Kirch-
hoff’s laws, it is a matter of solving an linear equation system. Let the two
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Figure 7 Plots showing how the linearized and simulated Fourier coefficients for
the current in the circuit in Figure 5 depend on b3, when u(t) = cost + bs sin 3t.

dimmers and their loads (resistive loads of 20§ each) be represented by ad-
mittance matrices, ¥; and Y. The line impedances, z;; = (0.75 4+ jw0.0024)Q2
and z;5 = (0.25 + jw0.0008)(?, are represented by diagonal matrices, Z;; and
Zy 9, of the same size as Y. The system can then be described by the following

dimmer_circuit

“Ziy 'Io‘Ié CZ

Figure 8 A circuit with two dimmers.
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Figure 9 Plots showing how the linearized and simulated Fourier coefficients for
the current in the circuit in Figure 8 depend on the turn on time, d, for the dimmers.

equation
I -1 -I 0 0 " 0
0 1 0 -7 o0 I I nom
0 0 I 0 -Y|L|=|Lim
Zn 0 0 1 0 14 0
0 0 Z, -1 1 Vs 0

Here Iy, Iy, and I, are vectors containing the Fourier coeflicients of the
currents and V1, and Vz contain the Fourier coefficients of the deviations from
the nominal voltage, vpom(t) = 2404/2 cos 2750t. The identity matrix of ap-
propriate size is denoted I . Instead of solving a non-linear algebraic equation
system, we now have to solve a linear equation system of the same size.

The currents become more distorted the longer the dimmers are turned off.
It is natural to assume that the method will be less accurate the larger d is.
We therefore tested the accuracy of the method for different turn on delays,
d. Figure 9 shows the first six cosine coefficients for the Fourier series of the
current, when d is varied from zero to almost a half period. The plots shows
that the method works well for all d.

8. Summary
Analysis of electrical distribution networks requires special methods. Because

of the complexity of the systems, the methods must be computationally effi-
cient, and is must also be possible to aggregate models. For transient analysis,
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we are looking on how to treat switching elements in an efficient way. Using
a simulator with proper discontinuity handling, we can work with idealized
models. In this way we can simulate an order of magnitude faster without
loosing accuracy.

For steady state simulation, we are developing a method that supports
aggregation, and avoids time-consuming iterative solutions. The models are
described by an admittance matrix and a nominal current spectrum. They
show a close resemblance to a Norton equivalent. The models can be achieved
through analytical calculations, time domain simulations, or real measure-
ments. The results so far look very promising.
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