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Abstract. Numerous research projects are investigating direct current (DC) grids
for supplying energy to production plants. The motivation is the higher efficiency
and lower material requirements compared to conventional grid structures, as
fewer electrical conversion processes occur, regenerative energies can be coupled
in more efficiently and recuperation energy can be stored better. The grid form
and the associated earthing concept require different protective devices. The pub-
lication simulates two possible grid forms and compares the efficiency with an
approximated power curve of a production cell. The publication gives researchers
and plant planners an impression of how such a network is designed and which
components influence the efficiency. It serves as a decision-making aid for the
selection of the grid form and helps with the design of the electrical components.
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1 Introduction

1.1 Motivation of DC Grids Branches for Production Plants

Triggered by the electricity war between Thomas Alva Edison (1847-1931) and George
Westinghouse (1846—-1914), there was constant competition between direct and alternat-
ing current (AC) for energy transmission. The development of the transformer (1881)
made it possible to transport energy more efficiently over long distances, which led,
among other things, to the worldwide implementation of alternating current networks.
Since then, the connections of electrical equipment have been based on the AC voltages
customary in each country.

In the meantime, DC-powered technologies, like many renewable energies and stor-
age systems, are appearing as energy providers in the decentralized grids. Although
numerous operating devices use direct current internally. The lossy conversion and
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feeding of energy generated from renewable sources and storage in batteries into the
alternating current grid takes place [1]. Very often, internal DC circuits are the basis of
electronic components. A prime example of drive technology are powerful frequency
converters. The modules operate with rectification in an intermediate circuit and sub-
sequent inversion into a new voltage with variable frequency. With a DC network, the
structure is reduced to an inverter, whereby the entire lossy rectification and the associ-
ated material costs are eliminated. This extended DC intermediate circuit with storage
and consumers opens up the possibility of energy utilization of electrical braking energy,
which is often only dissipated specifically in the form of heat via braking resistors [2-5].
In the industrial context, the introduction of DC grids can save around 10 to 12% of the
total electrical energy per year [6].

In addition to energy savings, the need for electrically conductive material is also
reduced. One factor is the changed topology of the DC grid with only two to a maximum
of three current-carrying conductors instead of the four conductors required in the three-
phase grid. A savings of up to 40% in conductive substances are predicted [7]. The
elimination of numerous rectifiers and converters in equipment results in further material
savings. Components with lower production costs and an associated saving in grey energy
are feasible [8—10]. Furthermore, the control is simplified compared to AC grids, since the
provision of reactive power is no longer necessary [11, 12]. Due to the increasing share
of renewable energies in the overall energy mix, as well as through material reduction,
the CO; footprint is significantly reduced [4, 13, 14].

1.2 Status of International Research

DC intermediate circuits for the integration of electric drives already exist in the indus-
trial context in rare cases as so-called multi-motor groups with a common DC inter-
mediate [2]. In energy distribution, high-voltage direct-current transmission is used for
long-distance transmission distances. In addition, there are further projects with other
voltage levels in the supply networks [15]. Various research projects currently relate
to the holistic conversion to decentralised DC grids for production plants, e.g. “DC-
Smart” and “DC-INDUSTRIE” [3, 16], with the follow-up project “DC-Industrie2” or
“DC-Schutzorgane” relating to protection concepts, components as well as the coupled
earthing system [17, 18]. The SiC4DC project investigated the CO, saving potential of
wide-badgap semiconductors converters of a DC grid [19]. DClhyPASim specifically
investigates hybrid grid concepts with bidirectional energy flow between AC and DC
grid [20]. Various studies exist on fault cases in the different grid types and the first
prototypical reference systems from industry show the basic concept for specific appli-
cations for the grid form [21-24]. In terms of research, the publications address in detail
the niche of simulating the efficiency for different operating points as a load in two grid
forms with components available on the market. The design complies with the regula-
tions, thus provide plant planners with a decision-making aid for the grid configuration
and design from the perspective of energy efficiency.
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2 Simulation Model

The simulation model is based on two rule-compliant designs for the opening of a DC
voltage feeder with the nominal voltage of 650 V (unipolar). For this purpose, the loss
characteristics of the necessary switching and protection organs as well as the bidirec-
tional rectifier are modelled using a simplified mathematical approach. The analysis is
designed for a nominal power consumption of 36 kW in duty type S1 (continuous oper-
ation) [25]. The efficiency is calculated continuously for all operating points up to 1.25
times overload (45 kW). The model and the simulations only refer to the steady state
and are most accurate near the nominal point. The components for the two grid designs
are based on components, which are largely available on the market.

2.1 Description of the Types of Grid Design

Basically, DC network branches can be opened via two different earthing concepts,
earthed topologies (DC-TN) and isolated systems (DC-IT). In the earthed network
branch, the negative pole of the DC network (DCN) is usually connected to the earth
potential. In the event of an earth fault between the positive and DC pole (DCP), a low-
impedance connection is created, which can lead to dangerous currents for people and
secondary damage to objects and increases the risk of fire.

In conventional AC networks TT, TN-S, in parts of TN-C-S or the IT network, resid-
ual current devices (RCD) detect faulty residual currents between the active conductors
of an AC network and other potentials such as the earth potential and disconnect the
circuit within a few milliseconds without delay. This protective device does not exist in
the DC-Link, as even all-current sensitive RCDs (RCD type A) are not suitable for DC
voltages due to their function [5]. As an alternative protective measure for the DC-side,
isolated networks (DC IT networks) are becoming more important in research. In the
IT network, there is a galvanic separation, e.g. a transformer or power electronics with
internal galvanic separation, which separates the fault current of the secondary side from
the earth potential of the supply network, so that no dangerous body currents can occur
in the event of an earth fault. The protection concept in the IT network provides for
insulation monitors that ground the network to high impedance for measurement pur-
poses and, if necessary, only issue an alarm in the first case of a fault and disconnect the
network branch from the network in the second case of a fault. [21].

Figure 1 shows such a system structure according to symbols of [26]. Further nec-
essary design differences between the DC-TN network and the DC-IT network are the
number of DC fuses (dependent on conductor size and fault management), the AC fuses
required in this case in the secondary part of the isolating transformer, the AC mains
filter with earth coupling and the number of solid state circuit breakers (SSCB), which
enable the DC network to open circuits in the shortest possible time (~10-20 ws) and
thus counteract the development of fault currents and arcs. [6, 27].

In both systems, there is a circuit breaker on the AC side for safe isolation and for
selective tripping in case of overcurrent, an optional and in some cases not compatible
residual current circuit breaker (RCCB) type B, an active front end (combination of
active line and active interface module, driven by an external control unit), an optional
disconnector for safe isolation of the DC according to IEC 60204-1 [28], as well as a
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precharging circuit for limiting the inrush current of the capacitors in the DC circuit.
The resistor of the precharging unit is only connected shortly of the mains starts and is
consequently not considered for the simulation of the steady state.

In addition to the components of the load circuit shown, there is a 24 VDC control
circuit that supplies the excitation current of the contactors (19 W each), the measurement
technology (10 W in TN system, 22 W in IT system) and the control unit (24 W) of the
power electronics.
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Fig. 1. Grid-circuit-diagram (left: DC-IT, right: DC-TN)

2.2 Modelling the Loss Characteristics

The modelling of the power loss is based on a simplified mathematical approach using the
quadratic dependence between power loss and load. The approach can be derived from
the electrical equivalent circuit of a source, a load and a series-connected loss resistor. A
similar approach with this quadratic dependence can be found in issue 16 of the Siemens
Technical Series Transformers [29]. Therefore, the relationship in Eq. (1) can be used
for the approximation of the loss characteristics. Where Py and P are respectively the
power dissipated and the power consumed.

P, =aP>+bP +¢ (1)
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For better comparability, the input power is related to the nominal power Py,. This only
causes a scaling of the coefficients and results in Eq. (2). At the most components, b and
¢ do not have a significant influence on the loss modelling.

P R @)
=a|l— —+c
’ Py Py

The coefficients a and b characterize the load-dependent and c the non-load-
dependent losses and must be derived for the respective components. They can be
calculated considering different operating points of the respective component.

p< P (PN 3
V=2 }T” + P,y (3)

In [29] a similar approach is used (Eq. 3) to determine the power loss of the trans-
former. Py corresponds to the coefficient ¢ and is referred to as no-load power and
k as the power factor. The factors mentioned can be taken from the datasheet of the
transformer [30, 31]. The loss characteristics of the Active Line and Interface Mod-
ule can be found in [31]. The presented approach is implemented within MATLAB
Simulink. Figure 2 shows the corresponding loss model of a network component. The
model receives the total power P as input and calculates the power loss Py and the
corresponding output power Pgy;.

P P(u) Pv
O v o, e

Fig. 2. Simulink model of a general component

2.3 Modelling the Grid System

The complete grid models are created by modelling, parametrizing and concatenating
the individual components. The overall system receives as input the incoming power
and returns the corresponding output power available to the load and the corresponding
efficiency. The efficiency is calculated by setting the output power of in relation to the
incoming power. The non-load dependent power of the control circuits is taken into
account.

3 Results

This chapter creates transparency about the losses of the different design variants and
thus provides plant planners with a decision-making aid. Figure 3 shows the losses
of the individual components with the corresponding reference power. Switching and
protective devices mainly consist of a resistive component, so that the losses increase
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quadratically with the current. The losses of the active front end mainly result from the
load-independent switching losses and the load-dependent ohmic conduction losses of
the power semiconductors (here IGBT with 8 kHz pulse frequency) as well as the internal
device cooling. Significantly high are the losses of the transformer and the associated
secondary circuit fuses, which only occur in IT network form, as well as the SSCB
losses, which even occur twice in DC-TN architecture.
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Fig. 3. Components power losses (left: control, switching and protection, right: conversion)

3.1 Comparison of the Net Forms

As aresult of the losses of the individual components, the total efficiency of the network
forms is shown in Fig. 4 for the entire power range of the network. As expected, the grids
are relatively efficient around the nominal point and inefficient at low load. Basically,
there are fewer losses over the entire power range in TN architecture.
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Fig. 4. Comparison of efficiency of DC-IT and DC-TN form

As an application example Fig. 5 shows approximated measurements of a real power
curve of a production cell supplied with AC. The simplified assumption is made that this
power demand would be requested directly as a load on the 650 VDC mains feeders.
Equivalent to the findings from Fig. 4, the low efficiency in partial load operation and
of the IT network feeder is noticeable (efficiency DC-TN 95,5%, DC-IT 89,7%).
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Fig. 5. Comparison of efficiency of DC-IT and DC-TN form applied on an approximated power
flow of an existing production plant

4 Conclusion

The paper introduced a simulation-based approach for planners on how to design DC
energy networks for production plants. Firstly, the advantages of industrial energy grids
are mentioned, including cost, material and energy savings. Furthermore, PV and energy
storage can be integrated more easily. A simplified mathematical approach was used to
determine the losses of the individual components depending on the incoming power.
This allows conclusions to be drawn about the efficiency of the individual components
and that of the system as a whole.

Along with efficiency, other decision criteria go into the selection of the network
form. For example, the DC IT network is generally considered to be safer than the DC TN
network, although the costs are often higher. Other selection criteria are electromagnetic
compatibility and the possibility of integrating filters, availability/failure safety, and
installation and maintenance aspects.
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adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.
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