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Abstract 

Manufacturing processes play a major role in the emission of greenhouse gases. To achieve the international 
goal of climate neutrality, it is necessary to decrease the amount of energy consumed by factories and their 
production machines. A promising approach is to improve grid efficiency and reduce voltage converter 
losses by using DC microgrids (DC-MGs). Furthermore, DC-MGs have proven suitable for an efficient 
integration of renewable energy producers and prosumers with energy recuperation capabilities.  

To establish DC-MGs successfully in production environments, it is necessary to provide solutions for DC-
MG integration of AC-powered machines. This paper describes how to enable production machines 
originally designed for AC-grid use to be operated on industrial DC-MGs. The article focuses on a 
methodology for AC-DC transformation of machines, including definition of specifications, system analysis, 
and redesign. The methodology is described using the example of an injection-moulding machine. Finally, 
the results of the transformation process are evaluated.  
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1. Introduction

Recent research activities on direct current microgrids (DC-MGs) have revealed the great potential of this 
technology regarding multiple criteria such as energy efficiency [1], resource efficiency [2], grid stability 
supply reliability [3], and energy flexibility.  

Climate change is one of humanity’s biggest challenges within the next decades. To achieve international 
climate targets, more sustainable technologies for decreasing energy consumption and its resulting carbon 
footprint are needed. The industrial sector is still one of the biggest final energy consumers in the European 
Union with 25.6 % of the total consumption, amounting to approximately 10.2 Terajoules in 2021 [4]. Using 
more energy-efficient production machines and more efficient energy grids can contribute a lot to reducing 
the emission of the greenhouse gas carbon dioxide, which results from fossil power generation.  

DC-MGs have attracted attention as a means to make industrial electricity supply more efficient. More
electrical high-power devices are now DC-powered, such as servo drives or battery electric vehicle (BEV)
chargers. Many devices use DC parts, such as intermediate circuits or consist semiconductors, which are DC
systems by design. Consequently, it takes many conversion steps to integrate such consumers into a standard
alternating current (AC) grid. Integrating DC consumers directly into DC grids, makes many parts such as
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converters and filters and their resulting energy losses superfluous. With fewer losses, less electric power is 
necessary, while fewer heat losses lead to a reduction in cooling devices.  

Most modern lighting systems in factories use light-emitting diodes (LED), which are DC-powered due to 
integrated AC-DC converters. Here, using lamps with DC-DC converters instead could save between 3 % 
and 5 % of energy [5]. The energy reduction in data centres can be even higher when using DC grids, with 
savings between 7 % and 28 % [6]. 

Apart from efficiency improvement, another convincing argument for DC-MGs is their ability to recuperate 
power. Dynamic processes such as robot handling can recuperate kinetic energy. Usually, the energy released 
during braking is fed back into the DC link of the machine and transformed into heat by a braking resistor 
[7]. Dynamic robot processes are able to feed back 5 % to 20 % [8] of energy depending on the moving 
profile. 

Additionally, the importance of integrating decentralized electrical power generation into factory grids, such 
as photovoltaic (PV) plants, is increasing. By directly integrating PV panels into DC-MGs, a reduction of 
conversion losses of up to 8 % is possible [9].   

As AC-specific constraints, such as the transmission of reactive power or frequency stabilisation become 
superfluous. However, there are many issues to face before being able to establish DC-MGs in great variety. 
One are the missing DC-powered production machines on the market. Only few equipment manufacturers 
respond to the current technological change. As the production machine market is not yet ready, it is 
necessary to refurbish AC production machines for DC grids. This article offers a methodology for 
transforming AC-powered consumers for use in DC-MGs. The methodology does not claim to make 
machines more efficient but enabling the dissemination of DC Microgrids as a more efficient grid 
technology. 

2. Methodology for the AC-DC transformation of a production machine

Key components, such as DC-DC converters, safety breakers, and ultra-fast fuses for use in DC-MGs, have 
already been developed. DC-powered production machines are not yet available in sufficient numbers, but 
are needed to establish DC-MGs in factory environments. One approach is to retrofit existing equipment, 
most of them three-phase AC-powered. The presented methodology was developed to facilitate the 
integration of standard AC machines for use in DC-MGs. Its properties are described in the system design 
of the research project DC-Industrie2 [10].  

First, the requirements are defined before the transformation methodology is implemented. Second, the 
methodology is described theoretically and applied on an injection moulding machine. Finally, the 
methodology for AC-DC transformation is validated on a real-life injection-moulding machine.  

2.1 Requirements of the transformation methodology 

Defining the requirements of the DC transformation methodology (DC-TM) requires taking a closer look at 
the factory environment. The properties of AC and DC grids mirror the constraints of the start and the target 
state of the transformation of production machines. In addition, human aspects such as worker qualification 
should not be neglected. The requirements of the DC-TM are defined as follows: 

1. The methodology needs to be valid for every kind of AC-powered production equipment.
2. The methodology needs to be valid for integrating a machine into a DC-MG, specified by the DC-

Industrie2 system concept.
3. The methodology needs to reduce the complexity of the transformation by dividing the process into

several manageable steps.
4. Every step of the methodology has defined input and output parameters.
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5. The methodology needs to deliver an outcome that any electrically qualified team member can put
into practice.

As the following points are not relevant to the machine's functionality, they should not be kept in mind as 
hard requirements but only criteria of optimization.  

To better manage the transformation process, the DC-TM should result in minimally invasive modifications 
on the target machine. This means the machine should maintain the same physical size, and the most 
important parts should not be modified. 

Moreover, machine-specific control software is usually protected against operator modifications to avoid 
changes to functionality or making safety adjustments. When replacing actuators or control elements, it 
should be kept in mind that closed-loop control behaviour can change without the option of adjusting control 
parameters in the software.  

2.2 Requirements for result achievement 

To ensure that a machine's transformation leads to the desired result, the requirements for validating the DC-
TM need to be defined.  

1. The method must not lead to any changes in the grid topology or grid behaviour
2. There must not be any safety problems with the machine after transformation
3. The production performance of the machine must not be influenced negatively

A main target for applying DC-MGs is to raise energy efficiency compared to standard electric grids in 
production environments. Since the redesign of an existing machine may reveal more design constraints than 
developing from scratch, a transformed machine probably is not an ideal solution in terms of energy 
efficiency. Nevertheless, the methodology should result in the same or even in improved energy efficiency. 

2.3 First stage: Definition of specifications 

Based on the defined requirements, a suitable DC-TM can be developed. A methodology for transforming 
production machines was described by Knapp [11] as a procedure model based on the systems engineering 
approach. The approach offers a methodology composed of a block diagram describing specific activities in 
the transformation process. Each block is organised into the four superior stages of dimensioning, state 
analysis, procurement, and results. The sub-stages of this process provide an overview of and orientation in 
the transformation process, including recommended actions and the specific input parameters that are 
needed. After working out each stage, the kind of an output parameter is defined for continuing. Knapp 
formulates the procedure of his methodology in a very general way to suit any type of machine. The 
machine's functionality is not of any relevance. He also mentions the possibility of non-feasibility in 
particular cases. The methodology focuses on electric drives, closed-loop control, and electro-mechanic 
energy converters. Supply systems, cables, energy storages, and filters are not taken into account [11]. To 
allow for its claim to general validity, the procedure does not go into detail at some points. In consequence, 
users have to select their own methods adapted to the specific case to reach the next step. 

The transformation methodology (DC-TM) in this article takes up and advances the approach of Knapp. The 
general procedure of the expanded DC-TM was presented in [12]. This article presents the DC-TM in greater 
detail, and evaluates it on an exemplary transformation of an injection-moulding machine.  

Generally, the DC-TM is structured into the three major stages of specification, system analysis, and 
implementation (Figure 1). The three stages must be carried out one after the other. The output of every stage 
forms the input parameters for the next stage.  
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Figure 1: Overview of the three stages of the DC-TM 

The specification stage is meant to provide a set of basic conditions for redesigning the machine. The system 
analysis stage proposes a decision algorithm to assess the machine properties, based on the defined 
requirements. The output is an action matrix with defined action propositions. At the implementation stage, 
the propositions are turned into practice by keeping, replacing, adding, or deleting specific components and 
their resulting functions. The technical documentation records the changes to the machine design.  

When defining the specifications, the considered production ecosystem is divided into three major 
consideration units (Figure 2). The unit members are allocated with regard to system boundaries and flux 
variables that need to be considered during the transformation process.  

The first unit defines the production environment of the machine. This unit can be divided into two sub-
units. The first one is the physical environment of the machine. Its conditions can be defined through 
parameters such as space limitations, temperature limits, dust, explosion hazard, or requirements for the 
operators. Most of them are not further considered as the conditions do not change neither for AC- nor DC-
powered machines. However, they need to be considered in redesigning or in designing specific machine 
parts from scratch. The second sub-unit defines the attributes more essential for energy supply.  

The sub-unit focuses on the replacement of AC-supply by DC-supply, i.e., it points out the constraints linked 
to the electrical grid properties. In some cases, multiple energy supplies with combined or hybrid grid forms 
are possible. Some transformation methodologies aim at a step-by-step transformation, where consumers 
can have multiple power supplies [13]. Usually, the aim is to replace the previous electrical energy supply 
with pure DC-supply. For some cases, transforming the machine to run on hybrid energy supply may be 
more economical. Such optimizations can take place in the third phase of the DC-TM.  

The second unit deals with the output environment, comprising the process, the production technology, and 
the machine’s output. This unit is not to be modified in any case, as the output product or the production 
process parameters must not be changed. Therefore, it is recommended to consider the two parts together 
and to take heed of any possible changes to the product resulting from the machine’s transformation process. 

The third consideration unit is the most relevant one for transformation and is defined as the transformation 
object. Its system boundaries are limited by the machine-inherent energy transition components. The input 
and output parameters greatly influence the execution of the transformation. One of the difficulties in the 
DC-TM is to define the interfaces between units two and three. The part mostly affected by transformation
lies within the transformation unit and will be dealt with in detail at the system analysis stage of the DC-TM.
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Figure 2: Extracting relevant system boundaries (orange) and constraints (red) for transforming production machines 
by defining three consideration units.  

Applying the consideration unit model on the injection-moulding machine leads to grid- and the machine-
inherent specifications, which are the constraints for the transformation process. Environmental 
specifications can be neglected due to marginal changes.  

2.3.1 Grid-inherent specifications 

Grid-inherent specifications are linked to the energy supply of the production environment. Originally, 
energy was supplied by a three-phase AC grid with amplitudes of 230 V and fuses for maximum currents of 
16 A.  

The specifications of the DC-MG are defined by the system design of the research project DC-Industrie [10]. 
The most significant attribute is the voltage band, which can vary within the nominal operation band of 
620 V and 750 V. The grid has two phases, DC+ and DC- and a protective conductor. In line with safety 
aspects, faster fuses are necessary than in AC grids. 

2.3.2 Machine-inherent specifications 

Every component needs to be suitable for use with a maximum voltage level of more than 800 V in error 
cases. Special attention needs to be paid to clearance and creepage distances. Furthermore, the safety 
standard for operators and machines must be the same as in AC-grid use. Short circuit protection and voltage 
separation have to be guaranteed. 

2.4 Second stage: System analysis of the transformation object 

At the end of the first phase/stage, after defining the requirements of the system, the system analysis of the 
machine can take place in three steps. First, the transformation object is analysed at component level. Second, 
the component diagram is transferred to functional group level. Third, the components are evaluated 
according to relevance and their functional suitability for DC grids, based on a decision tree. The results are 
compiled in an action matrix. 
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2.4.1 Analysis at component level 

Based on the technical documentation, the energy transition technology of the machine is analysed and 
visualized in a component diagram (Figure 3Figure 3: The flux variables illustrate the impact of the 
components on the electrical signal, where Ui is a voltage signal, Ii a current signal and fi a frequency signal. 
The index stands for changes in the signal characteristics. Left side: Component diagram of the energy 
transition unit of an injection-moulding machine. Right side: Function diagram of the energy transition unit 
of an injection-moulding machine.).  

Every box represents the component of a component in during the period of energy. The index of flux 
variables clarifies the changes to the electrical input generated by a particular component. 

Figure 3: The flux variables illustrate the impact of the components on the electrical signal, where Ui is a voltage signal, 
Ii a current signal and fi a frequency signal. The index stands for changes in the signal characteristics. Left side: 
Component diagram of the energy transition unit of an injection-moulding machine. Right side: Function diagram of 
the energy transition unit of an injection-moulding machine. 

2.4.2 Transformation from component model to functional model 

The component diagram is transferred to a functional diagram (Figure 3: Right side). The composition of 
the components as to their particular functions helps to get a more detailed view of the system.  

Sometimes it can be reasonable to regroup similar functions into one functional block. The visualized 
functional relation is the basis for the DC suitability evaluation.  

2.4.3 Assessment of components and functional groups 

The components and their functions are listed in a table (Table 1). A decision tree is used for evaluating DC-
grid suitability of each component and its function, illustrated in Figure 4. Executing the decision tree with 
every component leads to the four different actions of maintaining, replacing, deleting, or adding further 
components. The results are marked in the action matrix.  
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Figure 4: Decision tree for evaluating the DC suitability of AC components. 

The user needs to determine the data on which each decision is based, according to the defined constraints. 
The decision algorithm is adapted to the specific case of electric transformation from AC to DC. For other 
use cases, the decision tree needs to be modified. 

Table 1: Action matrix for reengineering exemplified by an injection-moulding machine 

COMPONENT FUNCTION DECISION 
Maintain 
component 

Replace 
component 

Add further 
component 

Delete 
component 

Grid connector Connect energy supply X 
Main switch Switch on/off X 
Grid filter Eliminate frequencies X 
Fuses Avoiding overload X 
AC-DC Converter Convert power X 
Control CPU Control power X 
DC-DC Converter Convert power X 
Triac Circuit Convert power X 
Motor driver Convert power X 
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Once the action matrix has evaluated the action for every component, the system analysis phase ends. 

2.5 Third stage: Implementation and redesign 

In the last phase of the DC-TM, the results of the previous phases are implemented and transferred to the 
machine’s technical documentation. The implementation stage can be compared to the standard model care 
process, the difference in this case being that the machine is already on site. The redesign process requires 
to be done iteratively as described in the standard literature for development methodologies, e.g., [14–16]. . 
Therefore, this stage is not described in detail.  

The transformation of the injection-moulding machine led to several minor and major changes in the machine 
design. Minor changes, such as replacement of plugs, fuses, or connection cables, are not described in detail. 
Noteworthy adjustments were made to the power electronics of the heating resistors. Originally, they were 
controlled by triacs, which are AC-specific components. A specifically designed electronic board with 
IGBTs (insulated gate bipolar transistors) replaced the triac circuits. Optical couplers assured necessary 
galvanic isolations. An advantage of this design is that it requires no adaptations in the control software.  

Minor changes were made to the motor board of the hydraulic pump. The AC-DC converter was replaced 
by a DC-DC converter to reduce the input voltage to a suitable motor voltage of 300 V. A great advantage 
being the fact that the motor did not require any further modifications.  

3. Results

The example of the injection-moulding machine illustrates the successful transformation of a production 
machine by the DC-TM. All requirements were fulfilled at the end of the transformation process. The 
machine’s operation did not bring about any noticeable changes with regard to safety aspects, machine 
performance, or influences on the DC grid.  

Functional proof was provided by applying the DC-TM to the production machine under consideration. The 
requirements for the methodology were defined in section 2.1. The first requirement mentioned above is that 
the DC-TM is to be valid for any kind of AC-powered production machine. This requirement is partially 
fulfilled by applying the DC-TM to one type of production machine. For complete validity, the DC-TM 
needs to be applied to further machine types. Requirements two to five were accomplished without 
restrictions. 

4. Conclusion

The transformation of AC-supplied machines for operation with DC enables the establishment of DC-MGs. 
The DC-TM is a suitable to support the transformation process and leads through the different stages of 
definition of specifications, analysis of the production machine, and hardware redesign. An algorithm for 
evaluating DC suitability of components concerned is provided in form of a decision tree. The results are 
presented in a compact action matrix as a guideline for redesigning the machine.  

In the future, the DC-TM should be applied to different types of production machines. Additionally, several 
aspects of the methodology need to be further specified. Furthermore, the DC-TM can be abstracted to 
become a universally valid methodology for redesigning field machines. A detailed classification in the field 
of development methodologies is pending. The energy efficiency before and after the transformation process 
can be evaluated. Probably, design guidelines for cost-effective and energy-efficient redesign could be added 
to the DC-TM. 
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