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GENERAL OVERVIEW OF THE THESIS

Topicality of the research

Automated manufacturing developments are closely linked to the use of industrial robot
equipment. According to research by the International Federation of Robotics (IFR), the annual
number of newly installed robots globally reaches a historical high and exceeds half a million
units. The total number of industrial robot machines worldwide in 2022 is estimated at
3,903,633 units, an annual increase of 12 %[1]. The total number of robots in Europe is
estimated at 728,390 units, with a steady annual growth trend of 6 % [2]. Given that electricity
is the primary energy source for modern and robotic production processes, the need for energy-
efficient electricity supply solutions remains relevant. In the context of the possible transfer of
production processes from Asia to the European region and higher electricity costs, initiatives
to implement optimal energy technologies have a direct economic benefit. Public willingness
and determination to change the structure of existing energy sources and move towards climate-
neutral solutions also define new cooperation models and require a more flexible approach to
developing electric energy management systems for production purposes. According to the road
map defined by the European Commission Green Deal [3] to become a climate-neutral
continent by 2050, programmes that contribute to changing energy systems in the production
sector [4] have been created. Combinations of new renewable energy sources with energy
storage, electromobility and efficient lighting and heating consumption promote the interest of
engineers when considering combining or replacing existing AC infrastructure with DC
electricity transmission technology [5]. The Thesis explores and demonstrates solutions for
energy-efficient and flexible use of electrical energy in robotic production conditions by
introducing DC electrical power transmission elements.

Main hypotheses and objectives

Hypotheses
1. Energy efficiency can be improved for industrial robot applications by utilizing electric
energy recovery and reuse.
2. DC-type power supply solutions are suitable for implementing dynamic energy
exchange processes.
3. DC microgrid is suitable for implementing energy-efficient robotic production systems.
Objectives
1. Analyse existing industrial robot technology as typical electric drive systems and
explore new methods for practical energy recovery that are possible in realizing robotic
manipulator motion tasks.
2. Explore improvements in the energy efficiency and functionality parameters of new
robotic manufacturing plants using DC type power supply solutions and equipment.

In order to achieve the Thesis objectives, the following tasks were assigned:



e Analyse the operation of typical AC robot drive systems and define the characteristic
parameters for controlling the process of dissipating braking energy.

e Development of modification solutions for existing robot drive system functionality for
the energy recovery, storage and redistribution of braking energy in multi-robot
systems.

e Develop examples of a local DC microgrid solution for the total power supply of a
robotic manufacturing process in the form of laboratory equipment and mathematical
computer models.

e Explore new operating modes and analyse the efficiency of key nodes on the DC
microgrid.

Research tools and methods

Several methods have been used to analyse electrical systems and develop and test new
solutions. Fluke, N4L power analyser, measurement equipment, and laboratory oscilloscopes
have been used to obtain data characterizing electrical measurement and operating mode. The
Data Translation universal DAQ platform is used to record data by adding appropriate auxiliary
current and voltage measurement equipment.

Mathematical data processing and analysis have been performed using Matlab and Excel tools.
Simulink, LTSpice, and PSpice tools have been used for the physical modelling of electrical
circuits and systems. Printed circuit boards have been designed using Eagle and OrCAD
software. Assembly of equipment and prototype design have been developed using SolidWorks
and FreeCAD tools.

Laboratory setup and tailored power flow measurement equipment for time-synchronized data
have been installed for conducting physical experiments, and controlled DC power flow and
load test benches have been developed.

Scientific novelty

e Development of new interconnection circuit power electronic topologies for industrial
robots and centralized storage systems.

e Development of a new solution for the physical replication of dynamic power profiles
of electrical equipment in the DC microgrid at the laboratory scale.

e Developed and experimentally tested computer model of electrical drive systems and
their interconnections for industrial robots.

e An equivalent computer model developed for the DC microgrid centralized AC/DC
converter.

e A time-based analysis technique has been developed to obtain the required power and
current parameters for cyclic processes to scale the electrical system and select
equipment.



Practical novelties

The interconnection topology of industrial robots and centralized storage facilities and
prototypes of equipment for the development of modular energy recovery systems have been
developed and patented.

A detailed and time-synchronized data set of electrical energy flow measurements in an
industrial DC microgrid with 13 measuring points has been obtained.

Analysis of DC microgrid power flows and determination of the amount and efficiency of
recovered energy in an actual production process have been carried out.

New experimental testing facilities have been established to emulate the equivalent power
profiles of different industrial consumers in real-time on the DC microgrid and study related
effects.

Practical significance of the research

An experimental analysis has been carried out on a real DC microgrid, confirming the
hypothesis of reuse of recovered energy.

A demonstration and experimental testing system of the DC microgrid at the laboratory level
has been established.

In-depth knowledge of the introduction of DC microgrids for manufacturing purposes and the
electrical design of industrial robot systems has been acquired throughout the research.

Structure and scope of the Thesis

The Thesis has been written in the form of a thematically unified set of scientific publications
on the use of DC electrical systems and related elements to improve the performance of
industrial robot installations. The Thesis has four chapters presenting the study of existing
industrial robot electric drive systems, their modifications with DC interconnection elements,
and the application of a full DC microgrid and a practical demonstration for robotic production.

Approbation of the Thesis

The summary of the Thesis comprises 19 publications and 1 patent. The results of the thesis
work were presented in 12 conferences and 3 scientific journals.
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INTRODUCTION

Without highly automated technological solutions, a state-of-the-art manufacturing process that
creates high-added value physical products of many units is hard to imagine. Industrial robot
equipment is often used in processes characterized by product type repeatability, precise
assembly conditions, hazards to humans and harmful conditions. An industrial robot is a
complex machine that provides a computer-controlled process through an electromechanical
system. It often uses electrical energy for its operations and fits into the broader production
organization and necessary material and energy supply system. Developments related to the
impact of geopolitical processes and significant increases in energy prices have contributed to
the need for a new approach, diversifying energy sources, promoting system flexibility and
efficient end use of energy, for which incentives are being developed [6]. Given the extensive
process of introducing new technologies from an experimental prototype to fully defined
everyday applications and the application of related standards and regulations, several focus
groups and associations of engineers have emerged, as well as research projects AREUS [7]
and DC Industrie [8], to promote the practical implementation of DC systems.

Given that DC systems can benefit from a wide range of applications from large-scale power
generation and transmission, such as offshore wind farms and HVDC high-voltage direct
current transmission lines, to, for example, a single power supply standard for domestic
appliances, USB-C[9], organizations have developed with an intent to explore targeted
applications. The Current OS Foundation [10] and DC systems [11] want to promote high-end,
low-voltage DC applications and implement the relevant system management and coordination
standards. The research organization FEN — Flexible Electrical Networks [12] — is promoting
the deployment of DC system applications for the application of distribution and transmission
networks to deploy future flexible energy systems. The activities and applications carried out
in the Thesis are related to a large extent to the scope of the recently established ODCA — Open
DC Alliance — for the exploration of industrial DC products and solutions. Given that DC
industrial networks are entering the development phase as long-term investment projects for
practical applications [13],[14], economic rationale and industry interest are also predictable in
the coming years. The knowledge and experience gained in developing the Thesis are also
helpful in developing local SME-scale DC systems, considering the need to achieve renewable
energy and efficient energy use targets under the National Climate and Energy Plan 2030[15].
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1. ANALYSIS OF TYPICAL ELECTRIC DRIVE SYSTEMS
FOR AC INDUSTRIAL ROBOTS

In this chapter, the main properties of industrial robot kinematic systems, motion execution and
electrical drive systems are discussed. The author’s publications 1 an 2 are related to Chapter
1. For an overview of the intrinsic characteristics and functionality of an industrial robot
installation linked to the subsequent analysis of electric drive systems, it is beneficial to
examine the classification of robotic equipment. The methodology proposed by the
International Robotics Association is considered a comprehensive method for classifying
robotic equipment, including manufacturing applications [16]. According to the selected
classification procedure, a distinction can be made between several types of equipment eligible
as robotic equipment for production purposes. Firstly, it is possible to divide the installations
according to their location — stationary and mobile.

D E

Fig. 1.1. Industrial robot types: A) — Delta; B) — articulated manipulator; C) — Cartesian
(linear); D) — SCARA-type; D) — autonomous guided vehicle (AGV).

e The Delta (parallel) robot comprises a base platform incorporating an electric drive and
work platforms with a work tool driven by three levers. The specific feature of such a
structure is the possibility of reducing the moving parts' weight and obtaining rapid
accelerations and precision for the work platform. Typical application directions are
packaging, precise assembly and material handling. The market-available mass-
produced robot equipment payload is up to 15 kg [16].

e An articulated robot is a machine that consists of at least three rotating joints, and the
kinematic system has vast flexibility capabilities that would be somewhat comparable
to the range of motion of the human arm from the shoulder onwards. The advantages of
such a system are excellent reachability and workspace compared to the robot's size. An
articulated robot has been widely used as a typical manipulator in highly automated
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manufacturing processes such as automotive, metalworking and electrical equipment
manufacturing.

e The Cartesian (linear) robot workspace is a rectangular area in a space that can be
described by the coordinates X, Y, and Z adopted in the Cartesian coordinate system,
placed perpendicular to each other. Robotic manipulators of this type are widely used
in various types of CNC processing machines, lifting and material handling tasks. The
device's design allows for relatively simple movement control, but limitations include
the inability to reach the working space under the objects.

e The SCARA-type robotic manipulators are comparable to the human arm's operating
principle but with more limited movement flexibility, mainly using the ability to bend
the arm in the elbow part. The vertical movement of the end effector is carried out only
with the last drive built into the manipulator structure, and positioning in a horizontal
plane is done with two parallel rotating axes. The drawback of this manipulator is also
the ability to perform operations from the top, but the machine is widely used in
automated assembly processes, especially in electronics.

e Autonomous guided vehicles (AGV) are also regarded as robotic devices, the control of
which can be carried out employing built-in elements (cameras, sensors) and objects
integrated into the environment (magnetic strips, dots, signal wires). The AGVs are
widely used in automated manufacturing with the introduction of typical packaging
elements in the materials supply. As new concepts of flexible production organization
evolve, mobile platforms are also seen as a base for installing other production
equipment in a customizable environment.

The Thesis provides a focused view of the most popular industrial robot manipulators based on
the principle of kinematic structure of the articulated serial manipulator applied in industrial
manufacturing. Examples of typical applications are those for ancillary assembly and
production tasks in which the robot serves as a platform for installing tools with a significant
weight exceeding 100 kilograms.

The role and dynamics of electric drive

The role of electric drive in an industrial robot is to realize time-related positioning demand for
individual robot axes. Incremental command of rotational position of each axis is defined
following the planned trajectory of the robot end tool, which includes simultaneous calculation
of positioning of all axes. It is realized with the help of a robot controller. Figure 1.2 shows a
typical industrial robot manipulator and its schematic structure. In this case, the machine is
designed as a combination of a series of six rotary joints, with the symbols Al to A6 indicating
the position of the rotary axes.
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A3

Al ?
Fig. 1.2. The structure of articulated 6-axis industrial robot manipulator.

An appropriate kinematic model can describe an industrial robot manipulator as a system of
series interconnected solid bodies, including moving joint elements [17]. This wayj, it is possible
to analytically investigate possible variations in the positions of individual joints and also the
areas or working space available for the end tool of the manipulator.
However, techniques based on applying an appropriate dynamic model are used. Like in the
kinematic approach, it is possible to distinguish the direct and inverse dynamics model for the
particular robotic manipulator configuration-related dynamics process. The relationship
between the individual axis torques of an industrial manipulator and the changes in the positions
of the robot manipulator can be described using an inverse dynamics calculation.
Function (1.1) determines the instantaneous values of the required individual axle torque set ©
for individual drive nodes to execute the manipulator motion.

Tzf(qquqvfext) (11)
The described manipulator motion is expressed as a system of the set of individual axles of
angular positions g, velocities ¢, and angular accelerations of ¢. The force component of the
external action produced by the robot manipulator is described on each ofthe axes by a set f,;.
As this function describes the dependence of the system input value, which is the torque
produced by the drive, on the output parameter set of the manipulator system, this approach is
referred to as the inverse dynamics model.
The operation of the actual system is described by a direct dynamic model (Eq. (1.2)), where
the acceleration of each axis ¢ depends on the axis torques z, angular position g, rotational speed
¢ and interaction of external forces f,;.

G=f(%q,q fext) (1.2)
For detailed analysis of the inverse dynamics process of the series kinematics-based robot
manipulator (Eq. (1.1)), it is described in an expanded form according to Eq. (1.3).

T=D(q)§+C(q.Pq+ (@ + g(q) +e(q) (1.3)

Axis torques 7 are obtained by the combination of the following effects on the axes of the robot:
D(gq) — a matrix, the elements of which depend on the location of current robot axes and the
mass of individual parts of the robot describing the induced inertia effect;
C(q, ¢) — a matrix with elements describing Coriolis and centrifugal forces;
f(g) — the vector describing friction events;
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9(q) — the vector describing the moments produced by gravity projections on the axes;

e(q) — the vector describing projections of external force action moments on axes.

The main objective of an industrial robot is based on the execution of a real-time continuous
work tool positioning task that is translated to position commands of individual axis drives and
executed synchronized. Given the need for precise motion, the drive units of industrial robots
are most often implemented by electric drives and precision gear drives. Hydraulic and
pneumatically controlled joints have also been popular in the early stages of the development
of industrial manipulators. Given the trends and affordability of electrical drive technologies
from a cost and functionality perspective, electrical drives have become the leading positioning
solution in robot technology.

Overview of an architecture of industrial robot controller

According to the robot configuration mentioned earlier, the robot controller structure is
designed to provide a synchronized operation of 6-axis drives. Figure 1.3 shows the inner build
of the KUKA KRC4 industrial robot controller. From an electrical drive analysis point of view,
it is essential to identify three functional units — an AC rectifier that provides DC voltage for
two combined inverter units. Inverters provide control of PMSM servo drives grouped by axis
mechanical load: 1-3 axes and 4-6 axes, respectively.

Fig. 1.3. Arrangement of KUKA KRC4 robot controller electrical drives.

Robot manufacturer KUKA provides a robot controller as a modular system and applies
manufacturer-specific electrical functional unit designations KPP — KUKA power Pack, and
KSP — KUKA Servo pack. For experimental activities related to the Thesis, an industrial robot
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with a 210 kg payload capacity was applied, and an AC-type KRC4 controller with the
following KPP and KSP parameters was configured according Table 1.1.
Table 1.1

Nominal Data of ElectricalDrive Elements of the KUKA KRC4 Robot Controller

Device Input parameters Output parameters
3PE AC 400/480 V 20 A 50/60 Hz 2 PEDC 565/675 V25 A
KPP 600-20 14/17 kW 14/17 kW
3 PE AC 0-400/480V 17 A
KSP 600-3X40 2 PEDC 565/675 V25 A 0-500 Hz 12/14 kW
3 PE AC 0-400/480 V9 A
KSP 600-3X20 2 PEDC 565/675 V25 A 0-500 Hz 6/7 kW
Servo drives 13 Uph 201 V. Iph 9.5 A Nn/Nmax 3000/5000 rpm,
4.9 kW
Servo drives 4-6 Uph 152V, Iph 5.6 A Nn/NmaX23§J (1):2)/&/7200 o

The figure shows an extended structural diagram of the KRC4 controller, which distinguishes
between 24 V voltage level equipment and the equipment connected to the DC bus, presented
on a grey background colour.

N

AC grid AC/DC KSP KSP
KPP 12/14 kW 6/7 kW
24V DC
supply chopper
Cabinet PMSM drives 1-3 PMSM drives 4-6
control
board
e N
PC Battery Brakes Switch rS;lnaétt:AD
\ J

Fig. 1.4. Structure diagram and electric power supply of the KUKA KRC4 controller.

Power consumption or electrical drive recuperation depends on the robot's planned motion
program performance [20]. In practice, such data on the power consumed by individual
electrical machines or a group of electrical drives during the execution of the program can be
obtained by several methods.
e A detailed robot modelling approach, as described in [18] and [19], predict a sequential
calculation of the energy flows of an industrial robot, taking into account the power of
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individual electrical machines and friction losses. This approach makes it possible to
achieve a universal model that is also suitable to address the challenges of motion
optimization taking into account energy consumption.

e Practical measurements by connecting current and voltage measurements to the DC bus
allow recording of the data obtained, which, employing subsequent processing
combined with the measurement of the power consumed by individual inverters, enable
a sum of power of the DC bus. Figure 1.5 represents the resulting change in total DC
bus power due to a practical measurement of 2 robots.
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Fig. 1.5. Experimentally obtained DC bus power profiles in two industrial robot operations.

e Alternatively, the recording function of the internal parameters of the robot controller
is also mentioned as a method to obtain individual axis power consumption or associated
values, such as current and voltage data. This is possible through, e.g., KUKA Trace
software feature, which is primarily designed for diagnostics of the robot's internal
processes, but the data generated during movement can also be used for further
modelling or optimization tasks (Egs. (1) and (2).

If data are available on the dynamic electric power profile of the 6-axis drive of an industrial
robot, an equivalent model of the electrical system can be developed to study the operation of
the electric drive and the DC bus. The structure of the model is shown in Fig. 1.6.
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Fig. 1.6. A model of electric system of industrial robot manipulator for AC power supply.

The primary energy source is the AC grid, which is supplied to the DC bus via an uncontrolled
rectifier. The value of the rectified voltage at idle operation of the rectifier depends on the grid
voltage according to Eq. (1.4), where U, _; is the voltage between the phases in the three-phase
system and Upc;q;e i the value of the rectified voltage at no load.
Upcigte = V2U; -, (1.4)

Thus, it can be concluded that at the 400 V voltage system standard in Europe, the voltage of
the DC stage is 565 V at no load.
Practical analysis of the KRC4 robot controller has made it possible to determine the total
combined DC bus capacitance. The value of Cpc_gp is 1.3 mF. Similarly, the braking resistor
value, Rg , has been determined — 11 Q. The application of the braking resistor follows from
the principle of hysteresis-type control, which measuring the voltage of the DC bus Up,
compares to 2 voltage levels Ugpony — 685 V and Ugporr — 665 V. At 685 V DC bus voltage,
the energy dissipation within the resistor is initiated until a reduction to 665 V is achieved, and
the braking resistor is switched off.
The dynamic power profile of an industrial robot P;,.q(t) is realized by modelling the
equivalent power source according to the equation:

Ioaa(t) = Ppoqa(£)/Upc(t) (1.5)
Figure 1.7 shows the implementation of the model structure in the Matlab Simulink modelling
environment.
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Udc-

Fig. 1.7. Implementation of AC industrial robot electric model in Matlab/Simulink: rectifier,
filter capacitor and brake resistor circuit (above), and equivalent dynamic axis load element
(below).

Simulation of the experimentally obtained load profile with the model described above results
in the DC voltage variations and braking resistor operation Fig. 1.8.

The established model is valuable for further research on energy efficiency improvement
measures. The following chapter explicitly considers modifications to existing AC industrial
robot drives by introducing DC network elements.
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Fig. 1.8. Results of the equivalent electric model of an industrial robot: Upc — DC bus voltage
variation; /c — DC bus capacitor current, braking resistor operating command,
and the executed industrial robot program power profile Ppc.
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2. DEVELOPMENT OF DC-BASED CONVERTERS
FOR ENERGY-EFFICIENT MODIFICATION OF AC
INDUSTRIAL ROBOTS WITH TRADITIONAL
FREQUENCY CONVERTERS

This chapter presents an approach for energy efficiency improvement by modifications of a
typical AC electrical supply-based industrial robot. The author’s Publications 15-20 represent
the findings of this chapter.

By analytical observation of the design of typical AC robot controllers, it can be concluded that
braking motions are present depending on the performance of the trajectory execution task.
During such motions, recuperated energy is accumulated in the DC capacitor and by the
presence of a predefined higher voltage level is dissipated by the braking resistor. Thus, there
is a direct potential for improving energy efficiency if the share of dissipated energy in normal
working conditions is reduced. Several possible ways of improving energy efficiency from the
point of view of optimization of the electrical system are summarized below, but there are also
other methods related to optimizing motion trajectories, and software is known [21].

Each of the presented options is increasingly relevant for using DC power transmission in
robotic systems:

¢ Controlled bidirectional rectifier application.
Simply replacing an uncontrolled rectifier with a bidirectional rectifier is significantly more

expensive than inserting additional capacitance into the DC bus. Considering related
requirements for AC grid power quality and the relatively low individual load power per
converter, such a solution should be considered in the context of a significant DC side electrical
system dimension and connected load pool.
e Increasing the capacitance of the DC bus.

Such an option requires additional capacitors in each robot controller, which entails additional
costs [22] but also has potentially positive aspects in terms of increased system reliability [23].
The optimal choice of capacitor capacity depends on the most significant recovery energy peak
generated during the motion trajectory execution task performed. This solution is considered
appropriate in cases where there are one or few robot controllers distributed over longer
distances in the manufacturing area.

¢ Interconnection of DC bus of multiple industrial robots.
An alternative approach is the introduction of additional capacitance and its availability through

the connection of multiple robots to a shared capacitor module for the efficient use of braking
energy. This approach is analysed and discussed in detail along with practical implementation
in the following chapter.

e Provision of DC power supply.
As a large-scale solution involving the use of robots and the bidirectional energy exchange
potential of industrial drives a single DC microgrid is created with one centralized AC
connection.
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Interconnection of DC bus of multiple industrial robots

For the short-term accumulation and reuse of braking energy, the capacitance of the DC bus
may be utilized if the operating principles of the installation allow for variation in individual
DC bus voltage Upc,. Figure 2.1 depicts the principle for connecting the DC bus of individual

drives with a common capacitor module C.

C
DCoyn
= Ra SDy,1 [[] SD12 SD1 &
DC,
A 11 111 [
Ry [ SDo ;1 [|5D2; SD3 i
| 4 L1 L1l L1l
745 Rn SD'n,,l : SDn,l SDn,k
DC,

Fig. 2.1. Interconnection of multiple electrical drive inverter SD groups with input rectifiers,
R, with shared DC bus and additional capacitance, C, application (the autor’s Publication 15).

Each drive system shall retain the existing input rectifier and the structure of the DC bus.
Additionally, the interconnection module M is introduced, allowing the power flow to be
controlled between individual robots and a common capacitor C and respective voltage U.
Key operating principles for interconnection modules:

e storage and efficient use of recovered energy;

¢ do not affect the regular operation of the existing drive system configuration providing

power from the AC grid.

Within the framework of the Thesis, several versions of the interconnection circuit have been
established, which can be divided into asymmetric commutation interconnection (1 version)
and symmetric commutation interconnection circuit (2 versions) topology solutions.

Asymmetric interconnection circuit analysis

In order to have practical implementation, an electrical circuit diagram was set up as illustrated
in Fig. 2.2
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Fig. 2.2. Asymmetric commutation DC interconnection circuit.

In order to ensure the exchange of recovered energy through the external capacitor module, the
hysteresis-type control principle is applied, and the capacitor voltage control parameters Uyy
and Uypr are introduced. The flow of recovered energy to central capacitor C occurs by natural
commutation and diode D. The energy flow and reuse of pre-accumulated energy in each of the
robot drives takes place by operating the Q semiconductor switch, which is commutated by the
following principle (Eq. (2.1)):
ONif Uc > Upy 2.1
Q state = OFF if Us < Uppr
previous state otherwise

The module interconnection instance voltage trigger level Uyy of the hysteresis control is
higher than the disconnection instance level Uy gy, which allows for a more stable operation by
introducing a deadband between these values.

Uon 2 Uorr (2.2)
Practical testing of the presented circuit was carried out (the author’s Publication 19) with the
interconnection of two industrial robots, resulting in terms of energy consumed over a 1-hour
working period Table 2.1.
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Table 2.1

Energy Consumption Results for the Asymmetrical Connection of Two Industrial Robots

Robot application Welding Handling
Without DC interconnection, kWh 3.66 6.44
With DC interconnection, kWh 3.45 5.11
Difference, % -5.6 -20.5

Experimentally measured voltage variation and corresponding current during operation are
presented in Fig. 2.3.

on

J off

| I j
8.0 0.5 1.0 1.5
T.s

Fig. 2.3. Asymmetric interconnection operating mode at control voltage parameters
Uonv=1540V and Uprr= 520 V.

During the experimental test, an /m current flow has been observed due to potential equalization

effects imposed by directly coupled negative DC bus poles (the author’s Publications 17 and
18).
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Fig. 2.4. Equalizing current circuit in the case of asymmetric connection.

Such an effect creates a new operation mode for the load of rectifiers. Due to the possibility of
modifying existing equipment and developing potential diagnostic errors, it was decided to
consider the introduction of symmetric switching modules for future work. It is also important
to ensure that discharge of the main capacitor Uc is interrupted at the voltage Uypr before the
no-load output voltage Upc;iqie Of the rectifier is reached at 565 V when the 230 V phase voltage
system is used.
Uorr 2 Upciate (2.3)

The work on creating a new type of interconnection circuit for the task under examination was
continued.

Development of symmetric interconnection circuit

Based on the necessary modifications and previous test experience, a new type of DC link
interconnection topology (the author’s Publication 20) was developed and patented to ensure
synchronous switching of both DC circuit poles in the event of interconnection.
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Fig. 2.5. Symmetric commutation DC interconnection circuit.

The main differences are the introduction of an additional semiconductor switch for switching
the other pole and the possibility of conducting a controlled pre-charge of the main capacitor
from one of the connected DC buses of industrial robots. The interconnection prototype circuit
power device module without peripherals is shown in Fig. 2.6.

26



-

Fig. 2.6. Prototype of symmetric interconnection circuit power switch board.

The installation was subsequently assembled and experimentally tested under industrial
conditions in collaboration with Mercedes Benz AG (former Daimler AG), Germany, using
industrial robot manipulators KUKA KR210 with additional weight elements 150 kg and
200 kg as reproduced Fig. 2.7.

devices (left) and one of the interconnected KUKA KR210 industrial robots (right).

During the test, electrical parameter data recording and energy consumption estimation were
performed with the equipment shown in Fig. 2.7, FLUKE AC power analyser, and the data
logging system.
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Fig. 2.8. Application of DC interconnection electric parameter data recording and AC power
analyser devices.

A 20-minute operation period analysis was carried out on the power consumed for a 2-industrial
robot interconnected system, and the obtained results are presented in Table 2.2.
Table 2.2

Average Power Consumed in the Case of a 2-robot System

Robot application

Handling — 20 min (no extra

Handling — 20 min (with additional

weight) weights of 150 and 200 kg)
Avgrage power Wlthout DC 6.23 3.67
interconnection, kW
Average power with DC
interconnection, kW 4.92 5.1
Difference, % -21.1 -22.7

The pilot test demonstrates the positive impact of the preferred option on increasing energy
efficiency for this robotic application, reaching savings of up to 22.7 % in average energy
consumption. It is important to note that, under actual production conditions, the operational
tasks of individual robots may vary considerably according to the required motion dynamics,
and relatively fast motion and strong recovery modes movement profiles were used in this test
to test electrical parameters for the prototype created.

Due to the actual performance of the system, the direct voltage measurements of both individual
robots and the shared DC bus, it was possible to develop an equivalent computer model using
the modelling tools of Matlab and Simulink, as well as to compare the performance of the model
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and the actual measured system (the author’s Publication 15). Figure 2.9 compares the results
of dynamic variation of the most characteristic parameters in a similar operating mode with the
same Uopy = 600 V and Uoprr = 580 V control parameters.
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Fig. 2.9. Comparison of interconnection operation examples in a modelled (right)
and experimentally measured system (left).

The obtained data allowed further system optimization. As observed, for example, actual Uc
voltage reaches a value lower than Uoprr, demonstrating the time delay in real system
semiconductor switching operation, and has been the subject of more extensive analysis (the
author’s Publication 16).

Development of a modular system prototype
Given the expected use in an industrial environment, where it would be necessary to organize

the energy exchange between individual industrial robots on a similar scale to that achieved
from an actual production plant, it is concluded that the typical number of robots placed together
is up to five units. This type of electrical equipment would be used to optimize the operation of
one production cell by modifying existing robots. Based on the data obtained and the model
produced, an analysis was developed to build a system of five robot machines using modelling
tools, as well as a practical modification of the design of the prototype taking into account the
necessity of a modular system.
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Fig. 2.10. Conceptual sketch of the principle of modular system approach (left) and first
prototypes of functional modules (right).

Figure 2.11 shows the realization of the equivalent model of the system in the Simulink

environment to determine the operating modes and associated electrical parameter values of the

electrical system.
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Fig. 2.11. Model structure for five interconnected industrial robot operational analysis.

Modelling results allow to explore interconnection module switching processes and the impact

on overall system operation. Figure 2.12 shows part of the data obtained, graphically

representing the voltage dynamics of individual DC buses.
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ts
Fig. 2.12. Example of modelling results for the 5-module system — dynamics of individual DC
bus voltages.

The choice of transistors and diodes for selected main semiconductor elements was also
optimized by studying the appropriate thermal processes, as well as the galvanic insulation of
module housings and the ability to combine on single radiators for passive cooling applications.

Fig. 2.13. Example of a thermal process identification and testing process with increased
power to determine critical temperatures during the design of the equipment.

A version was created in the course of successive development of the solution envisaging the
assembly and housing design for the equipment taking into account typical installation
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conditions for electrical and automation equipment in cooperation with Daimler AG. Figure
2.14 shows the design of the installation solution and the modules created using 3D CAD
software.

Fig. 2.14. The concept of modular installation assembly and practical implementation
of modules in a CAD environment.

A real prototype of the equipment was built (see Fig. 2.15) taking into account the aspects of
optimization and modular system described above for industrial applications in the production
plant.

Fig. 2.15. A practically implemented modular solution for the DC link interconnection
of industrial robots.
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3. ANALYSIS OF INDUSTRIAL ROBOT APPLICATION
WITHIN LABORATORY SCALE DC MICROGRID

The practical implementation of a DC microgrid for experimental power flow analysis of a few
industrial robot applications and possible combinations with energy storage and renewable
power infeed has been of interest to Riga Technical university (RTU) Institue of Industrial
Electronics and Electrical Technologies. Efforts and related author’s findings regarding the
implementation of DC testing laboratory are represented in the author’s Publications 3, 4, and
8-14.
Interest in physical DC grid implementation as testbed for new converter prototypes and system
operation analysis at RTU has aligned with the European Union research project AREUS
objectives for the demonstration of market-available DC technologies for industrial DC grid
installation and future developments needed. Figure 3.1 represents the top view layout of the
RTU AREUS Demo laboratory room at its final setup:

1 — active AC/DC rectifier unit (55 kW);

2 and 3 — universal robot load emulator units (23 kW);

4 — lithium ion battery energy storage system (BESS) 16-22 kW;

5 — supercapacitor storage system (30 kW);

6 and 7 — 600 V DC-Robot prototype and KUKA DC robot controller cabinet with a load

of 21 kW;

8 —master PLC controller (cell controller);

9 —solar DC/DC converter (3—4 kW) for 3.3 kW solar panel array;

10 — optional wind energy emulator setup.

e AC Grid 380V. ) DC 400V

AC 380V solar

Fig. 3.1. RTU DC microgrid laboratory setup (also referred to as AREUS Laboratory).

The following DC microgrid design aspects and challenges for experimental DC microgrid
laboratory implementation have been solved and covered in the Thesis.
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e Dynamic DC power flow operation demonstration resembling three industrial robots
within limited floor space.

e Implementation of synchronous multipoint power flow measurement solution for
experimental data logging and analysis.

e Operational behaviour analysis of central bidirectional AC/DC power interface — also
called active front-end converter for DC microgrid supply.

¢ Cyclic manufacturing process operation analysis and possible optimization measures of
electrical equipment.

Development of DC power flow emulator
The small-scale industrial microgrid laboratory environment is foreseen as a physical model of

multiple industrial robot installations for manufacturing task execution. Combination of the
main task for several dynamic DC load unit implementation along with given constraints of
available floor space, investment budget and research areas of IEEI institute allowed to make
the decision on the arrangement of an electromechanical system of coupled induction type
electrical drives (see Fig. 3.2), combining torque and speed controlled drives for overall system
operation objective of controlled DC side power flow.

Torque Speed
control control

——o
o— - /\_/
DC grid 0 AC grid
600V 3ph, 400 V, 50 Hz
Mechanical
oO— /\/ coupling -
Asynchronous Asynchronous ———o0
hine (M1) machine (M2)
3-phase inverter (FC1) Frequency converter (FC2)

Fig. 3.2. Principal schematic of the bidirectional DC power flow emulator.

Motor drive frequency converter FC2 has an objective of maintaining the stable rotational speed
of the coupled system. The other frequency converter, FC1, is operated by an external torque
reference provided by the user related to DC power flow demand. Both frequency converters
are identical market-available ABB ACS series 22 kW drives, and one of the units is directly
supplied by the DC microgrid bypassing input rectifier. The main control principle of DC side
power flow control is related to the proportionality of a given torque command, provided
mechanical power and respective electrical power consumption or generation as described by
Egs. 3.1)—(3.3).

Ty1 X0 (3.1)

9.550
Py, is the output mechanical power of electrical machine M1 and the respective mechanical

Py = Typw =

torque Ty, by given rotational speed of the linked motor shafts n. If the speed of the linked
shafts is kept constant, the desired electrical power flow Pp. can be correlated to the necessary
torque setpoint. However, the physical system also has losses that can be combined into a single
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quantity, AP, according to Eq. (3.2) and respective power flows for motoring and generation
modes, as represented in Fig. 3.3.
AP = APpcy + APy er + APyimech (3.2)

PDC PMI

Motoring
mode
APMl,mech PDC >0
APy Ppc > Py

Regenerative
mode
Ppe <0
B IPocl < 1Py
APMI, mech
Fig. 3.3. Electrical power flow in motoring ( top) and regenerative (bottom) modes.
The exact power balance of DC side connected electrical drive M1 is as in Eq. (3.3).
Ppc = Pyy £ AP (3.3)

A controller has to be developed to dynamically change the torque reference according to the
desired DC power flow profile. Since several parameters can vary during operation (speed
fluctuations, system losses being dependent on temperature, load conditions, power flow, etc.),
a closed-loop controller for calculation of compensated torque reference for the drive FC1 based
on the demanded and the measured DC bus power values and the energy losses has to been

proposed Fig. 3.4.

PDCsct /o

Ppc measurement

Fig. 3.4. Proposed controller structure for dynamic DC power flow emulation by electrical
drive torque variation.

The controller has to compensate only for relatively small deviations from the desired output.
In the case of the DC power flow controller feedforward torque reference Ts.; approach based
on dominant system behaviour according to Eq. (3.1) is beneficial. The difference between the
set and the measured power value is caused by the electromechanical losses present in the
system. The task of the controller (Fig. 3.5) is then to modify the torque reference for the
compensation of these losses for the final drive arrangement, as represented in Fig. 3.6.
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Fig. 3.5. DC power flow emulator controller PCB and enclosure.

Fig. 3.6. DC power flow emulators developed in the RTU AREUS demo laboratory.

The final operating parameters regarding DC power flow physical emulation capabilities are
summarized in Table 3.1.
Table 3.1

DC Power Flow Emulator Performance Parameters

Ppc(regenerative) -18 kW
DC power ratings

Ppc (motoring) +22 kW

dP/dt (regenerative) | —378 kW/s
Power flow dynamics

dP/dt (motoring) | +448 kW/s

The comprehensive development procedure for the described bidirectional power flow
emulator system has been presented in the author’s Publication 11. Potential alternatives for

36



drive control approaches based on funnel controller [24] with respect to a given application
have been presented in Publication 14.

Analysis and modelling of an active front-end AC/DC converter
The AC/DC electrical interface converter for bidirectional power exchange between 600 V DC

local industrial microgrid system and existing AC infrastructure has been utilized in order to
apply power flow conditions similar to those in real production processes.

0 - i [
AC electrical network - | |
=

Ty - —

DC electrical network

Fig. 3.7. Physical setup of an AC/DC interface converter (right) and a functional block
assembly structure (left)

Electrical equipment is based on industrial-grade components selected for specific prototype
operation according to planned DC demonstration activities within the AREUS project
framework. The significance of a central AC/DC interface converter for DC microgrid requires
estimation by measurements of both AC and DC side-related electrical system operating
conditions as well as typical characteristics being efficiency, power quality and similar
quantities. The idea of a generalized converter operation model extraction based on physical
measurements has been applied, since the model-based DC grid design approach has been of
interest for future development and practical applications in industry and research
environments.

Experimental testing methods

In order to evaluate the performance of AC/DC electrical interface equipment, an electrical
system for bidirectional power flow operation has been developed. Electrical testing within the
power range of 40 kW for energy consumption and generation with respect to the AC electrical
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system has been done. The schematic arrangement using two electrical power flow emulation
units has been connected as presented in Fig. 3.8. Electrical power measurement has been done
with high-precision power analyser equipment. Two DC-side electrical power flows have been
measured with N4L PPA3300 power analysers connected with electrical drive setup for energy
flow operation as shown in Fig. 3.9.

L > I
AC o
Pa
1 Pdc Pdc
’,’ N4L
FLUKE “ power — >
power analyser
analyzer DC DC
load load

Fig. 3.8. The structure of AC/DC converter operation measurement setup.

Fig. 3.9. FLUKE 434 Series II installed for AC-type electrical measurements (left) and N4L
PPA3300 power analyser and DC electrical power flow emulator in the background (right).

The presented testing arrangement has been operated at various load or generated power levels
within a range from —36 kW (generating) to 45 kW (loading). The following operational
performance indicators have been obtained at various power levels.

Efficiency has been obtained by observing power measurements on both sides of the AC/DC
converter and their respective ratio according to power flow. Negative DC power represents
operation feeding energy to AC grid, whereas positive energy is drawn from the AC grid. The
converter efficiency has been obtained within the range of —36 kW to 45 kW. The efficiency
reaches values higher than 0.9 in a broad operating range, exceeding 5 kW for both consumption
and regeneration.

Power factor represents the ability of equipment to utilize electrical infrastructure efficiently
and consume active power without reactive power component. The ideal case of power factor
reaching a value of 1 means that pure active power has been drawn from AC grid. In the case
of regeneration to AC grid, the respective ideal power factor value is —1.
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The respective efficiency and power factor results related to the DC side power flow are
presented in Fig. 3.10.

Efficiency cosd
1.5

1

50

-50 0 50 s
Pdc,kW “Pde kW

Fig. 3.10. AC/DC converter efficiency and power factor related to DC side power.

Total harmonic distortion factor (THD). The nominal frequency of AC power system is 50 Hz,
therefore, the AC waveforms of voltage and current ideally should have only 50 Hz sinusoidal
character. In real applications, other harmonics or base frequency multiples are present, adding
additional losses and reducing electrical power quality parameters. A parameter known as total
harmonic distortion factor (THD) represented in percent allows evaluating the harmonic content
of voltage or current. Ideally, the value of THD should be 0 if only the base frequency is present
in the analysed waveform. It can be observed that the current waveform quality is significantly
reduced at light load conditions, as represented in Fig. 3.11.

SCOPE HARMOHICS SCOPE HARMOHICS
F 245 al® 239 all® 236 AlY 05 A" 3.8 Al I 5.1 Al II-IE-E‘.I
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w’l | MWIFH. w|( |u|||p"||.|!||,ﬁ “, i

230U 50Hz 38 WYE  EH50160 2300 50Hz 38 WYE ~ EHS0160

UOLT AMP| [CURSOR 4 =
BACK W a B C  OHOFF Zoom =

UOLT AMP| CURSOR 4

Ho A BReH LOH | oFF Z00m =

Fig. 3.11. AC phase current waveforms at Ppc = 15.3 kW, average current 24 A (left) and
Ppc=-2.2 kW, average current 4.5A (right).

The results of harmonic analysis and THD coefficient estimation for both waveforms are
depicted in Fig. 3.12.
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Fig. 3.12. AC phase current harmonic analysis at Ppc = 15.3 kW, average current 24 A (left)
and Ppc =-2.2 kW, average current 4.5 A (right).
The obtained operational behaviour has been measured and represented in Figs. 3.13 and 3.14,
where significant variations of AC side current waveforms at light load conditions are
represented, whereas voltage distortion is less significant.

THD, V, %

-50 -40 -30 -20 -10 0 10 20 30 40 50
Pdc,kW

Fig. 3.13. The obtained voltage THD variation referred to DC side power flow operation.
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Fig. 3.14. The obtained voltage THD variation referred to DC side power flow operation
modelling of AC/DC converter.

DC side measurements
For DC side operation behaviour analysis, AC/DC converter has been operated at various load
and recuperation power levels enabled by the DC power flow emulator equipment described
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before. Voltage and current waveforms have been obtained through the DataTranslation DAQ
acquisition module with a maximum sampling frequency of 44 kHz. The following figures
Figure 3.15 represents time and Fig. 3.16 — frequency, which represent the AC/DC converter
performance.
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Fig. 3.15. DC link voltage and current waveforms at DC link terminals of AFE converter
in time domain.
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Fig. 3.16. Frequency content analytical results of DC terminal voltage and current at various
load states.

The obtained data represent the presence of fundamental 8 kHz AC/DC converter switching
frequency and variation of DC side voltage by an increase of 10 V by reversed power flow
operation. The spread of the obtained spectrum of current waveform at higher load conditions
is observed, and significant multiples of fundamental switching frequency are identified for
better design of related measurement equipment and related signal filtering needs. The
requirements of DC-related frequency content and related EMC issues is one of the areas being
discussed in Publication 8, and while some standards are applicable already, for example, of
PV related LVDC systems, many aspects have to be included in future standardisation activities
[25], [26].

41



Development of a simplified model of AC/DC unit.

Based on available data, an approach for the respective AC/DC converter model development
has been implemented and described in Publications 9 and 12. Pulsed load testing for voltage
dynamic variation on DC bus has been done with a step load variation of 6.5 kW. The simplified
dynamic model has been designed according to the structure presented in Fig. 3.17.
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Fig. 3.17. Actual and modelled DC bus voltage dynamics (left) and implemented model
structure (right).

The basic principle is the current source control feeding current into a capacitor representing
the 4.1 mF output filter capacitor. The reference voltage of the capacitor is set 600V,
representing the microgrid nominal voltage. The charging and discharging of the capacitor have
been controlled by the PI-type controller observing output voltage with respect to the reference
voltage and respective current source implementation. Other aspects, such as AC and DC side
power balance and converter losses, have been based on an approximation of the previously
described efficiency and power factor data obtained by measurements.

Application of a synchronized power flow measurement system

In order to perform synchronized power flow measurements for AC and DC-based electrical
supply systems, a set of measurement devices has been developed and introduced within the
laboratory and industrial DC supply infrastructure. The motivation for applying customized
power measurement equipment is related to immediate and time-coordinated data collection
needs and future extension for data transfer via industrial communication networks such as
Profinet. The ever-expanding relevance of non-sinusoidal, bidirectional, AC and DC-based
power flows in real electrical installations demands low-cost distributed power monitoring and
measurement solutions. Previous research activities have led to a novel power flow
measurement approach utilizing non-even time sampling [27].
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Fig. 3.18. Working principle of a voltage-controlled variable oscillator-based sampling
system [27].

The approach is to utilize a variable frequency oscillator for sampling that corresponds to an
instantaneous measured voltage u by linear function K, as in Eq. (3.4):
fsampte = Ku 3.4
The sampling frequency determines integration time periods At for energy calculation, as in Eq.
(3.5).
At = 1 _ 1 3.5)
fsample Ku
Energy calculation within the determined time period T is obtained according to the function of
Eq. (3.6):
T (3.6)

T
W= ZpAt =ZuiAt
0

0
Since periods At are related to the variable sampling process in linear relation to voltage, the

equation can be rearranged according to Eq. (3.7):

T T . T
= uilt = Ki " K i
0 0 0

Based on the presented principle, a set of measurement devices has been designed for

3.7)

application in industrial microgrids and analysis for individual manufacturing equipment units
and respective electrical power flow. Since various types of electrical connection technologies
and methods are present in real installation, electrical power flow metering equipment has been
adapted for both integrated and external current measurement solutions. Industrial robot
electrical power metering units have been implemented as extension cables for existing
industrial connectors being used, as shown in Fig. 3.19.
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Fig. 3.19. Power flow meter as industrial robot extension cable.

An integrated DC power flow measurement device set has been applied with an internal current
measurement sensor. Higher power level measurements and 3-phase arrangement have been
achieved by measurement devices with external current measurement clamps, as shown in Fig.
3.20. Additional communication modules for optical data transfer and industrial data protocol
standard Profinet are integrated within the same device.

: Za (BY LD
Fig. 3.20. Power meter with integrated current measurement and external current clamps.

In order to achieve time-synchronized and consistent data of distributed power flow
measurement installation, optical data communication has been implemented. Figure 3.21
represents a central optical fiber connection for centralized data acquisition.
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Fig. 3.21. Optical fiber data transmission and aggregation device.

The synchronized data set is produced by aggregating individual metering unit data with a
bidirectional optical communication data network, providing synchronous requests for every
power flow meter every 20 ms. Internally, each power meter unit has a sampling frequency of
2.8 kHz and provides an averaged value on request for the previous 20 ms acquisition time
period.

Cyclic operation-related parameter analysis

As laboratory scale installation of DC microgrid is physically implemented, respective analysis
of system operation and related selection of protection equipment or power supply
dimensioning has been of interest. Significant property within industrial manufacturing
operations is related to the cyclic repetition of automated processes and respective electrical
power consumption dynamics.

Typically, the data with a given sampling frequency fiumpie for a respective period time frame
with length ¢, is available from measurements or simulations. An approach for input data
analysis based on the sliding analysis window concept along extended operational period data
has been applied. The sliding analysis window being shifted along the whole dataset and with
variable window width can provide a method for data categorization or time-related distribution
analysis as presented in Fig. 3.22.

T, >
Sliding Obtained Data
Analysis
Window
- >
04 time n
Fig. 3.22. Visualization of sliding analysis window approach application for power data
analysis.

The presented idea is applied for dynamic power variation analysis to retrieve an overview of
the characteristic behaviour of electrical load maximal instantaneous power requirement and
respective combined power demand for a group of loads (the author’s Publication 8).
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Therefore minimum and maximum sliding window size options can be defined based on Egs.

(3.8) and (3.9).

1 (3.8)
T . = —"
i fsample
Thax =ty (3.9

The minimum analysis window is defined by an applied sampling frequency of data and the
respective distance in time between two adjacent samples. The maximum window available for
analysis is limited by the total data sampling time frame #,. By variation of window size, T4, the
respective number of following samples for evaluation within the analysis window can be
defined according to Eq. (3.10).

Ta

(3.10)

n ’ Ta € [Tmin' Tmax]

fsample

Evaluation of average power P, within the scope of analysis window being shifted according
to the number of samples i is represented by Eq. (3.11).

& (3.11)
Pavg (i, Ty) = EZ P;,i €[1,t, —n]
i

The final analysis result for a particular analysis window width being shifted along initial data
is determined according to Eq. (3.12).

P(T,) = max(Payy (i, To)) (3.12)
By analysis according to equations, the characteristic behaviour of electrical load instantaneous
peak power requirement can be determined, as given in the example.
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Fig. 3.23. Peak power analysis results of a 4-manipulator set (left) and the welding process
(right).

The analytical approach has been further applied for interconnected DC microgrid peak power
rating and respective infeed converter power rating selection. The following graphical
workflow in Fig. 3.24 represents two approaches based on available information if only
individual electrical unit power profiles are available or information about combined system
behaviour and time-based coordination is available.

46



Combination HDecision

Datal

Data2
CombinationH Analysis
-Data3

Data4

Fig. 3.24. Comparison of the parallel power peak demand analysis approach (top)
and the combined approach (bottom).

The obtained results represent a significant variation of achieved peak power demand character,

and therefore, the significance of system modelling needs in advance for the electrical system
and component dimensioning.
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Fig. 3.25. Parallel and combined analysis result for power demand (left) and potential
converter dimensioning scheme with dynamic energy buffer application (right).

A similar approach has been applied to analyse industrial robot cyclic current profiles
(Publication 10). The interest in individual unit current flow behaviour analysis has been related
to the optimal selection of appropriate circuit protection rating as well as the identification of
unique patterns for each robot for diagnostic application in future. In combination with
semiconductor-based circuit protection developments [28], an adaptive approach for critical
parameter adjustment can be considered. Current reference profiles are used as input data set
of industrial robot, as represented in Fig. 3.26.
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Fig. 3.26. Example of a 60-second repetitive industrial production cycle and consumer
electrical load current profiles in the case of four industrial robots assisting for several
operations: IRB1 — material handling; IRB2 — to carry a welding gun; IRB3 — to carry a glue
dispenser; IRB4 — to carry clinching equipment.

The analysis of peak average values of the current concerning time duration has been
represented in and compared to a few typical fuse characteristics available in datasheets for PV
and general type loads.
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Fig. 3.27. Comparison of the sliding window analysis for highest mean current values and the
typical fuse current-time curves of types gR-4A and gPV-6A.

Another approach has been carried out using the sliding window approach for categorization of
obtained measurement sample data within categories C of measured values x. In this way the
total operation period time span from 0 to final sample #, has been assigned according to
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respective sample measurement values to categories from C; to Cn covering the whole
measured current profile value range.
by

sample value

Fig. 3.28. Graphical representation of current sample x categorization analysis within classes
C.
Such an approach has been considered for future operation online observation and application

that would generate patterns for each individual robot operation within a given manufacturing
cycle. If cycle time is fixed, then the analysis pattern result obtained by the logged current
profile would also represent similarity. Fig. 3.29 provides a graphical representation of load
current behaviour.
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Fig. 3.29. A magnified view of analysis results for time span below 2 seconds.
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4. EXPERIMENTAL TESTING OF AN ENERGY EFFICIENT
DC MICROGRID IN A LABORATORY AND A ROBOTIC
AUTOMOBILE MANUFACTURING INSTALLATION

Implementation of robotic manufacturing DC microgrid
for automotive production

For experimental verification of DC microgrid-related equipment and demonstration of
available state-of-the-art technologies, a new purpose-built DC microgrid installation has been
implemented by Mercedes-Benz AG (previously Daimler AG) company in a factory located at
Sindelfingen, Germany.

Joint research and development activities have been pursued together with Riga Technical
university within AREUS research project; therefore, the availability of an industrial DC system
for operation analysis has been valuable, as represented in the author’s Publication 5. Within
the implementation of the AREUS project, an installation referred to as the AREUS DC demo
cell was designed, commissioned, and used for experimental verification. Since the company
Mercedes-Benz AG has know-how and experience in automobile manufacturing and respective
automation infrastructure development, a new DC electrical system has been implemented
according to the typical approach of continuous automotive production process distributed into
separate areas referred to as production cells.

The design and functionality of a particular DC demonstration cell have been based on the
following objectives and background motivation aspects, the main of those being:

e to copy a part of the actual manufacturing process and demonstrate a design for the
conversion of AC-based electrical supply infrastructure to DC-based electrical supply
infrastructure;

e to apply existing technology and automation standards and guidelines implemented by
Daimler AG globally in a series of factories;

e to incorporate several technology tools and joining technologies for car body production
and carry out respective equipment adaptation for DC-supplied operation;

¢ to obtain knowledge of market-available DC electrical equipment and supplier base and
identify technological solutions to be developed in future.

As a result of defined objectives single existing production cell design dedicated for assembly
of several prefabricated metal parts into single part for futher processing has been selected.
Primary operations are carried out by a group of four industrial robot manipulators combined
with spot welding, rivet punching, and adhesive bonding as applied production technologies.
The physical installation has been presented in Fig. 4.1.
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Fig. 4.1. DC microgrid realization as an automotive manufacturing cell for experimental
analysis (Publication 5).

A DC microgrid cell has been built within a square area of around 10 meters side length and
separated by a safety fence. Industrial robot controllers and other electrical technology
equipment cabinets have been placed along the border, and the DC electrical supply rail has
been implemented as a ring type busbar raised above the safety fence. Figure 4.2 represents a
combination of applied equipment and related measurement locations for data collection of
power flow analysis by spatially distributed power flow measurement equipment installed by
RTU.

System component overview
Key system components of DC microgrid cell are:
e active front-end AC/DC converter unit (AFE) of rated power 450 kW assembled by
industrial energy conversion modules;
e aset of four industrial robots KUKA KRC4, 210 kg payload manipulators;
e li-ion battery with interface converter of rated power 30 kW;
e PVinfeed DC/DC converter;
e electrolytic capacitor bank, 132 mF;
e technology tools adapted for DC operation (spot welder, rivet punch tool, glue
dispenser, rotating conveyor table).
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Fig. 4.2. Structure of examined DC microgrid for automotive manufacturing application.

The available setup has been utilized for several experimental tests of power and energy-related
performance estimation of industrial application DC microgrid systems.

Individual robot unit test
e Conversion of industrial robot power supply from AC to DC and related energy
efficiency variation.
DC microgrid operation test
o Estimation of reused energy potential in industrial application of individual units.
e Dynamic effects of high peak power demand operation.
e Estimation of the power balance of DC-type microgrid system and central interface
converter performance.
Analysis of individual robot’s operation by converting the control cabinet from AC to DC

supply.

In this series of power flow measurements, a physical substitution approach of industrial robot
control cabinets of type KUKA KRC4 from conventional AC-based products to DC-based
protoype designs has been applied. Since the applied power flow measurement equipment has
the capability of both AC and DC type electrical power data acquisition, the same devices are
used and designed explicitly for industrial robot cabinet KUKA KRC4 electrical
interconnection needs, as described in the previous chapter. Measurements were taken during
the production process, and it was observed that the motion type of robots varied due to the
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position of individual parts used for assembly. The parts are supplied stacked vertically and
pick-up time is increasing, since the following part has to be picked up at lower position than
previously. A typical completed production cycle length of 98 seconds for all four industrial
robots has been obtained for AC to DC cabinet conversion analysis.

Fig. 4.3 represents a graphical comparison of power flow profiles of industrial robots within
the production cell of the combined four industrial robot operations for AC and DC-type
electrical supply use cases.
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Fig. 4.3. Power flow of a set of four industrial robots for same production cycle, AC and DC
based operation.

Calculation of mean power over the production cycle has been done for each industrial robot’s
control cabinet as well as for combined consumption of all units. The results are summarized
in Table 4.1. In all cases, replacing the AC supply-designed control cabinet with a DC-based
supply cabinet has reduced average consumed power variation between 5.64 % and 12.55 %.
The most significant reduction has been observed of industrial robot picking and placing small
metal parts for later processes of joining technologies supported by other industrial robots. All
involved industrial robots are equipped with additional tools of weights above 100 kg.
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Table 4.1

Result Summary of AC to DC Robot Controller Conversion Test

Mean power, Mean power, Difference (DC case vs | Difference, % of
Robot No. Related task |, cals)e, KW | DC ca:)e, KW AC cas(e), KW AC case
RBI1 Glueing 1.274 1.161 -0.113 —8.87 %
RB2 Riveting 0.693 0.634 —-0.059 -8.51%
RB3 Welding 0.638 0.602 —0.036 —5.64 %
RB4 Part feed 1.211 1.059 —0.152 -12.55%
Total (4 units) - 3.818 3.457 -0.361 -9.45 %

Conversion of an AC-based industrial robot application to a DC-based industrial robot
application allows utilisation of energy provided by recuperation, and such example of four
industrial robots presents a total mean consumed power reduction of 9.45 %. A graphical
representation of the total four industrial robot power flow of AC- and DC-based systems is
shown in Fig. 4.4.
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Fig. 4.4. Total power flow of set of four industrial robots, AC and DC based operation.

The performed experimental tests ofreplacing individual market-available AC-designed
industrial robot control cabinets with the prototypes for DC-type electrical supply support the
hypothesis of energy efficiency improvement related to modification of energy supply system.

Analysis of DC microgrid operation test

The following chapter analyses several aspects of complete DC demostration manufacturing
cell operation as a DC microgrid system.

Figure 4.4 represents the obtained power flow results, including thirteen measurement locations
within a microgrid. Due to differences in variation and magnitudes of power demand for
individual units, the figure shows three groups of devices. All four industrial robot units have
similar operational behaviour and are represented in the top axis. Technology tools, li-ion
batteries, and PV infeed converter operation have lower power values than 10 kW and are
depicted in the middle axis. High power units, being AFE AC/DC converter and spot welding
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tool supply are combined in the third axis. The figure represents the operation period in time of
116 seconds, covering one cycle of the continuous process of part assembly involving welding,
riveting glueing and related handling of materials. During the test period, power supply from
PV panels has also been available and fed into the common DC bus.
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Fig. 4.5. Representation of synchronous power flow measurement results, 13 locations within
industrial DC microgrid installation.

55



Estimation of reused energy potential in industrial application of individual units

One of the particular aspects of interest has been an evaluation of bidirectional energy flow and
the relative amount of energy available for reuse due to the advantages of simple energy
exchange within DC-type systems in dynamic operation conditions and recuperation events of
industrial robots. Egs. (4.1) and (4.2) represent mean power calculation by separating positive
and negative components of power flow P within a certain period of analysis, T

G 4.1)
Ppos= 0 T ;P(t)E[0,00)

7P (42)
Preg = OT;P(t) € [-0,0)

Table 4.2 represents the calculation results of bidirectional energy flow for industrial robot units
and electrolytic capacitor modules connected to the DC bus of the manufacturing cell.

Table 4.2
Calculation of Mean Positive and Negative Power Flow Values for Individual DC
Microgrid Units
DC unit Related Ppos, KW Pacgy KW Puc/ Pross %
task
RBI1 Glueing 1.123 0.044 3.92
RB2 Riveting 0.660 0.040 6.10
RB3 Welding 0.582 0.029 4.95
RB4 Part feed 1.011 0.098 9.71
Total (4 robots) - 3.376 0.211 6.26
Capacitor bank 1.089 0.677 62.21

The results represent the contribution of industrial robot braking energy reuse cases expressed
as negative mean power flow values. The combined operation of four robots led to the average
ratio of recuperated power being 6.26 % concerning consumed power. According to motion
profiles and manufacturing process needs, individual robot values vary from 3.92 % to 9.71 %.
Another DC microgrid element of interest has been a capacitor module installed as an energy
buffer element for DC voltage stabilisation. The results represent significant mean power flow
values of capacitor operation comparable to single industrial robot units. Accordingly, as the
capacitor module has been operated as a dynamic energy storage element, the power flow
returned to DC bus has a significantly higher value than industrial robots. The ratio of reused
energy with respect to the supplied energy of the capacitor module is 62.21 %. Such results
represent the overall efficiency of dynamic operation and related losses of electrolytic
capacitors as balancing elements for dynamic operation discussed in the following chapter.

Spot welding power analysis and dynamic effects

Several part-joining manufacturing technologies have been applied within the DC
demonstration manufacturing cells. The technology of particular importance has been the
aluminium spot welding method performed by a spot welding gun carried by an industrial robot
manipulator. The DC-based prototype of the spot welding gun supply and control unit has been
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produced by Bosch Rexroth company and designed for operation, replacing the conventional
AC welding gun supply unit. The spot welding process presents challenging operation
conditions for electrical supply infrastructure due to high power demand of individual spot
welding instances of short periods. A complete data set of values at thirteen locations within
DC microgrid was obtained through the applied power flow measurement system. The most
significant dynamic variation of power flow due to the welding process is represented in the
Fig. 4.6. The power flow balance combined of the spot welding tool, both sides of the active
frontend AC/DC converter, and the capacitor module power flow are shown.
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Fig. 4.6. Spot welding instance power of spot welding tool, active front-end AC and DC side
and capacitor module.
The single spot welding operation lasts around 0.6 seconds and combines preheating and main
welding procedures. The maximum power drawn by the spot welding tool reaches 200 kW.
Due to the rapid power demand response of the capacitor module, the power flow is clearly
visible. During high power peak rise time the power delivered DC bus capacitor module reaches
a 50 kW level. After stabilisation of load power pulse, power supply is provided by the main
AC/DC frontend converter. One can observe that the values of the AFE converter DC side
exceed those of the AC supply side. The difference can be calculated according to Eq. (4.3),
where P,y 4c 1s active fronted AC grid side drawn power and P,pj p¢ is the DC side delivered
power flows within a microgrid.
Parg 10ss = Pare ac — Pare pc (4.3)

The difference in power flow P4k 105 TEpresents the power flow of combined converter power
losses including the power used for auxiliary consumption, such as 24 V automation and safety
equipment power supply, SCADA system and power commutation equipment control.
Therefore, a more detailed analysis of AFE converter loss power flow combined welding
process is presented in Fig. 4.7.
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Fig. 4.7. Example of power flow drawn from the capacitor module and reverse pover flow
of AC/DC converter internal circuits.

The dynamics of power consumption represent the behaviour that requires power for spot
welding tools, which has also been provided from internal devices and circuits within the
AC/DC converter cabinet. The AC/DC converter has internal filter capacitors that behave
similarly to the main capacitor module and provide power as the main capacitor module power

is reduced.
The AFE internal loss power variation with respect to AFE DC side power demand is mapped

as shown in Fig. 4.8.
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Fig. 4.8 Active front-end converter internal loss power flow vs active front-end converter
supplied DC power.

After observing the operating point density in time over the whole manufacturing process, it is
visible that internal AC/DC converter loss and auxiliary equipment power demand are
aggregated at 0 kW to 10 kW level during stable operation below 75 kW. The sparse operating
points outside the green area represent pulsed power effects related to spot welding power
demand.

DC side power flow balance evaluation using superposition approach

In order to verify the dynamic performance of the applied multipoint synchronous power flow
measurement system and measurement result data, the calculation of power flow balance of 12
location power flows has been done. Adding all 12 power flows connected to DC bus would
provide zero sum in idealized case if physical electrical losses were neglected and no
measurement error would be present. According to such a superposition approach, the value
SumDC has been introduced. The results obtained over the time frame are presented in Table
4.3.

Table 4.3
Key Results of DC Bus Power Flow Balance Value SumDC Calculation
. Mean value,
Max. value, kW Min. value, kW KW
SumDC 44.29 -27.64 0.180

Analysis of the obtained SumDC parameter with respect to DC system operation dynamics
reveals that increased deviation of DC bus power flow balance calculation has been obtained
during peak power demand instances. Figure 4.9 represents the observed balance deviation with
respect to welding power peak demand.
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Fig. 4.9. DC bus power flow balance parameter SumDC variation during spot welding process
compared to AC/DC AFE converter supplied DC power.

The mean value of SumDC power flow value over the full time period of DC microgrid
observation reaches the value of 180 W. The dynamic variation during steep power flow rate
ofrise or fall can be explained by potential errors of measurement that could be induced by the
dynamic behaviour of applied current measurement equipment based on the Hall effect current
clamps.

Power balance of DC manufacturing cell

In order to obtain an overview of mean power flows over continuous manufacturing process
and related energy distribution within microgrid system, Fig. 4.10 has been developed.
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Fig. 4.10. Full DC manufacturing cell mean power distribution based on synchronous
13-point power flow measurement system test data.

e Power sources
The particular configuration of DC microgrid has two major power supply sources, being AC
grid and PV panels (PV infeed) of average renewable power flow of 5.64 kW. The connected
li-ionbattery module has operated in standby mode with a neglegable contribution.

e Central AC/DC active front-end (AFE) operation
The main AC/DC bidirectional converter operation has been analysed by calculating the
internal power demand P,rg ;55 OVer the operational period. The average value of 4.72 kW
may appear large compared to technology-related loads discussed further and within the same
scale as solar renewable power delivered. However, this power flow represents several
functional needs of the whole DC installation, i.e., 24 V supply of automation and safety
equipment and several control and operator panels, electrical cabinet air conditioning and
converter losses being the most significant. Considering the ability of selected infeed converter
configuration for large industrial DC microgrid system power supply, such auxiliary power
demand can also be considered reasonable.

e Industrial robot and technology tool consumption

The group of four industrial robots has similar mean load power values in the range of around
0.5 kW to 1 kW. As discussed before, the power drawn from the DC bus has been reduced by
recuperation energy utilization. The most significant technology load has been the spot welding
application, reaching around 1.8 kW mean load power, but the requirements imposed for DC
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microgrid operation due to high peak power are fundamental for design of electrical installation.
Other technology loads have low average power consumption requirements of 0.6 kW or less.
e Capacitor module operation and total balance of DC bus power

Due to dynamic power flow behaviour, the overall performance of the electrolytic capacitor
module installed on the DC bus represents a mean power requirement of 0.414 kW. Such value
has been obtained according to dynamic operation of around 50 kW discharge and 60 kW
charging peak power pulses related to common DC system balancing needs imposed by spot
welding application. An average power of 0.414 kW represents combined mean losses due to
electrolytic capacitor series resistance character and related conduction losses of modular
arrangement of individual cells.

The value of SumDC parameter 0.18 kW represents a combination of all DC side power flow
measurement equipment errors mainly related to dynamic current detection during steep power
change instants. The other component contributing to the overall result of SumDC loss power
is introduced by the real physical connection of individual devices to the DC busbar system,
therefore, physical losses are also included. The extensive cross section of selected copper
busbars installed with respect to the average combined DC bus load power being 6.39 kW
allows concluding that total expected conduction losses are also within the range of estimated
SumDC power flow calculation.

Installation of a laboratory scale robotic manufacturing DC

The verification of DC microgrid-based operation for small-scale production tasks involving a
few industrial robots has been done by means of a DC microgrid laboratory setup assembled in
a single room at the RTU faculty building, as represented before. The author’s Publications 6
and 7 are related to this aspect.

Analysis of individual robot energy reuse potential has been done within various scenarios,
from a single unit to a combination of three robots. The physical implementation has been
achieved by using a DC supply converted KUKA Quantec series 210 kg payload industrial
robot prototype and two DC power flow emulators composed of coupled induction electrical
machines and respective variable frequency drives with a common control unit. The interface
active front-end (AFE) AC/DC converter of 65 kW nominal power has been used as the main
power supply. Table 4.4 represents the summary of test configurations performed for DC
microgrid analysis. Test scenarios 1 to 3 present an analysis of single robot and emulators
performing the tasks based on industrial power consumption obtained in the industrial
application at the factory. Tests 4 and 5 are performed as simultaneous operations of several
industrial robots within the same production area.
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Table 4.4
Test Configurations for DC Microgrid of Industrial Robot Applications

Configuration DC KUKA robot (Prob) Drive emulator EM1 Drive emulator EM1
Test 1 Welding
Test 2 Part feed
Test 3 Rivet punching
Test 4 Part feed Rivet punching
Test 5 Welding Part feed Rivet punching

Figure 4.11 represents original power demand profiles used for interconnected DC microgrid

analysis for small enterprise applications performed in RTU DC laboratory microgrid
installation.
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Fig. 4.11. The set of individual industrial robot consumption power profiles: KUKA DC robot
Prob, and two drive emulators Pem and Pem2.

As the complexity of a system is increased, a total combination of three DC microgrid load
units representing industrial robots is achieved. A total combination of central AC/DC converter
power flow and DC microgrid load profiles is presented in Fig. 4.12.
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Fig. 4.12. Dynamic power flow of Test5 configuration with respective AC grid (Pac) and DC
microgrid infeed power (Pdc) flows (top axis) and all three industrial robot loads (Prob,
Peml, Pem2) combination (bottom axis).

The obtained power flows are analysed by calculating the mean load and recuperated power
flow values. Figure 4.13 represents an overview of power flow direction analysis by mean
power flow extraction within the manufacturing task time period. Pafe.AC and Pafe.DC are
active front-end AC/DC converter measurements on the AC and DC sides. Prob, Peml, and
Pem?2 are individual DC load equipment power flows. As total power consumption needs are
increased by expanding the DC microgrid load group, active front-end converter power flows
are increased for load and recuperation operation over the manufacturing cycle.
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Fig. 4.13. Summary results of five DC microgrid configurations: Test1 (top axis) to Test5
(bottom axis). Mean load power (positive values) and recuperated power (negative values)
flow estimation based on experimental measurement results within the 91.14-second
manufacturing task.

Figure 4.14 has a similar structure as the previous analysis representation. However, the
proportional ratio expressed in % of returned power flow with respect to direct load power
flows is visualized. According to Fig. 4.14, it has been observed that the total recuperated
energy component is reduced by an expansion of the DC side load unit number with
bidirectional power flow capacity. The excess energy generated within the DC bus by robot
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braking results in the negative power flow of the front-end converter DC side Pafe.DC. In the
case of single-unit operations, the interconnected configurations of several robot units represent
a reduction of total recuperated power to 2.9 % from 4.07-5.07 %. It can be observed that the
energy potential for reuse with the robot (Prob) or emulators (Pem! and Pem?) is higher than
that obtained on the AC power grid side or intermediate DC link. It is due to internal
consumption being drawn from the DC link for control logic supply at a 24-Volt level as well
as losses of bidirectional AC/DC converter feeding energy back into the AC grid.
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Fig. 4.14. Summary results of five DC microgrid configurations: Testl (top axis) to Test5
(bottom axis). The obtained ratio in % represents the recuperated power flow compared
to the consumed load power flow over the 91.14-second cycle of measured power flows.

Table 4.5 represents an overview of the mean power flow values obtained within the
aforementioned experimental test configurations Testl to TestS. Total power distribution
analysis within microgrid installation allows estimation of average power losses within
intermediate AC/DC power conversion and DC side distribution processes. Power loss related
to active frontend AC/DC conversion losses and converter auxiliary loads is calculated
according to Eq. (4.4), where Pafe.AC and Pafe.DC are converter AC and DC side power flow
values.



Ploss.afe = Pafe.AC — Pafe.DC 4.4)

Power loss Ploss.DChus related to DC electrical connections realized by 16 mm? cables and
additional 24 V power supply units can be calculated according to Eq. (4.5), where Pafe.DC is
the power supplied on the DC output of AC/DC converter and Prob, Peml, Pem2 are input
connections of robot and drive emulator units.
Ploss.DCbus = Pafe.DC — Prob — Pem1 — Pem2 (4.5)

Total losses, Ploss.total, that are present and not directly related to the operation of individual
DC microgrid connected manufacturing tools can be estimated by calculation according to Eq.
(4.6).

Ploss.total = Ploss.DCbus + Ploss.afe (4.6)
Table 4.5
Summary of Average Power Flow and Power Loss of Five Test Cases
Experimental setup

Units Quantity Testl Test2 Test3 Test4 Test5
Pafe.AC 2.98 1.919 1.476 2915 5.293
Pafe.DC 2.90 1.837 1.402 2.83 5.213
Prob 2.418 2.417
kW Peml 1.323 1.323 1.323
Pem?2 0.985 0.977 0.981
Ploss.afe 0.080 0.082 0.074 0.085 0.080
Ploss.DCbus 0.486 0.514 0.417 0.530 0.492
Ploss.total 0.566 0.596 0.491 0.615 0.572

Relative loss analysis vs Pafe.AC

Ploss.afe 2.68 4.27 5.01 2.92 1.51

% Ploss.DCbus 16.28 26.78 28.25 18.18 9.29
Ploss.total 18.96 31.06 33.27 21.10 10.81

The observation of summary results supports the hypothesis of increased energy efficiency by
the implementation of an interconnected DC microgrid system for industrial robot-type loads.
The AC/DC converter loss level represents a stable average power value of around 80 W. The
component of overall DC microgrid loss power is reduced as a number of connected load units
expands the system. The setup of two interconnected load units represents a 21.1 % power loss,
and the value has reduced to 10.81 % by increasing the number of three interconnected load
units.

Influence of industrial robot tool mass on braking energy potential
In order to observe the influence of production tool mass on electrical energy potential available

for reuse, experiments with varying load have been done based on the same robot motion
trajectory program execution (Publication 6). The specific industrial tool replica (Fig. 4.15) has
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been applied with steel plates, allowing incremental changes of total mass at the end of the
robot.

A W

Fig. 4.15. Test tool replica for various tool mass experiments.

Bidirectional power flow measurements have been obtained for the same motion trajectory

execution in various tool mass cases, as represented in Fig. 4.16.
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Fig. 4.16. Power flow profiles at various tool mass (0 kg, 160 kg, 200 kg).

Numerical evaluation results support the assumption that the application of braking energy
reuse is more relevant for large production tools with significant total mass.
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Average, Consumed and Recuperated Power Flow by Tool Mass Variation

Table 4.6

Tool mass, Average total Average Average Recuperated vs
kg power, kW consumed, kW recuperated, kKW consumed, %
0 3.612 3.821 0.208 5.45
159.3 3.688 4.031 0.343 8.52
201.3 3.676 4.055 0.378 9.34

According to the observed correlation between the tool mass and energy reuse, potential
suitable applications for DC-related electrical system modification or replacement can also be
selected. The Thesis has provided an insight into industrial robot applications related to
automotive manufacturing processes; however, it can be expanded to other industrial sectors,
providing similar parameters of industrial robot tool mass and motion characteristics.
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CONCLUSIONS

The initial hypotheses of DC-based energy exchange and supply system relevance for industrial
applications involving several industrial robot units and related manufacturing equipment have
led to gradual introducing of DC-based electrical systems, starting from standard AC supply
industrial robots to industrial DC microgrid installation.

Modification of typical AC supply-based industrial robots by DC shared bus configuration
leads to a reduction of average power for the same motion operation and task for more than
20 %, depending on the applied tool payload and dynamics of the motion program.

A new power electronics-based module circuit for power flow control has been successfully
developed and patented. An equivalent electrical system model has been developed for further
optimization and modular electrical device design, leading to industrial prototypes of a shared
DC bus industrial robot system.

A single DC power infeed microgrid demonstration setup of multiple robot systems has been
physically implemented on a laboratory scale, and respective experimental measurements and
a model of AC/DC infeed converter have been developed.

The operation of a small-scale industrial DC microgrid involving up to three industrial robots
demonstrates the potential of reused energy up to 15 %, which is verified by physical
experiments in the university laboratory and market available AC/DC conversion equipment.
The design for the experiment has enabled new test setups for future emulation experiments
and dynamic testing of DC industrial equipment.

Experimental tests of direct AC to DC industrial robot controller architecture substitution for a
group of four units and the same manufacturing task reveal a reduction of average power
consumption by 9.5 %.

A real-time synchronized data set was experimentally obtained in a large-scale factory-level
DC microgrid setup. Detailed analysis of dynamic power flow between individual electrical
units and estimation of reused energy has revealed up to 6.5 % energy reuse potential of DC-
type industrial robot application of four units.

Overall loss calculation and distribution within the system based on 13 location synchronized
power flow measurements have been analysed, and respective future optimization directions
have been defined.

Results and experiments support the proposed DC-based electrical system applicability
hypothesis for energy efficiency improvement of industrial robot-related industrial
manufacturing applications.

Knowledge obtained during the development highlights the importance of further research on
DC-type industrial electrical system development methodologies and new design tools
supported by experimentally verified models for optimal dimensioning and component
selection in real installations, thus enabling new flexible DC microgrid installations for better
utilization of advantages expected in future dynamic energy systems.
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Abstract—The paper describes the process of mapping
industrial robot energy consumption. It is assumed that using
an obtained energy map, an optimal robot workspace area can
be found where the robot consumes less energy because
opposing force of gravity is reduced. The study focuses on
experimental approach rather than computer modellmg to
decrease complexity and time P of energy
The robot’s consumed power measurements are taken in its
multiple static positions with brakes released. The array of
robot positions forms a vertical plane - one slice of the robot's
workspace. All the measured power data is combined into the
2D map that shows how much power the robot consumes in
different areas of its workspace. Obtained data shows a
correlation between energy consumption and robot position in
its workspace.

PPE

Keywords — energy consumption, industrial robot, energy
ipping, power

L INTRODUCTION

Industrial robots (IR) are being used in various manufacturing
applications. These include painting, welding, glueing,
riveting, etc. Each robot operates within its programmed
algorithm, which consists of dynamic and static parts.
Dynamic parts involve moving a spraying gun while painting
a surface, moving a nozzle while applying glue to a certain
part, etc. While performing those actions every electrical
engine works with electromechanical brakes released, so the
weight of the robot and its payload is held by IR drives.

An operating IR has to overcome two main forces. One is
friction in joints and the second is gravity force acting on the
robot’s axes, tools, and payloads [1]. All these factors result in
additional power consumption of motor drivers. Nevertheless,
high payload IRs have a built-in hydraulic counterbalancing
system that copes with gravity forces.

It is assumed that it is possible to decrease overall energy
consumption if using an IR in its optimal work area where the
gravity force impact is minimal. To find energy-efficient areas
in a robot's workspace, the methodology is proposed to obtain
a practical energy consumption map of an IR instead of
simulating one.
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Problematics of digital simulation of IR energy consumption
lies in the lack of availability of information about the specific
IR. Most energy consumption prediction models [2]-[4]
require inertial and friction parameters of the robot system that
are confidential and cannot be obtained directly. To determine
the values of these parameters, parameter identification
techniques are used [5]-[7]. It is still a relevant topic in the
research field because the precision and complexity of such
methods have to be improved.

The study focuses on the experimental approach rather than
computer modelling. The proposed method is a practical way
of obtaining the energy consumption map that can be used as
a starting point for IR energy efficiency optimization. The
map consists of measured power consumption values in each
segment of an IR workspace. It is crucial to understand that
the energy map is obtained for a specific robot with a specific
payload (weight, center of mass, etc.), so it is important to
keep in mind that the map is unique for each IR application.
The map must be obtained individually for every robot. This
approach is expected to provide more trustworthy data than
computer simulations can do.

It is considered to benefit both already deployed IR systems
and systems in their planning stage of development. Energy
mapping could be used to choose an optimal IR layout so the
payloads it is manipulating are located mostly in the robot’s
energy-efficient spots. Also, data from an energy map can be
considered in trajectory planning algorithms prioritizing
motions through energy-efficient areas of IR’s workspace.

Based on data presented in [8], the automotive industry is
heavily dependent on industrial robots that consume up to 8%
of electrical energy. Energy savings impact not only
production costs but also leads to CO2 emission reduction.

This paper is structured in six sections. Section II discusses
existing methods to optimize the energy consumption of IR
systems. Section III describes the experiment on how the
energy map was obtained. In section IV results of the
experiment are shown. Future challenges and method
improvements are presented in section V. Paper concludes
with section VI.

II.  METHODS OF ENERGY CONSUMPTION OPTIMISATION

To understand the possibilities of energy consumption
optimization it is crucial to know how an IR consumes
electrical energy. IR energy consumption can be divided into
two components. The first component is IR peripheral
consumption - power supply, PC (Kuka KPC), teach pendant
(SmartPad), fans for cooling, etc. In this study electrical
energy of IRs peripherals is excluded from the measurements
because of their unpredictable power consumption that
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interferes with the ability to link energy consumption to robot
position. The second component is the energy consumed by
motor drivers. Drivers control both the servomotors and
brakes. In this study, the power of motor drivers is measured.

Electromechanical brakes operate as normally-closed brakes,
so electrical energy is used to keep them open during an IR
operation. To keep the brakes open on a 6-axis heavy-duty
industrial robot approximately 140W is used according to the
study [8]. This data is proven to be very close to data
measured during the experiment in Section III. When in
steady-state, the robot is kept in its position by servomotors,
until the moment electromechanical brakes are activated. For
Kuka KRC2 and KRC4, the default timeout for brake
activation is 20 seconds. In the study [8] it was measured that
an IR consumes about 800W being in steady-state with
brakes released. Consumption drops to 275W when brakes
are activated. That is a difference of about 525W. This is the
result of two factors - electromechanical brakes are no longer
powered and servomotors are not consuming the energy to
keep the IR still.

One of the options to reduce the consumption of electrical
energy is to effectively utilize built-in electromechanical
brakes, so the gravity-induced payload is carried by the
brakes, rather than servomotors [9]. Decreasing the timeout
of the brakes and activating brakes when IR is waiting can
decrease energy consumption. But it is not a typical approach
to maximize the time IR is held by the brakes, because
usually, IR programmers tend to minimize the downtime of
an IR.

Other methods of electrical energy consumption optimization
include IR payload reduction [10], [11]. Reducing IR motion
speed and accelerations [12]. Improving trajectory planning
algorithms [13]. Reusing kinetic energy by the means of
regenerative braking [14]. Most of these methods require
costly hardware or proprietary software changes.

It is assumed that energy mapping could help to develop
easier and cheaper methods of energy consumption
optimization. The energy map of IR is obtained to make it
possible to choose the energy-optimal layout design of a
robotic working cell, to ensure that IR placed in a given cell
operates within the most energy-efficient area of its
workspace.

One can implement the proposed methodology in the already
installed (deployed) robot system, and also in the planning
stage optimizing the layout of the IR cell. Since this
methodology is a non-intrusive way to measure IR energy
consumption profile, there is no need to modify a control
system (both proprietary software and hardware), so not
violating any warranty rules is guaranteed.

III.  EXPERIMENT

A. Equipment

The power consumption of the Kuka KR210 R2700 Prime
robot is examined in this study (Fig. 1). KRC4 controller is a
part of the IR system. The IR is not AC-powered, it is
connected to the Siemens active frontend unit (AC/DC
converter) with 600V output and 55kW power. The robot has
been a part of the AREUS project [15]. IR has a 200kg
payload attached to its end-effector.

3 e e

Kuka KR 210 R2700 Prime used in the experiment.

Fig. 1.

The electromechanical brakes’ timeout of the Kuka robot is
set to 10 seconds. Brakes are activated after 10 seconds when
the IR stands still. However, it is possible to extend this time
periodically performing minor movements that do not affect
the position of the IR or the energy consumption. The power
measurements are taken during the period when the IR is not
moving, and the brakes are still open.

In this scenario, the IR drivers consume energy only in two
ways. To keep normally-closed electromechanical brakes
open. And to compensate for the gravity force acting on the
robot and its payload. The total power of IR is consumed by
the driver system and peripherals, such as Kuka PC,
smartPad, or fans for cooling. The power consumption of
peripherals was experimentally proven to be changing during
the experiment. So, the power measurements were taken at
both motor drivers’ input. The power consumption of the
driver mostly consists of power driving the servomotor,
power consumed by electromechanical brakes, and driver
losses.

A data acquisition device is used to collect and analyse data
from the differential scope and the current clamp.

B. Warm-up

Oil viscosity can highly affect IR energy consumption in
dynamic motion profile [16] as the temperature of the oil is
rising. So, it is important to maintain a stable temperature
throughout the experiment. The warm-up procedure
thoroughly described in [16] stabilizes oil temperature so it is
always the same during measurements and is close to IR real
work conditions. In [16] the warm-up process consists of
several hours of IR cyclic motion and also short 1-2 minute
cycles after each measurement.

This study is focused on taking measurements while the IR is
in a static position, so no dynamic motion is present during
the measurements. The impact of the oil temperature in this
use case is considered neglectable, as long as the temperature
is the same during all the measurements.

C. Mapping energy consumption

Only a slice of the full 3D map is obtained in this study. A
vertical slice of IR workspace is a 2D plane divided into
smaller square segments with dimensions of 30x30cm (Fig.
2). Then the IR is positioned in every segment and its average
power consumption is measured. Only one end-effector
orientation is considered - parallel with the robot base.
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Fig. 2. Example of IR workspace divided into segments for energy

mapping

To fill the energy map of an IR, the following approach is
used:

1. Position the IR in the centre of an area to be
measured

2. Start the power measurement right after the robot
stops in the desired position

3. Keep brakes open for 60 seconds, while the robot is
still, and then stop the measurements

4. Repeat actions 1-3 three times for a specified robot
position

5. Repeat actions 1-4 for each segment on the map

Slightly pressing jogging buttons at the lowest possible speed
every 5-10 seconds can keep brakes open for prolonged
periods of time. This way the IR is moving, but so slightly
that its position does not significantly change, however, the
brakes’ timeout is restarted.

IV. RESULTS
A. Energy map

The obtained energy map of the Kuka KR210 R2700
industrial robot is divided into segments (Fig. 3). Power
consumed by IR in all static positions is written in every
segment of the map. Power consumed by the brakes is a
constant value of 140W, so it was subtracted from the
measurements leaving only IR motor consumption.

Results show that there definitely are robot positions where it
operates with its best possible efficiency (green zone) and
some positions where electrical energy consumption is
relatively high (red zone). The reason for that is the gravity
force generating additional payload when the leverage is
greater. Authors assume that most of the power is consumed
by the motors of the 2" and 3™ axes, which hold all the other
axes. In the near-vertical configuration of the 2nd axis, the
power consumption is minimal, because there is less leverage
to hold in position.

Also, there are areas in the green zone where the leverage of
the 2" axis is greater, but the power consumed is minimal. It
can be explained by the impact of the hydraulic
counterbalancing system. It helps the servomotor at the 2"

Power (W)
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276 212 275 263 1450
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Fig. 3.

Energy map of KR 210 R2700 Prime industrial robot

axis to withstand high gravity force in stretched IR
configurations. But as the energy map shows, the
counterbalancing system does not work when the axis angle
is negative (red zone on the left side of the map). Also, the
hydraulic counterbalancing system has less impact in highly
stretched robot positions (red zone on the right lower corner
of the map). The most energy-efficient and the most
inefficient robot configurations are highlighted (Fig. 4).

B. Verifying the energy map

To verify the obtained energy map, two IR motions were
performed within the map area. Both motions are horizontal
linear motions L1 and L2 (Fig. 5). Motions were performed
under the same conditions, with the same length, velocity,
and acceleration parameters. Average power consumption
was measured to be 871W for L1 and 784W for L2.

C. Power consumption in dynamic performance

The trajectory that goes through points P1 — P5 has been
programmed (Fig. 6). It consists of linear and circular
motions. The points are positioned within the plane of the
obtained energy map so that the IRs end-effector goes
through both green and red areas of the map. The power
consumption of the IR was recorded (Fig. 7). The correlation
can be seen between power consumption and robot position
in dynamic motion profile, but a lot of other dynamic factors
such as velocity or acceleration can have a greater influence
on the power consumption and must be taken into
consideration in future studies.

Fig. 4.

Most efficient and most inefficient robot configurations
according to energy map.
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Fig. 5. Motions L1 and L2 performed on the IR to measure energy
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Fig. 7. Power consumption of the IR during the movement through

programmed trajectory

V. FUTURE TASKS AND CHALLENGES

A. Precise power consumption measurements

One of the possible ways to increase the precision of the
power map is to take measurements for each servo drive
separately. This way it is possible to perform a deeper
analysis of the studied IR system. For example, analyse the
impact of the hydraulic counterbalancing system on the
energy consumption of the 2" axis. The work on improving
power measurements and making a plug-and-play device to
be easily and conveniently used with various robots on-site is
in progress.

B. The automatic and universal software approach

For now, the measurements are taken and analysed manually.
But the end goal is to develop an automatic or semi-automatic
approach to obtain energy consumption maps for industrial
robots. The application of this methodology is to provide an
IR owner with a fast and non-intrusive way of power mapping
and further energy consumption optimization for his specific
application of an IR. The process of creating software to
automate the process of robot positioning and power
measurements has been started.

VI. CONCLUSION

One slice of a full 3D electrical energy consumption map was
created using the proposed methodology. Using the obtained
energy consumption map, possible energy consumption
optimisation methods have been determined. There definitely
are some areas in IRs workspace that are more energy-
efficient than the others in terms of compensation of opposing
gravity force.

It was concluded that obtaining and analysing an energy map
for an IR may result in a more energy-efficient robot
operation. Energy mapping helps to practically find the
optimal IR layout to increase the time an IR is working in
energy-efficient areas of its workspace. In multi-robot
configurations it can be ensured that as many IRs as possible
are working in their energy-efficient areas, saving energy.
Also, the new trajectory planning algorithms can be studied
that could take into consideration the energy map of an IR
and prioritize the motions through energy-efficient areas.
Nevertheless, the true effectiveness of the approach is to be
determined in future studies.
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Abstract—This paper address literature research and
overview of external controller based motion control and data
exchange efforts with industrial robots provided by KUKA.
Several existing approaches and applications implemented has
been analyzed and common features extracted. Possible
application for industrial robot research needs of experimental
research disciplines of university laboratory has been presented
and research on electrical energy consumption dynamic
evaluation discussed in detail.
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I. INTRODUCTION

Demand for research related tasks utilizing industrial robot
manipulators since such equipment has become widespread
tool for various tasks in modern society has been growing.
Therefore approach for suitable methods and tools to be
implemented in research laboratory for future development
of new applications of industrial robots by researchers
without extensive experience in industrial applications of
robots is demanded. This article provide overview of existing
control and communication efforts utilized by researchers to
current state associated with industrial robot manufacturer
KUKA robot manipulators in Section 2. Insight of particular
fields of industrial robot use in research activities by
university has been provided in Section 3 followed by more
detailed discussion of robot application for electrical energy
consumption related research.

II. INDUSTRIAL ROBOT MOTION CONTROL AND
COMMUNICATION APPROACH OVERVIEW

An initiative to provide Matlab Simulink based programming
tool for multi-vendor robotic applications by development of
specific Robot Control and Visualization toolbox [1].
Motivated by previous lack of unified robot programming
language standards such as Industrial Robot Language (IRL)
and Programming Language for Robots (PLR).
Demonstration of two robot manufacturer based system with
KUKA and Kawasaki. Activities are aimed towards universal
tool for control engineering development based on well-
established computing such as Matlab.

Approach to develop set of Matlab based functions for
simplified programming of KUKA robots has been
developed by university of Siena. [2], [3]

User is supplied by high level tool for interfacing with robot
controller to develop motion control of low payload and small
scale KUKA robots with six axes degree of freedom. KUKA

978-1-7281-5709-2/19/$31.00 ©2019 IEEE

control toolbox has been improved and published as open
source tool with around 40 functions for motion control and
coordinate  calculation, diagnostics and animation.
Communication technology is based on KUKA Eth.RSIXML
data exchange via TCP/IP connection.

Typical development of industrial robot operational
programs is based on offline programming software tools.
Evaluation of industrial robot based manufacturing systems
in terms of safety and operational aspects can be realized at
early stage of robotic system design as well as extract
economic data related parameters. Utilization of digital
production system design tools in context with future
Industry 4.0 initiatives and enhanced functionality for future
factories require more vendor independent solutions for
offline programming of industrial robots and auxiliary
equipment. However many programming tools are closely
related to single manufacturer and specific programming
language as discussed and presented by [4] and more vendor
independent solutions discussed. Summary of leading
industrial robot manufacturers and associated programming
toolchain has been presented in Table.

TABLE 1. OVERVIEW OF MAJOR INDUSTRIAL ROBOT
MANUFACTURERS AND RELATED SOFTWARE TOOLS
Robot Offline programming | Robot language
manufacturer solution type
Kuka Roboter Kuka Sim Pro KRL
ABB RobotStudio RAPID
Fanuc Robotics RoboGuide KAREL KAREL
Universal Robots RoboDK URScript

Developments of new industrial robot related
hardware and software solutions as for example compute
vision and artificial intelligence based decision making
systems that has to be integrated by existing industrial robot
equipment has motivated research institutions for universal
approaches to simplify utilization for wider range of potential
robot users apart from industry experts. As one of initiatives
RoBO-2L toolbox has been initiated by university of
Bochum, Germany. [4] As many other also this toolbox is
focused on KUKA industrial robots and utilization of
manufacturer provided communication interface known as
RSI (Robot Sensor Interface) and UDP/IP data transmission.
Developers have initiated link for Matlab based function
integration and utilization of Simulink package.
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Implementation and realization has been demonstrated by [5]
based on small payload robot and related software
developments. Further developments concerning image
recognition and artificial intelligence applications based on
Cartesian correction approach for movements has been
discussed in [6].

An example of flexible trajectory planning approach
based on KUKA robot has been developed by [7] for purpose
of composite material automated testing by industrial robot
application. The team has implemented flexible robot path
calculation and planning enhancing existing off line
programming tool presented abilities. Presented application
has demonstrated several improvements for automated
testing tasks regarding inspection time reduction and
synchronization  abilities ~ with  external  scientific
measurement equipment for improved positioning precision.
Control of industrial robot has been organized externally.
Activities in order to utilize universal software solution such
as Labview for analysis of industrial robot motion parameters
has been described by [8]. Application of CAD models and
variety of related parameter availability has been discussed in
order to perform analysis for typical industrial robot
programming tasks such as collision detection or
reachability. Necessary information provided by specific
CAD parameters for dynamic motion and kinematic
properties is identified.

State of the art automated industrial manufacturing
systems are typically based on programmable logic
controllers (PLC) and represent approach of fixed
programming solutions. However by alteration of products
also extensive modifications for production lines arise.
Alternative approach for flexible manufacturing approach
utilizing KUKA robots with RSI interfaces has been
presented by [9] introducing replacement of existing fixed
programming approach by flexible programs. Tools such as
vision systems for real time adaptive systems has been
presented in order to highlight prospective system
development.

An open source communication interface for
multiple manufacturer KUKA based robotic systems known
as OpenShowVar has been presented by [10]. It is based on
Java and present cross-platform development covering KR
C2 and KR C4 robot controller hardware versions and enable
utilization of various external sensor and other equipment.
Simplified access to industrial robot operation variables and
parameters present ability to develop both open and closed
loop type control. Several demonstration case studies has
been explained to wverify flexibility of proposed
communication concept.

Specific communication interface for research
activities based on lightweight robots by KUKA has been
proposed by [11] known as OpenKC open source controller
enabling open source tool for simultaneous control of several
robots as well as wide functionality of features and functions
of Kuka lightweight robot for external applications.

III. APPLICATION AREAS FOR IMPLEMENTATION

Ability for flexible real time capable communication with
industrial robots and availability of well-known tools for
development of motion control and new peripheral
technology integration based on Matlab and Simulink is
considered. Therefore significant aspect of successful

involvement of students and early career researchers for
novel development related to industrial robots is applicability
of previous skills and knowledge in engineering system
modelling and control development. In Riga Technical
University several research directions related to industrial
robot application are present. Research of physical motion
interaction with human body based on large motion range
physical motion simulator as represented in Fig. 1 is utilized.

Fig. 1. Large motion range physical silmulator based on KUKA KR 600
series industrial robot manipulator.

Motion simulation application development require both
closed and open loop control system capability and real time
communication and execution performance. Communication
via RSI communication interface by KUKA utilizing UDP
data transfer is used.

For industry like application industrial robot as depicted in
Fig. 2 is applied.

Fig. 2. Industrial robot manipulator of 210 g payload class representing
basis for typical industrial manufacturing related research tasks.
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Such type of industrial robot is applied in many
manufacturing and assembly tasks equipped with various
application specific tools. Modification for flexible control
with external control systems allow for new integration
concept verification apart from industry state of the art
programming features. Execution of motion programs is
typically based on fixed programming structures but
introduction of external controller would enable new flexible
concepts.

As basis for introduction in industrial robot programming
small payload with identical robot control system as large
payload KUKA industrial robots, shown in Fig. 3. Such
system enhanced with external motion control and sensor
interface based on Matlab Simulink for example would allow
faster proof of concept of new tasks developed by students as
well as novel integration of artificial intelligence based
systems.

Fig. 3. KUKA small scale industrial robot manipulator for teaching and
programming concept evaluation tasks.

IV. INDUSTRIAL ROBOT MOTION TYPE AND RELATED ENERGY
CONSUMPTION EVALUATION

Industrial robot based manufacturing applications are
typically designed for fast execution of manufacturing tasks
within fixed time frame as for example in automotive

production factories with production process combined by
serial execution of separate operations resulting in parts of
products. In order to examine energy related performance of
industrial robots experimental evaluation of total energy and
power has been presented by [12]. Industrial robot tool mass
has been realized by gradual increase of additional steel
weights. Real installation with additional tool mass has been
presented in Fig. 4.

Fig. 4. Industrial robot manipulator equipped for toll mass variation related
experiment.

Robot motion has been designed as sequential execution of
swing type motions of each axis. Robot kinematic chain is
realized by serial connection of six electrical drives and thus
also electrical power demand and consumed energy over
same operation cycle is available for comparative evaluation.
Internal dynamics of spring damper for second axis is not
evaluated as separate unit and seen as integral effect for all
tool mass variation experiments. Utilized industrial robot has
been electrically modified for electrical supply of direct
current type at voltage of 600V. Also internal electrical
supply structure enable bidirectional electrical power flow
that is important feature regarding efficient energy utilization
during motions supported by inertial and gravitational forces
and has potential for energy production by electrical drives as
generators during braking phase of motion trajectory
execution.
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Fig. 5. Illustration of electrial power and attached tool mass performing reference motions of 210 kg industrial robot for each of 6 axis separately.
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Detailed visualization for electrical power time variation by
execution of same industrial robot program with no load and
nearly full payload of additional weight attached to robot
flange has been presented in Fig. 5. An interesting observation
of tool mass effect on execution time for each axis can be seen
clearly representing that first 3 axes are dimensioned for
higher dynamic performance than axes four to six which
correspond to real power ratings of installed electrical drives
within industrial robot manipulator structure. Correlation of
tool mass and braking energy reuse potential is also clearly
demonstrated by higher negative power flow peak values.
Summary of total electrical energy consumption and
generation results has been provided by Fig. 6.
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Fig. 6. Total electrical energy consuption and generation ratio by variation
of additional tool mass.

It should be noted that real motion trajectories are executed
by simultaneous operation of several axis electrical drives in
order to reach target motion of end effector. Overall effect of
significance of robot tool mass and related has been clearly
observed therefore future applications with large tool mass
and dynamic trajectory execution present potential for energy
reladed optimization.

Next steps in industrial robot electrical energy consumption
and related motion analysis would be more detailed
separation of electrical power measurements utilized by
single drives and flexible motion control at synchronized
manner of external control and data acquisition system.

V. CONCLUSION AND OUTLOOK

In future developements for industrial robot related
laboratory equipment and industrial robot manipulators
particularly ability to have manufacturer provided
communicatoin interface such as RobotSensorInterface (RSI)
by KUKA is clearly visible by analysis of previous efforts of
researcher teams and projects discussed in Section 1. By
summary of common features of discussed applications and
approaches one can conclude that availability of robot
manufacturer provided interface is important for further
development of external control and application integration
soutions.

In field of physical motion simulation ability of real time
external motion controller has been applied but similar
performance and features would provide extended
functionality also for robot motion related energy and
programming concept verification for students within
existing laboratories. Application of existing skills of student
developed by well-established engineering calculation and
simulation software such as Matlab is beneficial if suitable
communication and integration solution with industrial robot
controller is selected as presented by state of the art projects
presented in literature.

REFERENCES

[1] C. Deatcu, B. Freymann, A. Schmidt, and T. Pawletta,
“MATLAB/Simulink Based Rapid Control Prototyping for
Multivendor Robot Applications,” SNE Simul. Notes Eur., vol. 25, no.
2, pp. 69-78, 2016.

[2] F. Chinello, S. Scheggi, F. Morbidi, and D. Prattichizzo, “KCT: A
MATLARB toolbox for motion control of KUKA robot manipulators,”
in Proceedings - IEEE International Conference on Robotics and
Automation, 2010, pp. 4603—-4608.

[3] F. Chinello, S. Scheggi, F. Morbidi, and D. Prattichizzo, “KUKA2011.

[4] J. Golz, T. Wruetz, D. Eickmann, and R. Biesenbach, “RoBO-2L, a
Matlab interface for extended offline programming of KUKA
industrial robots,” in 2016 11th France-Japan and 9th Europe-Asia
Congress on Mechatronics, MECATRONICS 2016 / 17th International
Conference on Research and Education in Mechatronics, REM 2016,
2016, pp. 64-67.

[5] H. L. Elshatarat, M. Baniyounis, and R. Biesenbach, “Design and
implementation of a RoBO-2L MATLAB toolbox for a motion control
of a robotic manipulator,” in /3th International Multi-Conference on
Systems, Signals and Devices, SSD 2016, 2016, pp. 89-95.

[6] H. L. Elshatarat, R. Biesenbach, M. Bani Younus, and T. A. Tutunji,
“MATLAB Toolbox implementation and interface for motion control
of KUKA KR6-R900-SIXX robotic manipulator,” 16th Int. Conf. Res.
Educ. Mechatronics, REM 2015 - Proc., pp. 1215, 2016.

[7] C. Mineo, S. G. Pierce, P. I. Nicholson, and I. Cooper, “Robotic path
planning for non-destructive testing - A custom MATLAB toolbox
approach,” Robot. Comput. Integr. Manuf., 2016.

[8] W. Banas, G. Cwikla, K. Foit, A. Gwiazda, Z. Monica, and A. Sekala,
“Modelling of industrial robot in LabView Robotics,” IOP Conf. Ser.
Mater. Sci. Eng., vol. 227, no. 1, p. 012011, Aug. 2017.

[9] L.Rogersand H.J. Vermaak, “Automated adapting component transfer
system using real-time robot control within a KUKA
RobotSensorInterface environment,” in 2017 IEEE AFRICON:
Science, Technology and Innovation for Africa, AFRICON 2017,2017,
pp. 1426-1431.

[10] F. Sanfilippo, L. I. Hatledal, H. Zhang, M. Fago, and K. Y. Pettersen,
“Controlling Kuka industrial robots,” JEEE Robot. Autom. Mag., vol.
22, 10. 4, pp. 96-109, 2015.

[11] M. Schépfer, F. Schmidt, M. Pardowitz, and H. Ritter, “Open source
real-time control software for the Kuka light weight robot,” Proc.
World Congr. Intell. Control Autom., pp. 444-449, 2010.

[12] A. Paugurs, A. Senfelds, and L. Ribickis, “Impact of industrial robot
tool mass on regenerative energy,” in 2017 19th European Conference
on Power Electronics and Applications (EPE’17 ECCE Europe), 2017,
p.P.1-P.6.

Authorized licensed use limited to: Riga Technical University. Downloaded on December 20,2023 at 08:12:25 UTC from IEEE Xplore. Restrictions apply.



Appendix 3

P. Apse-Apsitis, K. Vitols, E. Grinfogels, A. Senfelds and A. Avotins, "Electricity meter
sensitivity and precision measurements and research on influencing factors for the meter
measurements," in /EEE Electromagnetic Compatibility Magazine, vol. 7, no. 2, pp. 48-52,
Second Quarter 2018,

DOI: 10.1109/MEMC.2018.8410661.

“In reference to IEEE copyrighted material which is used with permission in this thesis, the IEEE does not
endorse any of Riga Technical University’s products or services. Internal or personal use of this material is
permitted. If interested in reprinting/republishing IEEE copyrighted material for advertising or promotional
purposes or for creating new collective works for resale or redistribution, please go to
http://www.ieee.org/publications_standards/publications/rights/rights_link.html to learn how to obtain a License
from RightsLink. If applicable, University Microfilms and/or ProQuest Library, or the Archives of Canada may
supply single copies of thedissertation.” Only the accepted version of my articles, not the final published version,
may be posted in online version of this thesis.



Electricity Meter Sensitivity and Precision
Measurements and Research on Influencing
Factors for the Meter Measurements

Peteris Apse-Apsitis, Kristaps Vitols, Edgars Grinfogels, Armands Senfelds, Ansis Avotins
Institute of Industrial Electronics and Electrical Engineering

Riga Technical University
Riga, Latvia
peteris.apse-apsitis@rtu.lv

Abstract—Methodology, equipment, precision, immunity to elec-
tromagnetic emissions and reliable measurement results are
important questions for electrical energy measurements. Widely
used smart energy meters show good results under laboratory
tests and in ordinary applications, but are not very suitable for
industrial digital electrical energy supply environment. A different
method and inexpensive equipment are used to overcome the
above mentioned. The measured power balance between 15
robotized manufacturing cell measurement points (only power
losses not measured are the ones in cables) varies in a range of
1,8% (measurement data rate- 20ms), despite the high level of
electromagnetic emissions inside and outside of electric cabinets
created by power converters.

Keywords— Electromagnetic Compatibility, Smart Meter, Elec-
tronic Meter, Interference, Power measurement

I. Introduction

One of the most used measurement devices is electricity meter. It
is installed in almost every household and industrial enterprise,
and all the electricity expenses are based on its measurements, so
itis in everyone’s best interests that these devices are as precise
and sensitive as possible.

More, in order to increase energy efficiency, measurement device
must be connected near each consumer or consumer - generator
(smart home or smart robotized production, for example) to spot
out inefficient energy consumption. As more electrical energy sup-
ply become digital (switch mode supplies) as more robust meter-
ing device must be in order to stand multiple wired and wireless
electromagnetic influences.

Electricity meter is a measurement device that measures the
amount of electrical energy consumed for any electrically pow-
ered device, residence or an entire household/enterprise. Every
electricity meter needs to meet the IEC protocol standards. For
most of the modern households digital electricity meters are
used and their input signal is Ethernet frames according to IEC
61850 protocol, as it is communication protocol for digital substa-
tions [1][2][3].

In this paper different models of regular electricity meters which
are used in regular households and are calibrated and meet the
required IEC protocols were used for tests and measurements.
Tests are provided in laboratory as well as in industrial applica-
tions. Calibration scheme is described in more detail in references
[5] and [6].
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Fig 1. Electrical Energy Measurement in Digital Substations([4].

Suggestions about electrical energy/electrical power metering in
digital power supply environment (unidirectional and bidirectional
AC/DC, DC/DC, DC/AC converters and inverters) also are dis-
cussed.

Il. Methodology

A. Electric Power and Electric Energy

Two main methods — C.I.Budeanu method (1927) dealing with non-
sinusoidal signal harmonics power and instant power or instant

power “p-q” theory (1983) dealing with instant voltage and instant
current values (synchronized). Both require complex calculations.

In to microcontroller environment 3rd to 5th order voltage and cur-
rent delta-sigma modulation and following multiplication and filter-
ing also are widely applied today (Analog Devices, Inc. chips, for
example).

As we can see — first we measure voltage and current and then
calculate power value. Afterwards electrical energy can be
obtained by multiplication by time period.
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Another method - “non-even sampling method” (proposed earlier
by article first author) [7] — where electrical energy are calculated
in first and then average electric power are obtained by dividing
by time period. Non-even sampling method shows good results in
harsh electromagnetic environment in to industrial applications -
(1,8% precision over 20ms time period in industrial digital supply
environment)

B. Laboratory Tests

Laboratory tests are provided in rooms where low level electro-
magnetic radiation can be observed.

For all the sensitivity and precision measurements described in
this paper, specific devices were used:

e Programmable power supply PPS400.3, made by MTE.

e Power supply control module PCS400.3, made by MTE.

* Portable electricity meter testing device PIW/S2.3, made by
MTE. Testing device equipped with a scanning head SH2003.

Before all measurements each electricity meter and measurement
device was warmed up for at least half an hour.

Programmable power supply was connected with the electricity
meter and with the testing device using 4-wire system in case of a
3-phase meter, and 2-wire system in case of a 1-phase electricity
meter. The testing device measured power shown by electricity
meter using the scanning head, which fixed meter active powers
light emitting diodes blink, also known as an impulse.

Electricity meter sensitivity measurements were made in 3-phase
AC power supply voltage values: 253V, 230V and 207V.

Each individual meter measurement was started by applying
phase current, which was equal to the minimum current that was
shown in the meter’s data sheet. For accurate measurements of
meter sensitivity, at least two impulses were fixed. As an addition-
al measurement, meter accuracy was determined. If both impulses
were received, then measured accuracy was fixed and appropri-
ate phase current was lowered by the step not bigger than 5mA. If
impulse was not received in time twice as nominal impulse receiv-
ing time:

gty d

then it was considered, that the meter cannot measure passing
phase current anymore so the sensitivity limit was determined. In
the equation (1) SK is a meter constant and P is the passing
power.

Electricity meter precision measurements at different grid voltages
were made with meter nominal current (Reference current), in
50Hz frequency, with purely active power. Measurements were
made in phase voltage from 250V till 190V with a lowering step of
10V. For precise measurements, testing device was set up for 400
impulse counting mode in case of 3-phase meters and 100 impulse

counting mode for 1-phase electricity meters.

Meter precision measurements in various grid frequencies were
made in meter nominal current (Reference current), in 230V phase
current, with purely active power. Measurements were made in
grid frequency ranging from 45Hz to 65Hz with a step of 5Hz. For
measurement calculations, a testing device was setup to perform
400 impulse counting for 3-phase meters and 100 impulse counting
for 1-phase meters.

Electricity meter precision measurements in various sinusoidal forms
were made in 50Hz grid, with voltage fundamental harmonic effective
phase value 230V and current fundamental harmonic effective value
equal to the meter nominal current given in the data sheet (Reference
current). Measurements were made adding third, fifth and seventh
harmonic to the main voltage and current signals. Each harmonic was
added to each voltage and current signal and to both of them at the
same time. For 3-phase meters harmonic percentage composition
was set to 20%, but for 1-phase meters harmonic percentage compo-
sition was set to 30%. For measurement calculations, a testing device
was setup to perform 400 impulse counting for 3-phase meters and
100 impulse counting for 1-phase meters.

For the electricity meter precision measurements in digital (switch
mode) power supply working load additional impulse power sup-
plies were used:

 Digital power supply Bestec EAO06TWEA. The power supply
output was set to such active power, so that the power from
the network consumer would be approximately 6.3W.

Digital power supply S6/S70. The power supply output was set
to such active power, so that the power from the network
consumer would be approximately 5W.

Digital power supply Amigo AMS3-0502500FV. The power sup-
ply output was set to such active power, so that the power
from the network consumer would be approximately 13W.
Digital power supply S-750-12. The power supply output was
set to such active power, so that the power from the network
consumer would be approximately 100W.

Digital power supply VT-20150. The power supply output was
set to such active power, so that the power from the network
consumer would be approximately 100W.

For these measurements faculty grid voltage was used. Measur-
able electricity meter was connected to the grid using 4-wire sys-
tem in case of 3-phase meter, and 2-wire system in case of
1-phase electricity meter. In the meter output testing device was
connected, and in the testing devices output one or more switch
mode power supplies were connected. For meter testing one of
the switch mode power supplies were connected to each phase.
In case of 3-phase meter, one measurement was made, where
switch mode power supplies were connected to the first and third
phase, but second phase was without any load. The testing device
measured power shown by electricity meter using a scanning
head, which fixed meter active powers light emitting diodes blink,
also known as an impulse. For power supplies with power less
than 20W only 4 impulses were used, but for more powerful sup-
plies 20 impulses were uses for each measurement.
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I1l. Laboratory Test Results

The results for electricity meter sensitivity are shown on Figure 2.
The minimal current which is detected by the electricity meters
varies from as low as 0.008 A till 0.034 A for the electricity meters.
Minimal detected currents were measured in different voltages. It
is a very low percent from the nominal meter current | 4.

Electricity meter sensitivity

0.03

0.02

Current (A)

.01
0.010.010.01 son

Model 1

Model 2 Model 3 Model 4 Model §

I Current (A) with 253V Il Current (A) with 230V Il Current (A) with 207V

Fig. 2. Electricity meter sensitivity measurement average results for each
model.

Electricity meter precision measurement at different grid voltages
results are shown in Figure 3.

Fig. 3. Electricity meter error dependence on different grid voltage.

The results vary mostly in a range of 0,1 % error for the electricity
meter measurements, with two exceptions, where it goes as high
as almost 0,7%

For precision measurements in various grid frequencies for the
electricity meters the results vary mostly in a range of 0,5 % error
for the exact measurement, with few exceptions, where it goes as
high as 1,15 % error. The biggest error appears at 65 Hz frequency,
and the lowest errors appears in 50 Hz frequency. The results are
shown in Figure 4.

In Table 1. the first column shows, which higher harmonic is added
to the voltage signal. The second column shows, which higher
harmonic is added to the current signal. The third column shows
the percentage value of the harmonic added to voltage signal. The
forth column shows the percentage value of the added harmonic
to current signal. The fifth column shows the measured electricity
meter error in %.

Fig. 4. Electricity meter error dependence on various grid frequencies.

Electricity meter precision measurements in various sinusoidal
forms were measured in specific harmonics and order for each
meter, with voltage fundamental harmonic effective phase value
230V and current fundamental harmonic effective value equal to
the meter nominal current given in the data sheet (Reference cur-
rent). The results (worst case between several the same model
meters) are shown on the Table 1.

Table I. Measurement results, sinosoidal harmonics

Voltage Current Voltagg Curren.t Error
harmonic | harmonic harmenic | harmonic (%)
value(%) | value(%)
3. 3. 20 20 0,1
- 3. - 20 0,084
3. - 20 - 0,095
5. 5. 20 20 0,11
- 5. - 20 0,092
5. - 20 - 0,093
7. 7. 20 20 0,113
- 7. - 20 0,086
7. - 20 - 0,09
3. 3. 20 20 0,1

As for the measurements in digital (impulse) power supply working
load for electricity meters the results are sorted out in tables in Table
II. The first column shows information about electricity meter load —
DC power supply model, based on simple rectifier with filtering
capacitor on AC side, the second column shows each meter's serial
number. The second column shows the approximate load power
value. The third column shows in which phase the load was connect-
ed. The fourth column shows the measured electricity meter mea-
surement error in %. This table shows that for this test the maximum
meter error for the specific model could reach more than 3 %.

Table II. Measurement results, rectifier-capacitor load

Load - DC Connected
power supply Load (W) phase Error (%)
Bestec 6,3 1. -3,188
S6/S10 5 2. -2,922
Amigo 13 3. -0,555
S-150-12 100 3. 0,125
VT-20150 100 1. -0,204
S b and 200 3.and 1. 0,027

IV. Industrial Tests

Industrial tests show the uselessness of these energy meters in a
dynamic power consumption-recuperation environment. Strong
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electromagnetic fields (field generating currents are up to 600 A)
influence measurement devices in the similar way like open door
electric cabinets cause several model laptop’s touch pads “live on
their own”. At the same time measurement devices and corre-
sponding current transformers must be installed in to the electric
cabinets in order to use shorter power cables.

Typically dynamic current changes do not fit into standard defined
frame: aluminum spot welding requires power jump from 1-2 KW
during stand-by and up to 360KW during welding (Figure 5). Weld-
ing time is about 90 milliseconds and it is not known where it
occurs over the measurement frame — at the beginning or at the
end of the frame.

= RobotP = RobotQ ~— glueH ~— RobotR — rivetsG — RobotS — weldM

200000

150000

13% less consumption

100000

50000

-50000

Fig. 5. Industrial production machines and tool power profiles , W.

Non-even sampling method based devices (Figure 6.) are used to
synchronically measure multiple machine and tool power profiles
into an AC or DC digital environment. Currently this allow to
record robotized manufacturing cell all electric equipment power
profiles (consumption and recuperation) by implementation of
15-measurement point setup. Measurement and analysis allow
observe and record 13% less energy consumption in to industrial
600 V DC power supply grid.

Fig. 6. Bi-directional AC/DC power / energy flow meter; 20 ms energy
sampling rate.

V. Power / Energy Flow Measurement Tools - Discussion
The following must be taken into account in a discussion

about electrical power / energy measurements in a digital
environment:

Converters generate emissions and thus influence voltage and
current probes and high speed ADC’s readings regardless of
ADC conversion method (delta-sigma, multi-order delta-sigma or
direct SAR conversion).

Signal filtering/conditioning creates phase shift and filters cut-
off frequency influence etc.

Sensors mainly have a poor dynamic range.

Blurring of ADC readings up to +2-4 less significant bits (practi-
cal observation) exists due to inducted noise in wires and PCB.
Noise typically is very similar to “white” or “rose” noise (defini-
tions from audio engineering), especially if high speed ADC's are
used or signal digital processing takes place (Figure 7). It exists
regardless of applied shielding method.

There are no knowns and unknowns in the measurement device
processing method implementation. So it is difficult to predict
where the attention must be paid more in order to reduce noise
and increase precision.

25

oscilloscope DC power meter

Ppc [W]
»

-10 K
-15 t.Isl
—Oscill
energy flow meter (20 ms energy sampling rate).

Fig. 7. Noise imp pe v.s. Bi-dir

I AC/DC power /

Readings are typically logged or displayed in between of 3...5
seconds rate, however that is not applicable for fast processes.
Higher rate leads to lower precision as observed.

Widely used [KWh] units are not applicable for fast processes.
Standard Sl unit [Ws] must be used.

VI. Conclusion

After various tests and measurements, we can conclude that elec-
tricity meter precision is not dependent on the grid quality (higher/
lower voltage and frequency). It is also not dependent on the cur-
rent and voltage load disturbances or interferences. This conclu-
sion is mainly based on the fact that the electricity meter mea-
surement error should be lower than 2%.

A different case is the low power switch mode power supplies,
whose consumed current is close to the minimal current for elec-
tricity meter sensitivity. In these cases, electricity meters tend to
exceed the error limit of 2%. In all the fixed cases it benefits the
consumer as the measurements show a lower registered quantity
of energy.

When observing or recording micro- or nano-grid energy flow in
practice, it is complicated to get precise information about power
balance. Noise level, switch mode power supply electromagnetic
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emissions and their character change under different processed
power, depending on measurement point location. Wiring losses
are not constant and sharp power consumption/recuperation
change causes additional loses due to wiring inductance and
capacitance. Practical observations always show 2-4% imbalance
regardless of the precision of the involved measurement devices.

Electromagnetic compatibility always has analog signal character.
Applying design principles and techniques from vacuum valve era,
well known principles from audio engineering and correct PCB lay-
out design, allows to achieve acceptable results without special
measures to reduce noise and the influence of emissions.

However, the “typical and well known” devices do not allow to per-
form distributed multipoint synchronous measurements. Even multi-
channel data loggers are not applicable for 5-10-15 meter distances
between the measurement points and the logger.
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Abstract

Paper describe physical DC microgrid realization for research and modelling tasks and its alignment with
unique DC microgrid installation at automotive factory under real manufacturing conditions. Focus on
key component modelling and verification such as bidirectional grid interface AC/DC frontend converter
has been presented at real load conditions.

Introduction

Global trends to increase energy efficiency and rise of electricity costs has made an impact also to
industrial electricity grids, fostering interest for implementation of renewable energy sources also at
industrial factory level, as well as looking for new ways to save energy. Small scale electrical power
supply infrastructure with given boundaries due to geographic, economical and other aspects can be
observed in forms of grid structures referred as nano and microgrids. Typically separation from main
power is related to lack or loss of grid connection or intrinsic nature of system that require supply of
electrical energy and preferable type of voltage. In case of industrial manufacturing applications
microgrid solutions of DC energy supply enable solutions of energy efficiency increase and storage for
sustainable manufacturing. Also applications regarding household and office load supply in buildings has
been considered recently. Several studies, like [1], [2], [3], [4] are presenting advantages of DC-grid
transmission, as solar panels, fuel cells and Lithium-Ion or supercapacitor energy storage systems are DC-
voltage based in their nature, thus it is logical choice to have DC-Grid connection between them, using
DC/DC converters, as it would have less conversion stages. As modern industrial factory nowadays use
high payload industrial robots, it is possible to re-use their braking energy, which is typically dissipated
into braking resistors attached to converters DC-link, by means of storing that energy into capacitor banks
or injecting into DC-Grid. Also carbon footprint reduction and product life cycle assessment leads to
deeper research also within production process itself.

These initiatives lead to new developments and automated manufacturing infrastructure modifications,
including DC microgrid as electrical energy supply concept (see Fig. 1.), with such elements as local PV
generation, energy storage and industrial robots and their welding, clinching and gluing tools as
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consumers. Furthermore such electrical installation using 600V DC microgrid within automotive
manufacturing branch enables to operate such manufacturing cell in islanding mode for certain periods,
create new power peak shaving options.

Practical realization of 600V DC-microgrid structure (Fig. l.a.) is done at Daimler AG factory in
Germany as presented in Fig.1.b. System has central AC/DC bidirectional converter (Active Front End)
with rated power of 450 kW. Load group is combined of 4 industrial robots and related tools for material
joining by spot welding, glue dispensing and punch riveting methods as well as rotating conveyor for part
exchange. As auxiliary systems electrolytic capacitor bank of is directly connected to main DC bus as
well as Lilon storage and photovoltaic panel array with respective DC/DC power converters. Nevertheless
it was a great challenge to create such system, due to lack of electrical component portfolios of typical
suppliers with respect to state of the art AC electrical technology, also there is a need for updated and new
DC standards for such application. Insight of research activities covering both software and hardware
modifications with focus on energy efficient robotic manufacturing has been presented by [2], [S]. If
looking more widely real DC-Grid infrastructures enable various practical researches in the field of grid
power control and management [6],[7], safety issues [8], and voltage quality issues [9]. If looking into
frequency domain like described [10], or measuring [11], [12] it can help to identify equipment faults,
thus enabling new approach in the field of equipment and system maintenance. Nevertheless such
industrial DC-Grid infrastructure is not widely available, due to high prototype and custom design
equipment costs, therefore detailed mathematical models must be created, that are based on real
experimental measurements.
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Fig. 1. Structure and realization of 600V DC microgrid for automotive manufacturing application.

For this purpose a special 600V DC-Grid laboratory with real equipment is created in Riga Technical
University (see Fig.2.), that uses same architecture, but same time is scalable to the industrial production
cell described in Fig.1.

Overview of 600V DC Grid testing infrastructure in Riga Technical
University (RTU) laboratory
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An experimental laboratory electrically representing a manufacturing work cell is necessary to complete
the research objective and demonstration to develop a DC power supply system in which energy could be
exchanged, harvested, stored and recovered at a factory level. The main loads in the laboratory have to be
several industrial robots, however, due to financial and spatial limits, only one DC powered industrial
robot will be implemented. Therefore, a system has been developed which can recreate the dynamic DC
bus power flow of an industrial robot. RTU DEMO laboratory layout is shown in Fig.2., where number
(1) — Active Front-End AC/DC rectifier unit (55kW), number (2) and (3) universal robot load emulator
stands (23kW), able to replicate energy consumption signature of any industrial robot also with
combination of robot tools, input is AC, but output is DC (can be switched to AC if necessary), number
(4) is prototype Lithium lon battery energy storage system (BESS) 16-22kW, number (5) is prototype
supercapacitor storage system (30kW), number (6) is 600V DC-Robot prototype and DC-Cabinet (7) with
load 2kW, number (8) is Master PLC controller (Cell controller), (9) is prototype solar DC/DC converter

(3-4kW) for 3.3kW solar panel array, (10) is optional wind energy emulator stand.
@D AC Grid 380V DC 400V

AC 380V solar

Fig.2. DC-Microgrid layout plan and grid connections at RTU laboratory

Evaluation and modelling of AC/DC interface converter unit.

Regarding DC microgrid structures DC link voltage is often utilized as key parameter for overall system
coordination and control. The currents in DC link are directly related to power flows within system. Often
by modelling of systems and large scale analysis waveforms of voltage and current are considered to
follow idealized DC type quantities. However application central AC/DC grid tied converter or active
frontend as important subsystem for DC microgrid supply would require closer analysis regarding
actively modulated power electronics and related effects within DC link. Analytical approach discussing
DC link behavior related to inverter topologies has been presented by [13]. Rectifier application has been
discussed by [14],[15]. The effects of higher harmonics within DC link is also matter of lifetime of
capacitor elements as discussed [16].

Evaluation of real AC/DC bidirectional converter operation at laboratory microgrid arrangement has been
made possible by dynamic power flow emulation units utilizing coupled electrical machines as presented
in Fig.3. and feeding of power back into AC grid. Such arrangement allow to replicate both bidirectional
power flow as industrial robots and tools as well as load grid with constant loading conditions.
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Main AC grid
3ph, 400 V, 50 Hz, 80 kW

'DC power flow emulator (power range Poc =+22 kW) | |

DC grid
600 VDC
55 kW

~

Active
frontend

Fig. 3. Principal electric schematic of AC/DC active frontend converter testing with 2 robot load emulator stands.

Initially generalized model of AC/DC frontend converter has been developed and verified against
dynamic load changes according to Fig.4 as described in [17] with main focus of converter efficiency
estimation and replication as well as behavior on AC grid side during dynamic operation.
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Fig. 4. Generalized model of bidirectional AC/DC converterJ and simulated DC link voltage behavior of 7 kW load
step change.

Higher frequency experimental evaluation for model modification.

As discussed before utilization of actively commutated converters interfaced with microgrid DC link also
present effects of higher frequency content within DC power flow. In order to obtain data for electrical
system modelling voltage and current data has been obtained with frequency of 41 kHz thus presenting
frequency related analysis within range up to 20 kHz. Such frequency range is considered sufficient for
electrical mode iteration since it provide insight of fundamental switching frequency of AC/DC converter
being 8kHz and its second harmonic. The following pictures represent obtained experimental
measurement data of DC link voltage being controlled according to setpoint value of 600V by active
frontend converter under several steady load conditions. Four operation conditions have been depicted:
simple AC/DC converter operation without DC link (AFE only), operation with load emulators switched
on at no load, load of 44kW being consumed from DC microgrid and recuperation of 33kW via active
frontend to AC mains. Fig.5 represents voltage and current waveforms at selected conditions at AC/DC
converter DC terminals.
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Fig.5. DC link voltage and current waveforms at DC link terminals of AFE converter.

By means of frequency content analysis significant frequencies and relative variation under changing load
conditions has been obtained as shown in Fig.6.
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Fig.6. Frequency content analytical results of DC terminal voltage and current at various load states.
Conclusions and future work.

Obtained experimental results of real AC/DC converter operation interfacing DC microgrid and mains
with bidirectional power flow capability allow improvement of existing mathematical models. The
behavior of higher frequency components at DC link voltage and currents during real load power
situations enable detailed design of microgrid electrical subsystems such as dynamic buffering and
storage units and their controllers. It has been verified experimentally that voltage harmonic content is
less prone to deviate under load conditions as current waveforms when central AC/DC unit is utilized
under voltage control approach.
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Abstract

Paper is presenting application of synchronized power flow measurement system within 13 locations
of DC microgrid installation in production plant with specific measurement equipment system
developed for dynamic energy flow analysis. Insight into internal DC bus power exchange behavior
and interconnected operation advantages with respect to energy efficiency improvement is provided.
Future trends towards DC based manufacturing infrastructure are discussed. Presented results provide
insight into electrical energy distribution behavior within DC microgrid system structure operated
based of realistic industrial manufacturing tasks. Application of multipoint power measurement system
provide real measurement data of various manufacturing technology tool load profiles that serve as
important basis for future system modelling and dimensioning tasks.

Introduction

Presented paper is related to DC technology based electrical supply infrastructure integration effort
within automotive manufacturing branch and obtained power flow measurement results with dedicated
multipoint synchronized measurement equipment. High level European Union policies [1] are
demanding investments towards more energy efficient production technologies. Also country specific
initiatives such as Energiewende [2] in Germany present concepts toward intelligent DC power
distribution in future. Such factors lead to development of highly automated manufacturing
infrastructure modifications including DC microgrid as electrical energy supply concept as presented
in Fig. 1. Elements of local PV generation, energy storage and consumers as well as ability to operate
in islanding mode for certain periods allow to discuss presented electrical installation as microgrid.
Green dots represent relevant power flow measurement locations within microgrid structure.
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Fig. 1: Structure of examined DC microgrid for automotive manufacturing application.

Development of 600V DC electrical system for integration within existing factory infrastructure arise
problems of less developed standard base and electrical component portfolios of typical suppliers with
respect to state of the art AC electrical technology. However, future plans covering DC standards have
been presented [3]. Insight of research activities covering both software and hardware modifications
with focus on energy efficient robotic manufacturing has been presented by [4],[5]. Advantages of DC
energy supply systems has recently been identified also in marine applications [6] and buildings [7].
Ideas of verified simulation model development of electrical components as well as parallel
development of virtual software analogue of existing manufacturing infrastructure systems also known
as digital twin concept has been considered [8]. Such concepts are demanding verified experimental
data of power consumption as basis for new modelling and planning software development. Also
control strategies of adaptive system operation with respect to energy prices, renewable energy
production potential and energy storage options require experimental research. Realization of Fig. 1.
presented DC microgrid structure has been built as operating production cell including industrial robot
manipulators with related tools and technologies at Daimler AG factory in Germany as presented in
Fig.2.

Fig. 2: DC microgrid realization as automotive manufacturing cell for experimental analysis.

System has central AC/DC bidirectional converter with rated power of 450 kW. Load group is
combined of 4 industrial robots and related tools for material joining by spot welding, glue dispensing
and punch riveting methods as well as rotating conveyor for part exchange. As auxiliary systems
electrolytic capacitor bank of is directly connected to main DC bus as well as Lilon storage and
photovoltaic panel array with respective DC/DC power converters.
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Multipoint power metering system application

Scale of presented system and involved electrical components arise problem for power flow
measurement realization. The approximate dimensions of cell are 8 by 8 meters with DC ring bus rail
and electrical cabinets located along outer wall. In order to obtain power flow measurement data from
13 distributed measurement points with common sampling time reference power measurement devices
combined with optical fiber data transfer system has been created and applied. Power measurement
units has been built based on approach presented in [9] utilizing voltage to frequency method for
voltage measurement and compensated hall effect sensor current measurement methods. Following
Fig. 3 represent power measurement module designed for industrial robot cabinet connection and
graph during measurement validation tests.

oscilloscope DC power meter

Py [W]

. 5
w "
-15 t,[s]

Fig. 3: Power measurement device prototype for DC industrial robot and measurement performance
evaluation example against oscilloscope based power measurement.

The basic sampling frequency is 2.8 kHz and averaged values over 20 millisecond periods
corresponding to 50Hz AC side power measurement are propagated via optical fiber network for
central data logging as text file. The AC side power measurement device prototype is shown in Fig. 4.
For installation in existing AC electrical system external current clamps have been preferred with
ability to connect without dismantling the high power electrical wiring. All power metering devices
have been designed for later integration within industrial automation infrastructure via Profinet
communication standard for power monitoring capability. For the current scope of this paper
bidirectional optical communication has been utilized enabling synchronized reading of all involved
measurement modules to obtain single time base for 12 DC type and one AC type power measurement
readings.

Fig. 4: AC side 3 phase power measurement prototype with external current clamps, bidirectional
optical data transfer and Profinet communication module.
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Synchronous Multipoint Power Measurement Data example

Based on application of aforementioned measurement setup power flow data has been obtained based
on industrial manufacturing application operation of 110 second duration completely supplied via
local DC microgrid. Following Fig. 5 represent 13 datasets with common time axis grouped according
to similar magnitudes of power flow.
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Fig. 5: Obtained synchronous power flow measurement data at 13 microgrid locations: 4 industrial
robots (top), tool technologies, PV infeed and Lilon storage (middle), AC, DC, Capacitor buffer and
welding (bottom).

Power flow direction is considered positive as consumption from DC bus or AC grid respectively.
Alternative way to classify involved microgrid components regarding functional tasks can be
addressed as already introduced in Fig. 1.

Industrial DC Microgrid Power Flow Analysis

By observing behavior of consumers it is possible to derive group of elements operating with
bidirectional power flow in DC bus. In order to obtain insight about intermediate power flow behavior
within DC network following calculation has been performed according to equations (1) and (2)
calculating average positive Pp,s and negative Pye, power flow within given 116 second operation
period T and results have been summarized in Table 1.

[P

By, :OT;P(’) €[0,00) (1)
j P(t)

Py :"T;P(t) €[~»,0) @)
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Table I: The title of the Table 1

DC load group (4 Robot | Robot | Robot | Robot Technology Capacitor
robots, tools, capacitor 1 2 3 4 tools buffer
buffer) (4 units)
Ppos, KW 8.01 099 | 094 | 0.68 | 0.64 3.51 1.25
Preg, kKW 1.06 0.012 | 0.1 0.04 | 0.04 0.04 0.82
Prce/ 13.23 1.21 | 10.64 | 5.9 6.25 1 66
Ppos, %0

Observing analytical results one of advantages of integrating industrial robots within common DC
system is verified presenting reused braking energy utilization in range between 1.2% and 10.6%
depending on programmed robot motions and tasks. All technology loads have been analyzed as group
and also 1% of negative energy flow has been detected that can be explained by significant internal
capacitance of welding technology converter. Main electrolytic capacitor bank buffer power flow yield
to 66% ratio of supplied average power flow with respect to stored power flow and can be explained
by internal losses of assembled unit. Analysis of combination of 4 technology load units, 4 industrial
robots and capacitor buffer as common DC load group ratio of reused power flow with respect to
fundamental consumptions power flow is 13.2%.

Another aspect of verification of experimental results has been presented in Fig. 6. Assuming that sum
of all 11 DC bus end user elements (4 robots, 4 loads, 3 storages, buffer and PV) power flow should be
a close match of one infeed power flow value DC respective difference has been calculated as value
SumDC. Deviation of average value of SumDC over period is 180W. Higher deviation can be
observed during rapid power flow change at welding process. It has to be noted that SumDC represent
both internal DC bus conductor rail losses and measurement errors. Obtained value support confidence
of experimental measurement dataset of 13 power flow locations. More in-depth analysis of
measurement system dynamic response, particularly current sensor behavior at high current rate of rise

is foreseen as future activity.
250 T T T T T
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Fig. 6: Comparison of analytical calculation of DC bus component power balance: SumDC and
measurement of main supply converter DC side power flow: DC.

Obtained results allow further analysis of such concepts like power peak shaving since welding
process impose dynamic consumption on AC grid side. Also dimensioning of internal storage capacity
considering accumulation of renewable energy during weekends or bridging of possible grid outages
can be done based on experimental data.

Conclusion

Power flow measurement results covering industrial scale DC microgrid has been obtained in
synchronized manner and based on real production equipment operation use case. Such data serve as
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important basis for validation of simulation models of both component and system levels. Application
of experimentally verified electrical component models regarding dynamic power consumption is
considered as one of key advantages for design of energy efficient manufacturing installations.
Presented results support expected energy efficiency advantages of interconnecting electrical loads
with regenerative energy potential within common DC grid. Further activities are foreseen towards
analytical dimensioning of central AC/DC power supply converter regarding planned load group
within DC microgrid supply area. Since demand for individual welding tool peak power and
production cycle average power present large difference new approaches of intermediate energy
storage with dynamic response are scope of further research. Also optimal distribution of capacitance
within system is interesting topic and will be analyzed in order to reduce unnecessary energy exchange
between loads during operation. All aforementioned topics has been considered during initial design
phase of DC infrastructure but more detailed analysis covering all DC microgrid can be pursued with
assistance of power flow measurement system introduced in this paper.
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Abstract

Recent research has shown great potential in energy efficiency optimization by harvesting
regenerative energy of industrial robots. This paper presents further insight into how dependent
regenerative energy is on the mass of the robot tool, as well as how the total regenerative energy is
distributed between various robot links.

Introduction

Industrial robotics is one of the key factors for high productivity rates in today’s automotive
industry, thus having a significant impact on the total electrical energy consumption of the whole
factory. An average high payload robot consumes 5.2 MWh annually only during the movement
process [1]. Regenerative energy, which occurs due to rapid deceleration of the robot, can sum up
to 20% of the abovementioned consumption energy (depending on the robot trajectory and
movement parameters). In the state of the art robotic systems the regenerative energy is dissipated
on braking resistors [2], which seems to be an outdated method, considering the possibilities of
energy storage systems combined with bidirectional power converters, of which both have been
researched and improved greatly in the recent years, driving the cost per kWh down and the
efficiency up.

Several methods have been discussed and tested on harvesting the regenerative braking energy, thus
increasing the overall energy efficiency of robotized production systems. These methods include
the use of supercapacitor and battery energy storage systems, implementation of a DC supply
microgrid and topology modifications of the robot’s power supply unit [3]-[7]. However, not only
hardware modifications could lead to improved energy efficiency, various software solutions have
also been suggested where the robot movement trajectories and acceleration, deceleration patterns
are recalculated as functions of energy consumption. These algorithms demonstrate an improvement
in energy efficiency of robotic systems by up to 40% for specific robot cycle programs [8]-[10].

This study presents a better understanding on how the regenerative energy is distributed between
robot joints and how dependent is its total amount on the mass of the robot tool.
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Experimental Setup

Main components of the particular experimental setup are an industrial robot KUKA KR210,
SIEMENS active frontend unit (AC/DC converter, 55 kW, 600 VDC output), DC power
measurement device and a specific robot tool with variable mass.

To evaluate the impact of the robot tool mass on the total regenerative energy, a specific robot tool
was designed with stackable iron blocks each having approximately 21 kg of mass. The maximum
payload of the robot is 210 kg. Five experiments were logged with the following set points in load
mass: 0 kg, 56 kg, 98 kg, 162 kg and 205 kg. KR210 has six links by default (A1..A6). Link
numeration starts at the base of the robot and ends at the tool fixation plate, thus the variable load
is attached to A6. A stack of seven blocks attached to the sixth link of the robot is depicted in Fig.
1, being the fourth set point of 162 kg.

Experimental data is obtained by electrical measurements of KUKA KR210 industrial robot’s active
infeed power whilst operating a specific robot movement program at maximum velocity. The
program is designed to rotate each motor individually close to its angular limitations, a one second
pause between each rotation is included for clear data separation at post-processing stage. Such
program allows analyzing the impact of each robot link on the overall regenerative energy. Data
post-processing was carried out in Matlab R2015a.

Excess energy occurs during rapid deceleration due to large kinetic energy and inertia. At such point
the voltage of the conventional AC/AC power supply’s DC bus increases and if it surpasses the
value of the rectified AC supply voltage, a braking resistor is connected [1]. In this setup the robot’s
power supply is modified, excluding the built-in rectifier and the braking resistor and leaving the
DC bus as the main power infeed point. The DC bus is then supplied externally from a stable 600V
DC microgrid, which is generated by the SIEMENS active frontend unit, Fig. 2. In this way the
excess, regenerative energy is fed back directly to the supply grid.

(b)
Fig. 1. Whole industrial robot arm with load (a); variable load (b).
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Fig. 2. Principal electrical schematic of the experimental setup.
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Power Cycle Measurements

A power measurement of a single full cycle at two different load set points (0 kg and 205 kg) is
depicted in Fig. 3. The dashed lines parallel to the Y-axis represent the beginning and the end of
each motor’s individual movement. For example, at t =2 s, the largest motor located at the base of
the robot (joint Al) starts rotating the robot arm from 0 to +120 angular degrees at maximum
velocity. During the motion, only the motor of joint Al is rotating. The positive power peak
represents the maximum power demand due to acceleration, whilst the following negative power
peak represents the regenerative power occurring due to rapid deceleration. When the 120 angular
degree position is reached, the robot program reverses the motion and rotates the Al joint from
+120 to -120 angular degrees at maximum velocity (t € [3.7; 6.3] s). Lastly, a third motion from -
120 angular degrees to 0 degrees finishes the rotation of joint A1, bringing it to the home position
where the motion began. In such manner each following joint (A2, A3, A4, A5 and A6) is
individually rotated and its power demand and regeneration is measured and logged.

Comparison of the two power graphs in Fig. 3 shows that the larger mass of the tool significantly
increases the consumed and regenerated power peaks of joints Al, A2 and A3, however, the
opposite can be said about the regenerative power peaks of the smaller joints A4, A5 and A6,
because the larger mass dampens the dynamics of their rotation, increasing the cycle execution time
and decreasing the deceleration rate of these joints which leads to lower regenerative power peaks
when comparing with the no-load (0 kg) measurement. The larger tool mass also stabilizes the
consumption power profile of the smaller links (A4-A6). Motors of joints Al and A2 have the
highest power rating and their dynamics and cycle execution times are therefore less affected by the
increase of mass of the tool.
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Fig. 3. Comparison of a full cycle power measurement at 0 kg and 205 kg load mass.

Energy Calculation and Analysis

The consumed and regenerated energies are calculated as integrals of measured electrical power
graphs throughout the whole cycle (Eq. 1-2). The resulting data are presented in Fig. 4 for all tool
mass set points. Intuitively, the total consumed and regenerated energies of the whole cycle increase
with the tool mass, however, not with the same proportional coefficient. The rate of change for
regenerative energy as a function of tool mass is higher than the rate of change for consumed energy,
meaning that the relative regenerative energy (Eq. 3, Fig. 5) increases as well. In other words, the
increase of the tool mass causes the regenerative energy to increase with a greater rate than the
consumption energy. While the increase of tool mass from no load to 205 kg causes an increase in
consumption energy by 23.00%, the regenerative energy increases by 94.60%.
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Fig. 4. Consumed and regenerated energy Fig. 5. Percentage of regenerative versus
comparison in a single full cycle at different consumed energy as a function of the robot tool
tool masses. mass.

Each robot link’s regenerative energy is analyzed by calculating its impact on the full cycle’s
regenerative energy (Eq. 5). To achieve this, the regenerative energy of each link is calculated
separately in each respective time frame when the link is operating (Eq. 4). Time frames are depicted
in Fig. 3 with the dashed lines parallel to y-axis.

Fig. 6 depicts the total regenerative energy distribution between each individual link throughout the
whole cycle at different tool masses. The first three robot links (A1, A2 and A3) account for 80%
to 91% of'the full cycle’s total regenerative energy, increasing their part proportionally with the tool
mass. Vice versa occurs with the smaller, last three robot links (A4, A5 and A6). As the mass of the
tool increases, these links account for a linearly decreasing part of the cycle’s total regenerative
energy — 20% to 9% - which is due to decreasing deceleration rate of links A4, A5 and A6 with
increase of the tool mass.
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Fig. 6. Regenerative energy distribution between robot links at different robot tool masses.
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Economical Aspects

While research and development towards a greener, more energy efficient manufacturing is
mandatory, real hardware implementation in large scale manufacturing takes place only when the
proposed solution is also economically viable (positive return on investment in a time period which
is less than the amortization period of the installed system).

In the case of industrial robotics the calculation of the time period it would take for the return on
investment to be positive largely depends on the robot’s work cycle (thus, varying the power
profile), work intensity (cycles per day), the total number of operating robots in the factory and the
investment cost (hardware, installation costs) (Eq. 6).

HW,

t = cost?
yrs k=Rcount
COUN, (6)

%, % *
E iy "1 * Ny Colectricity
k=1

where:

tyrs — the time period it takes for the investment to return (ROI = 0, in years).

HW.os — the cost of the investment, for example, cost of the active frontend unit.
Erec(k) — the regenerative energy of a particular robot in a single robot cycle (in kWh).
ni — the number of robot cycles in a year.

nuw — efficiency of the hardware setup necessary for harvesting regenerative energy.
€electricity — the price of electrical energy per kWh.

Reount — the number of robots operating in the factory.

To obtain an optimal solution, the investment cost should be divided amongst as many industrial
robots as possible. Article [11] addresses a similar issue of power dimensioning an active frontend
unit in respect to the power profiles of various industrial robot cycles.

In order to effectively predict the economic aspects of integrating regenerative energy harvesting
systems in robotized factories, time-related power profile analysis have to be performed, predicting
the energy consumption levels at every given point during the production cycle. Such software
planning solutions are proposed in [1].

Conclusion

An industrial robot KUKA KR210 with a modified power supply to enable the re-use of
regenerative energy has been studied to better understand the distribution of the regenerative energy
between various robot motors. A specific tool with variable masses has been designed to test the
impact of the tool mass on the total regenerative energy.

An increase in the mass of the tool increases both the consumption and the regenerative energy,
however, the regenerative energy increases with a higher rate in comparison to the consumption
energy increase rate. The regenerative energy is 94.6% higher with a 205 kg tool when comparing
to a no-load measurement (0 kg tool), whilst the consumption energy increases by 23% when
comparing the same load set points.

Regarding the distribution of regenerative energy between various robot links, 80% to 91% of the
whole cycle’s regenerative energy, is caused by the braking of the first three motors (A1, A2 and
A3) due to near-constant deceleration profile and higher motor power ratings. Last thee robot links
(A4, AS and A6) account for the remaining 20% to 9% of the total cycle’s regenerative energy.
Their impact on the total regenerative energy decreases due to lower deceleration rates caused by
the increase of the tool mass.

In order to sufficiently plan the economic aspects of implementing regenerative energy harvesting
systems in robotized factories, time-related power profile analysis have to be realized beforehand
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for all robotized work cells. The potential economic benefits of such energy harvesting systems are
highly dependent on the robot’s work cycle, work intensity (cycles per day) and the total number of
robots in the factory.

References

[1] D. Meike, “Increasing Energy Efficiency of Robotized Production Systems in Automobile
Manufacturing,” Riga Technical university, 2013.

[2] D. Meike and L. Ribickis, “Recuperated energy savings potential and approaches in industrial
robotics,” in Automation Science and Engineering (CASE), 2011 IEEE Conference on, 2011, pp. 299—
303.

[3] M. Pellicciari, A. Avotins, K. Bengtsson, G. Berselli, N. Bey, B. Lennartson, and D. Meike, “AREUS
- Innovative Hardware and Software for Sustainable Industrial Robotics,” in 2015 IEEE International
Conference on Automation Science and Engineering (CASE), 2015, pp. 1325-1332.

[4] K. Vitols, “Design considerations of a battery pack - DC grid interface converter,” in 2015 IEEE 5th
International Conference on Power Engineering, Energy and Electrical Drives (POWERENG), 2015,
pp. 476-479.

[5] A. Senfelds, A. Avotins, L. Ribickis, and D. Meike, “Research and Demonstration of New DC Power
Supply Concepts for EU Factories of Future at RTU,” Mater. Process. Technol. Riga Tech. Univ.
Res., vol. 3, pp. 34-37, 2015.

[6] M. Vorobyov, “Research of power electronics converters for supercapacitor storage devices used in
industrial systems,” in 2015 IEEE 5th International Conference on Power Engineering, Energy and
Electrical Drives (POWERENG), 2015, pp. 596-599.

[7] A. Senfelds, M. Vorobjovs, D. Meike, and O. Bormanis, “Power smoothing approach within
industrial DC microgrid with supercapacitor storage for robotic manufacturing application,” in
Automation Science and Engineering (CASE), 2015 IEEE International Conference on, 2015, pp.
1333-1338.

[8] A. Fenucci, M. Indri, and F. Romanelli, “An off-line robot motion planning approach for the reduction
of the energy consumption,” in 2016 [EEE 21st International Conference on Emerging Technologies
and Factory Automation (ETFA), 2016, pp. 1-8.

[9] M. Mahdavian, M. Shariat-Panahi, A. Yousefi-Koma, and A. Ghasemi-Toudeshki, “Optimal
trajectory generation for energy consumption minimization and moving obstacle avoidance of a
4DOF robot arm,” in 2015 3rd RSI International Conference on Robotics and Mechatronics
(ICROM), 2015, pp. 353-358.

[10]  A. Vergnano, C. Thorstensson, B. Lennartson, P. Falkman, M. Pellicciari, F. Leali, and S. Biller,
“Modeling and Optimization of Energy Consumption in Cooperative Multi-Robot Systems,” /EEE
Trans. Autom. Sci. Eng., vol. 9, no. 2, pp. 423-428, Apr. 2012.

[11]  A. Senfelds, O. Bormanis, and A. Paugurs, “Analytical approach for industrial microgrid infeed peak

power dimensioning,” in 2016 57th International Scientific Conference on Power and Electrical
Engineering of Riga Technical University (RTUCON), 2016, pp. 1-4.

EPE'17 ECCE Europe ISBN: 9789075815276 et CFP17850-ART P.6
AuthorizeB RISIRAEFLIGINTN 14D SR IR RUE UrRRTSRjCDBIMBAYES AR BeRlinb & 15,3094 e Som 07l SR fetER g SrRo RER S Japply.



Appendix 7

Grebers, R., Gadaleta, M., Paugurs, A., Senfelds, A., Avotins, A., Pellicciari, M. Analysis of
the Energy Consumption of a Novel DC Power Supplied Industrial Robot. Procedia
Manufacturing, 2017, Vol.11, pp.311-318. ISSN 2351-9789.

DOI:10.1016/j.promfg.2017.07.111

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license(http://creativecommons.org/licenses/by-nc-nd/4.0/).Peer-review under
responsibility of the scientific committee of the 27th International Conference on Flexible
Automation and Intelligent Manufacturing



Available online at www.sciencedirect.com

ScienceDirect Procedia

MANUFACTURING

ELSEVIER Procedia Manufacturing 11 (2017) 311 - 318

27th International Conference on Flexible Automation and Intelligent Manufacturing, FAIM2017,
27-30 June 2017, Modena, Italy

Analysis of the energy consumption of a novel DC power supplied
industrial robot
Ritvars Grebers®, Michele Gadaleta™, Arturs Paugurs®, Armands Senfelds®, Ansis

Avotins®, Marcello Pellicciari®

 Institute of Industrial Electronics and Electrical engineering Riga Technical University
" Department of Engineering “Enzo Ferrari”, University of Modena and Reggio Emilia, Via Vivarelli 10, 41125 Modena Italy

Abstract

The energy consumption and electrical characteristics of a novel direct current (DC) power supplied industrial robot prototype
are compared and analyzed with a state of the art alternating current (AC) supplied industrial robot. An extensive set of
experiments shows an important reduction of the total energy consumption for different electrical power profiles measured in
various robot trajectories with specific working temperatures. The recuperated energy is also analyzed in the different scenarios.
Experimental results show that a DC type robot can be up to 12.5% more energy-efficient than an equivalent AC type robot.
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1. Introduction

Industry 4.0 leverages digitalization, artificial intelligence and robotics to realize intelligent manufacturing
systems and processes. An underestimated drawback of the Industry 4.0 extensive use of industrial robotics and
Cyber Physical Production Systems (CPPS) is related with the inevitable drastic rise of the total Energy
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Consumption (EC), which risks to compromise the overall sustainability of the factories of the future. Then, there is
a strong need of engineering methods and technologies able to improve the energy efficiency of industrial robots. To
this purpose, the AREUS project [1], a European Commission funded research project, developed a novel generation
of energy-efficient direct current (DC) supplied robots to overcome current industrial robots energetic limitations
and to leverage the exchange, storage and recovery of energy at factory level. In fact, since industrial robots and
mechatronic machinery operate on DC, a rectification power conversion stage is necessary with the state of the art
alternating current (AC) supply grid, with a consequent loss of energy. For example, state of the art robots actuators
are permanent magnet synchronous motors (PMSM). PMSM are controlled by separate servo inverters that are
supplied by a common rectifier using a coupled DC-bus [2]. This means that internally, the system is DC supplied
already. By using a DC power grid, the rectification stage at AC mains could be eliminated in many applications,
thus saving the energy of the power conversion losses. Furthermore, also renewable energy sources operate in DC,
then, the adoption of a DC supplied sub-grid would avoid further conversion stages, with the related costs, energy
losses and energy quality problem.

DC systems and DC power grids have been extensively discussed in literature, DC sub-grids improve
sustainability and energy efficiency by reducing material usage and weight [3], regenerating and recuperating
energy and easing the optimization of trajectories and position accuracy for industrial applications [4]. In fact, one
of the DC sub-grids main advantage is the capability to recuperate and regenerate energy efficiently, enabling
bidirectional DC power flow, as well described with the motor drive system developed in [5], in which the system
replicates the dynamics of industrial robot power flow. Furthermore, a DC grid may harvest and store all the
recuperated energy, as demonstrated in [6] by using supercapacitor storage and power smoothing. All of these
previous works found in literature confirm the systems energy efficiency improvements achievable with DC sub-
grids, ideal to recuperate energy from the actuators with regenerative approaches, while in AC systems such
recuperation would be harder and more expensive, often with important losses of the AC network quality [7].

Then, the novel DC supplied robots developed with the AREUS project (www.areus-project.eu) may enable DC
industrial smart grids, with full regenerative bidirectional DC power flow and seamless integration of renewable
energy sources. This paper presents the energy efficiency experimental assessment of a DC supplied KUKA
Quantec KR210 R2700 prime DC supplied prototype robot, and the performance are compared with the ones
achievable by the same model AC supplied.

The paper is organized as follows: in section 2 the experimental setup is presented, in section 3 the measurement
and data acquisition process are described and in section 4 the experimental results are compared and analyzed.

2. Experimental testing setup

Two industrial 6-axes robots, KUKA Quantec KR210 R2700 prime [8], have been tested in different conditions
to measure their energy consumption and trajectories power profile. Both robots are identical, excepting for the
power supply system. Each robot weights 1100 kg, has a payload up to 210 kg, and a maximum power rating of 22
kW [8, 9]. In the state of the art AC robot version, a single rectifier creates a common DC-bus from which six
inverters draw the energy for the motors (Fig. 1), while in the AREUS project robot prototype the rectifier is
removed, allowing the direct connection of the internal DC-bus to a prototype factory DC-grid, (Fig. 2). The DC
prototype robot, is supplied by an experimental 600 V DC power grid generated by a 55 kW active frond-end unit
(AC/DC converter), developed by Riga Technical University [10].
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Fig. 1: Example of the state of the art AC supplied industrial robot system
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Fig. 2: Example of the DC supplied industrial robot system
3. Methodology
3.1. Measurement setup

During the experiments, the two robots have run the same code, following a trajectory designed to simulate
typical motions on a production line. Power consumption curves were logged at different velocities (40%, 60%,
80% and 100% of the maximum velocity) to determine its influence. Furthermore, two different temperature
conditions have been considered, called “warm” and “cold”, where the “warm” has a five hours warm-up phase
before the measurements in order to emulate the real working conditions and to differentiate the power profiles from
different friction losses, while “cold” is the robot working after a brief transient. 80 measurements have been
acquired: 5 repetitions for each velocity percentage at both temperature condition.
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Fig. 3. Test cycle power profiles (W) at 100% execution velocity of the AC (dotted) and DC (line) robots.
3.2. DC/AC energy flow measurement

In both the DC and AC supplied robots, the overall energy consumption can be assessed directly measuring the
electrical power flowing into the cabinets. In the AC version, the electrical power can only flow into (positive) the
robot cabinet since the energy recuperated during brakes is mainly dissipated into an internal resistor. In the DC
version instead, the power can also flow out (negative) from the cabinet to the DC grid allowing for direct
measurements of the recuperated braking energy. Such regenerative approaches, extended to the whole cell or plant,
may lead to important energy and CO2 emission reduction, as well as contribute to new sustainability assessment
methods [11].

In literature are found different approaches to monitor the electrical energy consumption [12]. In this study an
AC/DC InLine Bi-direct Energy sensor has been used for data acquisition. This device has been specifically
designed to measure instantaneous power values in both consumption and recuperation modes with high accuracy.
In previous studies [13], such AC/DC InLine Bi-Direct Energy sensor provided very fast, precise and stable
measurements: compared with an expensive calibrated power analyzer (Newtons N4L), the power measurements of
over 1kW experienced a deviation under 5%. A single energy sensor module has three current transducers and is
capable of measuring a 3-phase 400 V AC grid and a 600 V DC grid [14].

3.3. Data acquisition and analysis

The experimental data have been analyzed, comparing AC cold robot with DC cold robot, AC warm with DC
warm, AC cold with AC warm and DC cold with DC warm.

The data analysis has focused on:

¢ Efficiency of the DC robot in both cold and warm states comparing with the AC robot,
¢ Energy consumption at different velocities,

¢ Energy recuperation at different velocities,

¢ Recuperated energy difference between cold and warm DC robot,

* DC robot energy consumption in both states: cold and warm,

¢ AC robot energy consumption in both states: cold and warm.

As explained, the AC robot recuperative energy cannot be measured by the Bi-direct energy sensor [15], because
such energy is not fed back to the AC grid but internally dissipated in the braking resistors and partly stored in the
robot cabinet internal capacitors.
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4. Power consumption analysis
4.1. AC/DC robot energy consumption

Analyzing the acquired power profiles of AC and DC robots, some little differences can be noted (e.g. Fig. 3),
especially in the power peaks. The cause of such differences can be related with the unavoidable mechanical and
electrical construction tolerances between the two robots. The power differences are more accentuated at higher
velocity while the curves tend to overlap in the lower ones.
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Fig. 4. Recuperated energy of the DC robot at different Fig. 5. Energy savings of the DC robot compared to the
velocities (“cold” and “warm” state). AC robot (“warm” state).

The energy savings have been evaluated comparing the energy consumption of the AC and DC robot performing
the same trajectory at different velocities using (1), the results are presented in Fig. 4.

n [%] = (1 —%)*100 "

AC

In the Fig. 5 it is possible to see that at 40% of velocity the DC robot consumes 2,24% less energy than the AC
robot, while at maximum velocity the difference is 12,52%. The increased efficiency in DC robots is due to the
capability to recuperate the braking energy, sending it back to the network instead of dissipating. The higher the
velocity, the higher the recuperated energy.

4.2. DC robot energy consumption in warm and cold state

An important objective of this study is the evaluation of the DC robot energy consumption by measuring with the
Bi-direct energy sensor the energy flow recuperated back to the grid.

Looking at Fig. 4, experimental results show that increasing robot velocity increases the recuperated energy even
more if the robot is warm. This effect is reasonably expected due to the reduction of the viscous friction losses in the
robot reducers. The most efficient robot execution velocity has been measured around 80% of the full speed. At this
speed, DC warm robot is almost 15% more efficient (less consuming) than cold robot. At the maximum velocity,
such difference decreases to 12%, as shown in Fig. 6. Efficiency has been calculated using the equation (2). Fig. 4
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shows that at 100% velocity warm robot recuperates about 0,002405 kWh per cycle, that is 9% of the total energy
consumption, but in case of cold robot it is approximately 7% of the total energy consumption.
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Fig. 6. Energy savings of the DC robot in the warm state

Fig. 7. Energy savings of the AC robot in the warm state
compared to the cold state.

compared to the cold state.

4.3. AC robot energy consumption in warm and cold state

As expected, the AC robot energy savings in the warm state (Fig. 7) are very similar to the DC robot ones since
the mechanical and electrical systems are ideally identical, excepting for some differences due to inevitable
manufacturing tolerances. Warm robot reaches the maximum efficiency at execution velocity of 80% . At this speed
warm robot is about 16% more efficient than cold robot, at 100% of execution velocity percentage drops to 13%.

4.4. Measurement relative error analyzes

As it can be seen in figures 4-7, the measurements relative errors are on average under 1%, then the difference
between the samples is negligible. Few measurements resulted less accurate, probably for the small scale of the
acquired data. The maximum relative error of 8.33% has been obtained in the measurements of the DC robot
recuperated energy, at 40% of velocity and in cold state. At the maximum velocity, the relative error is 1.88%. The
main cause of such errors can be attributed to the Bi-direct energy flow sensor, which is not suitable to measure
precisely low energy levels (less than ~100 watts). In warm state the relative error is smaller, from 3,37% to 0,17%
with velocities from 40% to 100%.

Relative error has been calculated with the following method: firstly, it has been calculated an average of the
sample measurements (3), such average has been used to calculate the absolute error (4), which is then multiplied by
student’s t-distribution coefficient (5) to get the systematic error (6). Finally, the systematic error has been divided
by the average, obtaining the relative error (7). For indirect measurements equation (8) has been used.
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5. Conclusions

The energy consumption and regenerative characteristics of a novel DC power supplied KUKA Quantec KR210
R2700 prime prototype industrial robot have been measured and compared with the state of the art AC supplied
KUKA Quantec KR210 R2700 prime industrial robot. The tests have been performed with various robot trajectories
and different working temperatures. The results confirm that the DC energy supply is more efficient up to 12,52%.
As expected, the best results have been achieved in the more demanding application cases whit the robots running at
maximum velocity. The DC power supplied robots developed in the AREUS project confirm to be reliable and cost
efficient, then can enable a full DC Factory.

Further tests will be performed to better assess the performance gains and cost savings in different applications.
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Abstract — Method of estimating optimal power supply
performance parameters with comparison of two different power
measurement data analysis methods is introduced. Application of
estimating optimal infeed supply converter performance
parameters for industrial DC microgrid with multiple DC
supplied industrial manipulators and an spot welding process has
been analyzed.

Keywords — Industrial
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1. INTRODUCTION

This paper present insight into approach of existing power
profile analysis approach for corresponding dimensioning of
main power system interface converter equipment based on
production power load data example. Fundamental analytical
approach for repetitive power profiles is introduced within
Section 2 followed by proposed workflow strategies applying
aforementioned analysis in case of several power profile
datasets in Section 3. Example application based on real
production power profile data has been introduced in Section
4. Obtained analytical results are presented within Section 5.
The switch from conventional AC to DC power supply
infrastructure has become an increasingly discussed topic due
to several promising benefits increasing overall energy
efficiency potential reduction of the amount of raw materials
necessary for energy transmission such as copper and
insulation materials and minimizing the power conversion
stages on the overall system level as discussed by
[11,[2],[3],[4]. DC supply grids also enable more energy
efficient adaption of renewable energy sources, such as
photovoltaic panels, and energy storage elements being
batteries since generation of DC voltage is inherent behavior of
such technologies [5]. An application of a DC grid based robot
work cell has been discussed as example for analytical power
profile research within current paper.

Design of a DC microgrid adapted for operation within
existing AC type power infrastructure requires central main
rectifier converter to generate DC voltage from the AC grid. It
is crucial to choose an optimal solution for the rectifier unit by
its performance parameters to avoid incorrect power supply
dimensioning and thus inefficient exploitation. Industrial
power electronic converters are designed according to
maximum power requirements of the system, however, with a
combination of multiple power supply technologies in a single

978-1-5090-3731-5/16/$31.00 ©2016 European Union

system, such approach may prove resource wasteful. For
example, in a system with multiple DC supplied industrial
robots, main rectifier unit is designed to supply the combined
maximum power peaks of all robots, even when such
occurrence is very unlikely. According to [6],[7] industrial
robots spend more time in standby than in movement,
therefore, it must be considered when designing the system
power supply to avoid over-dimensioning.

It is generally known that when applied with load less than
10-20% of the rated nominal output power converters represent
lower efficiency therefore installing a high power main supply
unit in a system where the average power significantly below
the nominal power of the supply unit power losses are
expected due to underutilization of installed equipment.
Additionally, this occurs because with increasing the power
rating of the supply converter its standby power losses increase
as well and make up a larger percentage of the total energy
consumption. The proposed analytical methodology can be
considered as basis for optimal dimensioning of main supply
converters during stage of production plant planning by
application of virtual commissioning software as well since
energy consumption parameters are planned to be brought into
virtual production modelling software tools in near future [5],
[8]-[11]. It is to be mentioned that also experimental data of
existing process loads can be obtained and considered as basis
for analysis in case if extension or modification of existing
infrastructure is to be done. Typically energy consumption
within production environment is cyclic and repetitive. With
access to either measured or simulated energy consumption
data assumptions regarding the main supply converter
parameters can be made based on defined time cycle according
to manufacturing processes.

II. POWER CONSUMPTION ANALYSIS

Power consumption analysis approach has been presented
under assumption that some data about expected production
equipment dynamic electrical load variation has been provided
by experimental measurements or numeric simulations. The
visual representation of analytical data evaluation has been
presented in following Fig. 1. The data with given fixed
sampling frequency fumple has been obtained for respective
time frame length #,. Analysis of input data is based on
concept
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Fig. 1. Visualization of sliding analysis window approach application for
power data analysis.

of sliding analysis window being shifted along whole dataset
and with variable window width.

Therefore minimum and maximum sliding window size
options can be defined based on following equations (1) and

2.

1
1. Tmin = (l)
.fj\'ample
T . =t )

The minimum window is defined by applied sampling
frequency of data and respective distance between two
neighbor values. Maximum window available for analysis is
limited by total data sampling time frame. By selecting
corresponding time window size 7, to be shifted along data set
respective number of samples for instantaneous evaluation
within analysis window can be defined according to following
equation (3).

a

f‘sumple

Such number of values is selected for evaluation of average
power Pg, within scope of analysis window being shifted
according to number of samples i as represented by following
equation (4).

n=

> T, € [T in > Thnax ] 3

min > © max

i+n

: 1 .
P GT)=— 3 P icllt, —n] @

The boundaries of initial position i are maintained taking
into account selected analysis window sample number 7 in
order to remain within total time frame of initial data
characterized by #,. The final analysis result for particular
analysis window width being shifted along initial data is
determined according to equation (5).

P(T,) = max(F,, (i.T,)) . Q)

By analysis according to equations characteristic behavior
of electrical load maximal instantaneous power requirement
can be determined.

II1. APPLICATION STRATEGIES OF POWER CONSUMPTION
ANALYSIS

In case if several electrical process load data sets are available
various routines of application of proposed power analysis
approach can be derived. The following section present two
potential workflow structure concepts based on same initial
power profile data sets but different sequence of performed
operations. Such routines may be introduced as post processing
activities in higher layers of virtual modelling software
applications thus presenting supportive information for
decision making on selecting suitable electrical component
ensuring local power supply functionality.

A. Parallel analysis structure concept

The visualization of the first concept is presented in Fig. 2.
Such approach is based on initial application of power analysis
to each available dataset and following combination of
obtained

Combination HDecision

Fig. 3 Visualization of combined power profile analysis workflow structure.

analysis results for final decision making procedure. In this
case combination of analysis results is performed by
maintaining same time reference axis but adding all maximum
power demand values for each load within fixed time window.

B. Combined analysis structure concept

Another potential workflow structure can be introduced by
initial combination of individual power profiles within single
time reference maintaining exact location in time and followed
analysis procedure applied to such common power profile.
Analytical procedure sequence is performed as represented
visually in Fig. 3.

IV. VERIFICATION ON PRODUCTION PROCESS POWER DATA

As measure to verify intended analytical procedure set of
electrical power consumption data from real production
process has been obtained by means of synchronous logging of
power consumption during typical manufacturing process
cycle. Efforts of data acquisition during development phase of
production infrastructure are of rising importance and
computer based simulation models as well as functional
models of typical production equipment become interesting
topic. The following set of electrical loads has been selected
for case example in this paper - set of 4 manipulators with
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integrated electrical drives and spot welding equipment
involved in manufacturing process. Total production cycle for
particular process is performed within 110 second time period.
Peak power of 4 manipulator devices reach level of 20kW
range which is significantly lower compared to welding
process electrical load reaching level of 200kW during short
pulse wise pattern of 70 ms duration per each welding point
instance. The manipulator with index RB4 is combined with

30

welding equipment and during welding process maintain
standby position. Other manipulators are also dedicated to
production tools which present power loads of low
consumption level and are therefore excluded from this
analysis since would not present large influence of power
analysis results. Combination of 4 manipulator loads and spot
welding equipment are presented in following Fig. 4.
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Fig. 4 Example of cyclic production cycle electrical power consumption.

V. ANALYTICAL RESULTS

Analytical procedure has been applied on presented power
consumption data according to workflows introduced in
Section 3. The Fig. 5 present maximum average power
analysis results of power profile data of manipulators RB1 to
RB4 with highest peak power value presented by RB2
reaching 26 kW.

Power kW

Time duration,s
Fig. 5 Power analysis results of 4 manipulator set.

200
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e Welding

150 |

Power kW
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Fig. 6 Power analysis results of welding power profile.

The Fig. 6 represent same analytical procedure results
applied to welding load power profile and lead to peak power
value of 198 kW. Such data present material for combination
of obtained analytical material by summation of peak power of
all involved loads during same time window size. Along with
parallel analysis structure concept also combined analysis
concept structure has been applied by summation of original
power profiles based on same time axis leading to total power
consumption profile fed into analytical processing. The

Authorized licensed use limited to: Riga Technical University. Downloaded on December 20,2023 at 07:58:21 UTC from IEEE Xplore. Restrictions apply.



2016 57th International Scientific Conference on Power and Electrical Engineering of Riga Technical University (RTUCON)

300

Parralel

Combined

250
Average

Power kW
- o
2 2

2
8

50

Time duration,s
Fig. 7 Comparison of both workflow concept results.

following Fig. 7 present obtained results by both analytical
results and average power consumption of 7 kW over long
term operation. Difference between parallel and combined
analysis present value of 80 kW comparing single values of
280 kW and 200 kW allowing to consider approach of parallel
analysis leading to over dimensioning since all short term
power peaks are combined. Therefore approach of combined
power profile analysis would be favorable since coincidence
factor of individual peak power present significant influence
on system peak power dimensioning. The obtained analytical
data present basis for decision making and operational strategy
selection regarding power supply solutions covering whole
production process including all electrical load elements and
their expected operational behavior. An illustrative example of
obtained analytical power curve application for main infeed
power converter design is presented in Fig. 8 with respect to
active frontend (AFE) being selected for full peak power
capability or analytical distribution of power demand
requirements between reduced nominal power equipment in
combination with energy buffer solution for particular
production process.

250
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E 150 L AFE-reduced 4
s" Buffer
E | ]
ol
50 | 4
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Fig. 8 Example of analytical power demand curve application for infeed
dimensioning strategy development.

CONCLUSIONS

This paper introduce concept of peak power and time
related analysis applied to set of industrial production process
equipment electrical load data set. Analysis can be carried out
according to different workflow strategies leading to results
and emphasizing necessity of information about peak power
coincidence during cycle time. Potential application of
analytical results are presented regarding decision making
procedure for suitable electrical power supply equipment
intended for local production process electrical supply needs.
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Abstract—This paper report about modelling approach based
on basic experimental measurements of bidirectional AC/DC
converter. Modelling of existing AC/DC power converter has
been seen in context with development of DC microgrid supply
system where operational efficiency and DC side voltage stability
are seen as primary tasks for individual component modelling
within interconnected system.

Keywords—AC-DC power converters Power system modeling
Microgrids

1. INTRODUCTION

Alternative power supply concept evaluation of industrial
manufacturing infrastructure by converting conventional
alternating current (AC) based electrical energy distribution
system to direct current (DC) based intelligent distribution
systems is background motivation for proposed research
paper. Initiative of such research and development activities is
new functionality and improvement of energy efficiency for
production processes as well as evaluation of technological
solutions to be implemented. Physical demonstration facility
of highly automated manufacturing based production process
with common DC supply converter interface to conventional
AC system is developed for innovative technology
verification. In order to evaluate technological and economical
aspects of new power supply concept it is crucial to develop
various operating scenarios and hardware interaction solutions
based on detailed analysis by means of numerical simulations
and process modelling including technological subsystems.
This research paper cover descriptive approach to existing
AC/DC converter experimental measurement in order to
develop functional model for further interconnected system
analysis by means of simulations. Simulation models can be
developed by various approaches with respect to desired
complexity and specific effect examination. Detailed converter
operation oriented simulation of active frontend converter has
been presented by[l]. DC electrical supply system oriented
modelling of converter dynamics has been presented by [2]
and [3]. Detailed modelling considering internal control
dynamics has been presented by [4]. Similar concept of energy
exchange by conversion from AC to DC and utilization of
common DC grid has been presented by[5].

II. EXPERIMENTAL TESTING SETUP

In case of new DC based production equipment supply system
key element to conventional AC power grid is AC to DC

978-1-5090-1201-5/15/$31.00 ©2015 IEEE

power converter also known as active frontend unit. Such
converter has to be verified and modelled for several aspects
to assess future potential and limitations for integration into
innovative power supply concept. Available electrical
converter setup of 55kW nominal power is selected for
detailed testing of several technical parameters and functional
behavior analysis. Such equipment enables bidirectional
power flow from or to typical AC power system. Important
features are bidirectional power flow enabling return of excess
energy into power grid which is important for integration of
renewable energy resources such as photovoltaic generation.
Also control of DC grid voltage is possible by application of
active frontend converter. In order to create controlled testing
environment for physical measurement of previously
introduced AC/DC electrical power supply equipment it is
necessary to add electrical load for energy consumption
operation or electrical power generation in order to test
regenerative energy return into AC grid infrastructure.
Practical solution of such task has been realized by means of
two electrical drive setup arrangements each presenting ability
to consume or produce electrical power up to 22kW peak
power. Such testing arrangements are built by means of two
electrical motors where one of them is designed to be supplied
from 600V DC grid. The designed electrical drive motor-
generator setups as presented in Fig. 1 enable energy efficient
testing of DC microgrid equipment up to 40kW load levels by
utilization of bidirectional rectifiers of drive frequency
converters FC2 and at loading drive side thus returning power
generated by loading the DC side back to AC grid. Power to
be consumed or produced can be varied continuously in a
controlled manner enabling good testing conditions for
electrical supply infrastructure testing.

III. MODELLING REFERENCE DATA EXTRACTION

In order to develop and verify simulation model of AC/DC
active frontend converter it is necessary to gather information
about physical behavior of equipment by means of
experimental measurements. Several key parameters have
been identified and selected for measurements to serve as
reference data for modelling. Power conversion efficiency is
fundamental parameter for both operating condition analysis
as well as strategic decision of technology application in order
to improve energy efficiency. Therefore power conversion
efficiency is obtained by comparing AC and DC side electrical
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Fig. 1. Electrical infrastructure for AC/DC converter experimental measurements

power quantities. AC power quality is strictly regulated by
several standards and grid codes how energy can be consumed
or produced for injection into AC grid therefore also factor
parameter variation has been obtained by measurements.

IV. SIMULATION MODEL DEVELOPMENT

Based on obtained physical measurement numerical model
has been developed based on Matlab numerical simulation
environment as verified against experimental measurement
results. Such model enable further DC type system operation
analysis and development of optimal operation strategies and
hardware application solutions. Simulation model present basic
model structure for further development of various power level
electrical equipment analysis. Development of hardware
verified simulation model provide fundamental framework for
system wide system evaluation and decision making for
optimal DC electrical infrastructure development for automated
manufacturing equipment supply from few devices to scales up
to factory level. The structure of AC grid connected AC/DC
converter model has been presented in Fig. 2. The power
balance is observed based on DC side power flow therefore

Qabc

I

I

} .

| | Pore inc
I

}

T

I

Fig. 2. Model structure of AC/DC converter.

other quantities are referred to DC power flow for operation of
lookup method. The AC side grid inductance has been
selected to be 1.27 mH corresponding to typical 1 MVA
distribution  transformer approximation for modelling
applications. The AC side load has been composed as
symmetrical 3 phase controllable load. The instantaneous
values for active power P and reactive power Q can be varied
during modelling according to observed power factor. The
initial values of AC power P,. and DC power P,. and power
factor has been obtained and steady operating points within
power ranges from -40 kW to 45 kW. The respective variation
of AC power referred to DC power has been presented in Fig.

3 and power factor variation in 0.
AC power vs DC power

50
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30

20

Pac, KW

Fig. 3. AC side power with respect to DC side power.
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Fig. 4. Power factor with respect to DC side power.

The power losses can be derived by comparison of AC and DC
power at same operating point, therefore loss power variation
with respect to DC power has been obtained as shown in 0. The
reactive power reference value has been derived based on
following equations (1) and (2) where PF represent measured
power factor parameter.

@ = arccos(PF) 1)
P .
Q= —=—-sin(p) 6)
cos(¢)

The variation of reactive power with respect to DC power
variation has been presented in following Fig. 6 as result of
aproximation based on aforementioned equations .

Loss power vs DC Power

Fig. 5. Loss power with respect to DC power.

Reactive power vs DC power

Fig. 6. Reactive power Q with respect to DC side power.

V. MODEL OPERATION ANALYSIS

In order to develop dynamic variation of DC side voltage
under load conditions the controlled current source in
combination with capacitor representing 4.1 mF output filter
capacitor converter has been assembled. The reference voltage
of capacitor is chose to be 600V representing desired microgrid
nominal voltage. The charging or discharging of capacitor has
been done by ideal current source controlled by PI type
controller observing output voltage with respect to reference
voltage. The operation of modelled electrical circuit has been
compared with real operation of converter under step change of
load from 0 to 6.5 kW and vice versa. The respective model
DC link voltage with respect to real measurement has been
presented in Fig. 7. The AC side power modelling has been
verified by power consumption measurement of 2 reference
load profiles Pri and Pr2 representing dynamic electrical drive
operation with energy recuperation to AC side therefore
utilizing both directions of power conversion as represented in
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| ——Udc
I
]
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Voltage,V
[<2] [}
o o
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[3.]
(=]
©

596

593.

Fig. 7. Simulation model and real system DC voltage variation under step
load change.
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Fig. 8. DC side power profiles for reference measurements.

Fig. 8. The average power consumption per cycle has been
obtained by measurement using Fluke power analyzer
equipment within operating period of 10 minutes. For same
profiles and time period. The numerical values have been
presented in TABLE 1. The difference in measurement and
modelling data represent 7.8% and 6.8% variation for both
power profiles applied

TABLE L. MEASUREMENT AND MODELLING DATA
Average load power, kW
Profile
Experimental Model Difference, %
Prl 0.204 0.19 -6.8
Pr2 0.192 0.177 -7.8

Since power measurement of AC/DC converter represent total
consumption including internal peripheral devices such as
cooling cabinet, contactor coil control and other that can vary
their specific power demand during longer time operation from
cycle to cycle some uncertainty is present. AC side current
variation has been presented in Fig. 9 as obtained by simulation
and correspond to DC side power dynamics.

50 2 4 6 8 10 12 14

Time, s

Fig. 9. Modelled AC currents for 2 testing profiles

CONCLUSIONS

Simulation model of AC/DC bidirectional power converter has
been developed based on basic experimental data gathered
during operation within designed power range. DC side voltage
dynamics have been modelled by PI controller adjusted based
on practical measurement of DC voltage fluctuation. AC side
active and reactive power consumption has been modelled
based on obtained variation of power factor within converters
operating range and approximation of reactive power referred
to active power. Model verification reveal slight deviation over
longer operating time period including several cycles of
reference load power. Evaluation of AC side power
consumption with respect to simulation data reveal deviation
which can be explained by internal consumption of AC/DC
converter cabinet. Future activities for modification of
developed model that would be necessary include analysis of
harmonic content of AC side power as well as unbalance of 3
phase system and more detailed distribution of loss power and
peripheral device consumption.
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Abstract —Conceptual analysis of repetitive current of DC load
is presented for two type of data processing approaches. Offline
post-processing type approach as well as online adaptive data
analysis method is introduced. Application of introduced analysis
in case of repetitive DC current cycle with fixed duration is
presented focusing of current-time behavioral investigation.
Comparison of obtained analysis data and typical fuse character
curve data is presented followed by brief discussion of
prospective advantages.

Keywords — Smart grids, Data analysis, electrical safety

1. INTRODUCTION

Increasing interest in DC type electrical power distribution
and supply systems lead to broad range of DC applications
emerging. Electrical safety and protection measures have been
well established within AC systems but applications within
smart DC microgrids with various types of energy production,
storage and consumption elements as well as multidirectional
power flow capability present needs for equivalent electrical
system coordination and protection technologies. Comparative
overview regarding various DC microgrid operational units
and protection technologies has been presented by [1].
Protection measures on various DC voltage levels and
applications such as mining [2], shipboard power system [3],
residential buildings [4] and data centers [5]. Development of
adaptive overcurrent protection device operation has been
presented by [6]. Adaptation of semiconductor type switches
for DC type electrical applications has been discussed in [4],
[5], [7]. Also inductor based current limiting technique has

been proposed by [8]. Early concept of adjustable overcurrent
protection based on microcontroller is presented by [9]. This
paper present DC industrial load of robot manipulators fed by
steady 600V voltage with known and repetitive operation
cycle time presented in Section 2. Followed by two data
analysis concepts of repetitive load current-time profile
investigation utilizing post-processing or online adaptive
analysis in Section 3 and Section 4 respectively. Discussion on
obtained analysis results and prospective application
advantages has been presented in Section 5.

II. DC MICROGRID BASED CYCLIC APPLICATION EXAMPLE

As basis for investigation of repetitive electrical load
current analysis an application of DC voltage based electrical
supply system has been considered. It is assumed that stable
DC voltage is supplied to several industrial loads operating on
repetitive manufacturing cycle basis. As example data of
industrial robot manipulator electrical load has been provided
in Fig. 1 leading to equivalent current being drawn from 600V
DC electrical supply system. The system has total
manufacturing cycle length of 60s and 4 industrial robot
operations has been carried out within this cycle — handling of
material, handling of spot welding equipment, handling of
glue dispenser and handling of clinching equipment. Handling
operation provide moving of material between last three
joining processes as it can be observed also on common time
axis in Fig. 1.

Repetitive Industrial Robot Load Currents
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Fig. 1. Example of 60 second repetitive industrial production cycle and consumer electrical load current profiles in case of 4 industrial robots assisting for
several operations: Igg) —material handling ; Igg, — carry welding gun; Irg; —carry glue dispenser; Iggs — carry clinching equipment.
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Logged Current Data

>

0 . 2
time n
Fig. 2. Graphical representation of sliding window data analysis operation
principle.

III.  OFFLINE ANALYSIS, POST PROCESSING METHOD.

A. Analysis approach

One of the methods for detailed analysis of repetitive load
current profile would be to record full current cycle and
perform data analysis after process has completed. Concept of
analysis by sliding data window over full cycle data has been
illustrated in Fig. 2. Data of load current of time period 7, has
been recorded and stored after process operation. From
electrical overcurrent protection perspective analysis of
highest average current within various time periods is
advantageous. An iterative analysis process by variation of
sliding window width #, from one sample to full cycle has
been carried out. Maximum value of mean current value
within sliding window for each step has been stored.

B. Obtained result

In case of presented load cycles data analysis of positive
current direction has been carried out representing
consumption since recuperative operation and negative current
flow has lower amplitude and is considered not relevant for
overcurrent protection operation. Highest short term current
peak value of 25.6A has been observed in case of industrial
robot RBI1 application for material handling operation with
rapid acceleration profile. Industrial robots RB2 to RB4
present similar behavior with peak current values in range
from 13.8A to 16.8A since slower movement of production

Current—time characteristics
50 T T T

Current, A

Time duration,s

Fig. 3. Comparison of sliding window analysis for highest mean current
values and typical fuse current-time curves of types gR-4A and gPV-6A.
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Fig. 4. Graphical representation of online adaptive current sample analysis
within classes C.

tools is present. Such analysis present ability to evaluate
behavior of observed current profile with respect to real
electrical overcurrent protection device character. Typically
fuse manufacturers provide device current-time operational
characteristic data as graphs. Comparison of obtained sliding
window analysis of 4 current profiles Irsi to Irps and two
different type fuse characteristics of gR and gPV current-time
character has been presented in Fig. 3.

It can be observed that difference between fuse character and
short term current values of analyzed currents is present.
Detection of operation within such region below typical fuse
ignition curve may not be critical for electrical equipment but
may provide information about tendency to reach overcurrent
threshold. Ability to adjust short term overcurrent protection
for individual devices as well as optimize analysis process for
online operation as embedded device reducing necessity for
large data logging would be advantageous therefore approach
for online analysis is presented in following section.

IV. ONLINE ADAPTIVE CURRENT ANALYSIS APPROACH.

A. Analysis approach

In order to simplify current profile data analysis and
decrease computational effort and memory requirements
approach of adaptive data analysis has been presented as in
Fig. 4. Discrete samples of current values x have been
obtained with respective timestamps ¢. Average values a for
each interval between two samples has been obtained as well
as respective period lengths 7. Obtained data is intended for
following sorting according to classes C covering whole
sample value range. For example average value a,; belong to
class Cl as it fits within this class value range of x. Also
respective time period 7 belonging to this average value is
assigned to class Cl. Following such routine sample by
sample covering whole operation cycle period of length #,
respective time periods 7" are assigned to classes C1 to Cn.

Such approach enable adaptive behavior and can be realized
in following steps:

1)Cycle 1 — obtain current profile maximum value,

determine value range x and develop distribution in
number of classes Cn with respective value range for
each class.
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Adaptive Current Analysis Algorithm results
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Fig. 5. Adaptive analysis results for full 60 s production cycle load currents.

2) Cycle 2 — perform sample by sample analysis according
to defined classes C1 to Cn. Distribute total cycle time
t, into periods 7 to 7, and assign them to respective
classes based on average values a; to a,

B. Obtained results

Results of analysis based on proposed approach applied for
load current profiles has been presented in Fig. 5. During first

operating cycle it has been obtained that analysis up to 26A
value is relevant since highest value arise for current cycle
IRB1 having 25.6A peak. Total cycle time distribution

into classes has been based on 0.5A wide classes resulting into
total of 52 classes covering whole data range. It can be
observed that majority of cycle time load current values are

Adaptive Current Analysis Algorithm results (Zoomed)
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Fig. 6. Magnified view of analysis results for time span below 2 seconds.
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placed in classes less than 1A. Magnified view of current
distribution of time span below 2 seconds is presented by Fig.
6. Since total plot area in Fig. 5 marked with blue color
represent 60 second total cycle it can be observed that only
short time periods with high current flowing to the load are
present which correspond to initial current waveforms
presented in Section 2. Fig. 6 presents analytical results of
short term current behavior below 2 second time span.
Analysis RBI1 correspond to current profile Igs: for handling
operation of industrial robot. This load also has the highest
current peak value of 25.6A which can be observed as
respective width of highest value class above 25A. Following
load current analysis of RB2 to RB4 present results for
remaining joining processes but current peak values are lower
around 15A level. Behavior variation of load type can also be
observed in analysis of RB3 for example representing slow
motion of industrial robot during glue dispensing with steady
load current of about 2A between 43th and 45th second of
original production cycle. Respective influence can be also
observed in Fig. 6 diagram of RB3 where horizontal peak of
about 2 second operational time can be identified
corresponding to current value class of 2A. Such analysis
provide ability to obtain individual current-time signature
profiles for each of presented electrical loads.

V.CONCLUSIONS

Comparison of two presented data analysis concepts applied
to available data of electrical current corresponding to cyclic
load of industrial robot manipulator equipment being operated
on repetitive basis may lead to several observations.

By detailed analysis of short term current pulse duration it
is observed that some margin is present below typical fuse-
time characteristic and real current behavior as presented in
highest mean value analysis with variable time window as
introduced Section 2. Detection of system operation within
this region may be utilized for coordination of larger scale
electrical protection equipment on predictive basis.

Adaptive analysis by means of amplitude value classes
present ability to obtain individual current-time profile
signatures for each of loads by online data processing. Such
information may serve as basis for detection of deviations
from normal operation on cycle to cycle comparison basis and
present ability for process monitoring and coordination.

Practical application possibilities may strongly vary of
performance of available measurement device resolution and
sampling rate as well as variation of process load under
normal operation conditions and are subject to future
experimental analysis under real manufacturing equipment.
The optimal technical equipment necessary for data analysis
and computing is another aspect of potential application
feasibility.
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Abstract — A motor drive system for the purpose of
bidirectional DC power flow control has been developed. A
laboratory test bench has been setup to determine the dynamic
properties of the system a nd to verify the proposed power flow
control principle. Control board prototype has been developed
and briefly described. Results of full reference power cycle tests
have been summarized.

Keywords — Bidirectional DC power flow, motor drive, power
control.

1. INTRODUCTION

The power flow of current industrial robot systems in
respect to the power supply grid is unidirectional, since the
braking energy is dissipated on braking resistors. Papers [1],
[2] introduce methods of saving the robot braking energy by
adding external capacitance to the common DC bus of the
inverters driving the robot motors. The industrial robot system
could also be modified to feed the regenerative energy back to
the supply grid. The objective of the paper is to describe the
development of a laboratory test bench designed to replicate
the power flow of a 20 kW industrial robot system with
regenerative properties in respect to the supply grid.

A novel approach of using a single, bidirectional AC-DC
converter as the power supply of a DC grid based subsystem
can increase the overall energy efficiency by minimizing the
conversion stages from the source to each of the loads [3].
Elements of the subsystem include regenerative motor drive
systems as loads, batteries and supercapacitors as electrical
energy storage elements and renewable energy sources — wind
turbines and PV panels. The purpose of the laboratory test
bench is to act as the subsystem load. Development and testing
of power control algorithms based on increasing energy
efficiency of the subsystem can then be carried out.

Torque
control

II. THEORETICAL BASIS

Main components of the proposed solution include two
mechanically coupled induction motors each controlled by a
separate motor drive (Fig. 1). Motor drive FC2 is set to keep
the rotational speed of the linked shafts constant, thus
according to (1), the power consumed or produced by motor
M1 can be varied by changing the torque reference of FC1.

Phech = Tref w ey}

The power balance between the DC supply grid and the

mechanical output of motor M1 in motoring and generating

modes is given in(2) and (3) respectively. APpyeqer and

AP are the electromechanical losses in motor drive FC1
and motor M1.

(@)
3

Motor and motor drive losses are considered relatively
small in respect to the general power flow from or to the DC
supply grid, hence the approximation in (4).

Ppc = Tref " (C)

The system has been modelled and the theory has been
verified in [4]. This paper covers practical setup (Fig. 2) and
testing of the laboratory test bench.

PDCM = PMeL‘h - APInverter - Af’Mm‘ar
PDCG = PMech + APInverter + APMotor

Speed
control
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| EE—
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Mechanical
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3-phase inverter (FC1)
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Fig. 1. Principal schematic of the motor drive system designed for the replication of the industrial robot power flow
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torque graph by (4) and used as a reference for the drive FC1
III. LABORATORY TEST BENCH of the motor drive system.

4
0 210

t,[s]

Fig. 3. Intermediate DC bus power flow of an industrial robot system in a
single work cycle. The negative power peaks occur when the robot is
decelerating.

Derivative of the reference graph (Fig. 4, a) shows the
power flow rate of change in the robot system in both
acceleration and deceleration phases. The derivative graph
peaks are interpreted as the minimum dynamic requirements
for the motor drive system to be capable of replicating the
reference power graph. The rate of change of the robot power
flow peaks at ~160 kW/s when power is consumed from the
supply grid and at ~ -186 kW/s whilst deceleration.

Derivative analysis of step response tests with +15 kW
steps in motoring (Fig. 4, b) and regenerative (Fig. 4, ¢) modes
show the rate of change of the input DC power flow in the
motor drive system. Results verify that the motor drive system
located on the left side and FC2, M2 on the right side with their respective meets the dynarnic requirements for the replication of the
power supply enclosures. .

reference power graph. For example, a 20 kW change in

TABLET motoring mode in the reference power graph takes 0.126
GENERAL PARAMETERS OF THE MAIN COMPONENTS seconds and 0.06 seconds in the motor drive system.
Induction machine M1 Power rating 22 kW 7
Voltage 400V, 50Hz, 3 phases 2y
-
Pole pairs 2 —
=
Nominal torque 143 Nm ;
Nominal speed 1465 r/min = 0
=
Motor drive FC1 Power rating 22 kW =P
Voltage 600VDC
2
Control algorithm Direct torque control 0 2 4 6 8 10 12
Additional Regenerative to the DC i L [s] .
specification grid Pt | x10°
. = =
Motor drive FC2 and machine M2 match the parameters § § 0
. . . 2
summarized in Table I. Both drives are standard AC-AC = =,
power converters, however, the active rectifier in drive FC1 is T 5
b d and the mai i lied directl h & 5
ypassed and the main power is supplied directly to the =, = 2
intermediate DC bus.
1 3

) 0 02 0.4 0.6 0 0.2 0.4 0.6
IV. SYSTEM DYNAMICS ANALYSIS t, [s] 1. [s]

The power flow of an industrial robot dynamically varies  Fig. 4. Power flow rate of change in the robot system (a) and in the motor

due to the rapid accelerations and decelerations required for drive system whilst performing step response tests both in motoring (b) and
. . . regenerative (c) modes. The step reference is set to 15 kW.

manufacturing processes. The intermediate DC bus power
flow of an industrial robot system has been logged (Fig. 3) in a
single robot work cycle. The power graph is converted to a
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The DC power flow rate of change in the motor drive
system is mainly dependent of the rate of change of the input
current, since the DC supply grid voltage is near constant.
Upc =600V -1% / +2% depending on load conditions.

V. DC POWER FLOW CONTROL APPROACH

A. Control algorithm

o

set

i {T

7220 g raN

Poces — {2, T, Controller @e-”
‘ a1k

Ppcmeasurement

Fig. 5. Block diagram of the base algorithm for bidirectional DC power flow
control in the motor drive system.

The base algorithm for DC power flow control is depicted
in Fig. 5. Variable T+ sets the momentary torque reference
for motor drive FC1. A feedforward link is used, since the
general transfer function between input DC power and the
torque reference is known (4). Since (4) is an approximation
and electromechanical losses, temperature fluctuations and
other factors impact the momentary DC power value, a
feedback loop is implemented. The momentary DC power
value is measured and the controller compensates for any
fluctuations from the set Ppcser power value.

B. DC power measurement

A novel electrical power measurement approach covered in
[5] is used for the feedback loop of the control algorithm. The
metering device is connected in series between the DC supply
grid and the motor drive FC1 and sends the measured power
value to a microcontroller via UART communication protocol.

The DC power measurements have to be sent to the
microcontroller with a sampling rate f; at least twice the
Nyquist frequency (5) in order to fully recreate the robot
power graph.

f 22 fNyquist (5)

To determine the minimum necessary sampling rate,
Fourier Transform of Fig. 3 is calculated by (6).

.2z

N —i
V(=Y re " ©)
n=1

where

Y(f) - the value of the variable transferred to frequency
domain,

N — the input time domain graph described by N points, each
separated by a constant time step,

Y (t) — momentary value of the graph in time domain,

f— frequency.

The results (Fig. 6) show that the dominant frequencies
present in the waveform are in the bandwidth of up to 5 Hz.
Based on this conclusion, a sampling rate of 100 Hz is

considered sufficient and is chosen for

measurement feedback loop.

the power

Single-Sided Amplitude Spectrum of y(t)

©
3000 F
2500 +

— 2000+
=

=
1500

&

1000

500

0
] 5 10 15
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Fig. 6. Fourier Transform of the robot power graph. The general transmitted
power is considered to be within the frequency bandwidth of 0 to 5 Hz.

C. Control board prototype

A control board prototype (Fig. 7) has been developed to
test the described control approach. The prototype board
communicates with both drives (FC1, FC2). As the initial step,
a start signal is sent to the motor drive FC2 which has to keep
the rotational speed of the shafts constant. The control board
detects when constant speed is reached by a signal received
from an analog output of FC2, after which drive FCI is
started. Torque reference T+ is calculated by the algorithm in
Fig. 5 and sent to FC1 with a sampling rate of 100 Hz.

Fig. 7. Control board prototype. RJ45 ports connect with motor drive
communication boards, DC wattmeter measurements are sent via USB-A port.
Additional space is reserved for an external board for PROFINET
communication. Control algorithm is realized using a Teensy 3.1 development
board with Cortex-M4 72 MHz microprocessor.

VI. FULL CYCLE TESTS AND ANALYSIS

As the first iteration of testing, a proportional regulator was
used in the controller block of the algorithm. Critical gain of
the P regulator was determined empirically from step response
tests. Critical gain is the proportional gain at which the process
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variable starts to oscillate with a constant period and
amplitude around the set reference value.

Full cycle DC power measurements were logged at various
proportional gains varying from zero up to the critical gain.
Integral of the absolute error (IAE) (7) is calculated for each
logged measurement to determine the impact of the regulator.

HAE = [le(oar ™)
0

The TAE criterion of the power measurement in open loop
conditions is used as a base parameter by which to determine
the effect of the regulator.

A full cycle measurement (Fig. 8) with open loop settings,
in other words, with the proportional regulator gain set to zero,
verifies the approximation in (4). The measured power flow
offset from the set reference graph is relatively small and can
be explained by the electromechanical losses present in the
system and the self-consumption of the motor drives.
Self-consumption of the drive can be measured at zero load
conditions, that is, when the torque reference is set to zero.

reference ~—— measurement

Fig. 8. Comparison of the reference power graph and the measured system
response in open loop conditions, in other words, with the controller gains set
to zero. Thus the torque reference is calculated only from the feedforward
loop by (4).

t,[s]
— measurement

reference

Fig. 9. Comparison of the reference power graph and the measured system
response in closed loop conditions with proportional regulator as the
controller. Proportional gain set to 80% of the critical gain.

Most improvement by the IAE criterion was achieved with
proportional gain set to 80% of the critical gain. The
measurement is depicted in Fig. 9. The power graph peaks are
more closely replicated in comparison with the full cycle
measurement in open loop conditions. IAE criterion was

minimized by 24.79% in comparison to the open loop
measurement.

VII. CONCLUSIONS

A method of bidirectional DC power flow control by using
a motor drive system has been tested in a practical application.
System dynamics analysis regarding power flow rate of
change and full cycle tests verify that the motor drive system
is capable of replicating the dynamic industrial robot power
flow. Proportional regulator implementation decreased the
IAE criterion by 24.79%.

The motor drive system can be used as a physical simulator
for any given DC load / generator power profile within the
respective dynamic and power boundaries.
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Power Smoothing Approach within Industrial DC Microgrid with
Supercapacitor Storage for Robotic Manufacturing Application.

Armands Senfelds, Maksims Vorobjovs, Davis Meike, Oskars Bormanis

Abstract— This research paper cover optimization process a
converting conventional AC supply system towards DC based
industrial power distribution system with supercapacitor
storage based power balancing functionality. Electrical power
consumption reference data is based on 4 industrial robot
manufacturing area with automotive industry specific
production processes and respective electrical load examples.
Improvement in energy efficiency by interconnection and energy
exchange process of production equipment as well as peak
loading reduction on supplying AC power grid infrastructure is
demonstrated.

1. INTRODUCTION

Improvement of robotic manufacturing applications
present in such industries as automotive are subject of high
interest due to increasing awareness of emission reduction and
efficient utilization of various kind of resources. Also expected
price increase for energy resources as well as emerging
alternative energy production technologies based on
renewable sources present opportunities for development of
other type of power distribution infrastructure with improved
functionality. Since large number of industrial consumers
require DC type electrical power supply, modification of
conventional AC based distribution system is matter of
interest. Industrial DC microgrid with potential of energy
consumption reduction on production area level is presented
in this research paper. Robotic manufacturing application
electrical infrastructure optimization is based on 4 types of
manufacturing processes common in automotive industry —
handling, welding, clinching and gluing.

II.  PRODUCTION PROCESS LOAD MODELLING

In order to evaluate electrical power flow within
manufacturing  equipment supply system reference
production sequence has been defined and modelled.
Production cycle of 60s period representing robotic
manufacturing application of 4 industrial robot operation with
related tools has been designed based on typical automotive
production tasks. Industrial robot manipulator electrical
power estimation is based on previous robot modelling
research presented in [1]. Industrial robot model has been
verified with 210kg class payload industrial robot which is
also applied as suitable manipulator in manufacturing process
electrical model being scope of current research. Load power
character of production tools is based on generalized
approximation of obtained process data within real

“The research leading to these results has received funding from the
European Community's Seventh Framework Programme (FP7/2007-2013)
under grant agreement No 609391.”

A.Senfelds, M. Vorobjovs and O. Bormanis are with Institute of Industrial
Electronics and Electrical Engineering, Riga Technical university, Riga, LV-

978-1-4673-8183-3/15/$31.00 ©2015 IEEE

manufacturing processes. Sequential operation and electrical
power profiles are presented in Fig.1.

A. Set of modelled industrial robot manipulator
operations

e Robot RB1 — perform handling tasks, part weight
125kg. Three handling movements are performed
during reference cycle: placing part in work area (0s
to 10s of reference cycle), repositioning of part after
welding process (22s to 32s of cycle) and removing
part from work area (52s to 60s of cycle).

e Robot RB2 — perform welding task, welding tool
weight 180kg. Positioning of welding tool for welding
of 5 spots and returning to initial position (8s to 22s of
reference cycle).

e Robot RB3 — perform glue dispensing operation with
reduced speed, tool mass 50kg. Operation performed
between 41s and 52s of reference cycle.

e Robot RB4 — perform rivet clinching operation, tool
mass 150kg. Sequence of 5 clinching actions
performed between 30s and 42s of cycle.

B. Set of modelled production tool loads

e Welding process — sequence of 5 spot welding actions
has been introduced based on averaged power pulse.
Power curve of welding process can be generalized in
2 processes - preheating phase duration 0.45s, average
power 5kW and welding phase with duration 0.1s
average 140kW leading to 15kJ of consumed energy
per pulse.

e Clinching process — sequence of 5 clinching actions,
each process has duration 0.5s, trapezoidal pulse with
peak power of 4.5 kW.

e Glue dispensing — constant power of 100W during
dispensing, process duration 8s.

Average total power P, of all presented technologies with
total summary power P(?) over 60s cycle is 3.78kW.

III. ELECTRICAL POWER DISTRIBUTION SYSTEM
SIMULATION FOR ROBOTIC APPLICATION

Focus of presented electrical modelling of given production
process based on robotic application is to evaluate system

1020  (e-mail:  armands.senfelds@rtu.lv;
Oskars.Bormanis_1@rtu.lv)

D. Meike is with Daimler AG, Sindelfingen 71063, Germany (e-mail:
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Figure 1. Modelled load power profiles for Industrial robots (RB1 to RB4), welding, clinching and gluing tools within common production cycle

of 60s.

behavior and performance within both AC and DC voltage
based applications. The task of supplying necessary electrical
power for production equipment according to obtained load
profiles has to be fulfilled by any of aforementioned
approaches to ensure successful production operations.
Several energy efficiency improvement measures regarding
robotic applications has been presented by [2]. Introduction
of DC based system would inherently enable recuperated
energy exchange within group of robots that is not possible to
implement in existing AC supply system without additional
hardware manipulations and electrical DC voltage
interconnection equipment [3]. Additionally to direct DC
based supply system also integration of energy storage
application for power balancing functionality is matter of
interest.

A. Overview of energy storage technology options within
proposed DC system.

Several energy storage devices options are known to be
applied: supercapacitors, flywheels, batteries, fuel cells, are
used widely in such applications as electrical vehicles, UPS,
storage devices for smart grids. Each of energy storage

devices have advantages and disadvantages, which present
suitability for particular application. General overview of
fundamental parameters of various systems is presented in
following Table 1. Typical industrial application is
considered to provide average power in range from 1-100kW
and have energy capacity of 10kWh as well as functionality
to absorb regenerated power. From comparative evaluation
based of aforementioned Table 1 suitable solution for such
application is supercapacitor. As major benefits of such
technology long lifetime as well as fast power exchange are
to be mentioned. Technology of supercapacitors also known
as double layer capacitors (DLC) are present for about 60
years and fit well in operating range between traditional
capacitors and general batteries. Supercapacitors present
orders of magnitude higher energy storage capabilities and
good cycle stability compared to conventional capacitors.
Another two features are the extremely high capacitance
values, of the order of many thousand farads, and the
possibility of very fast charges and discharges due to
extraordinarily low inner resistance which are features not
available with conventional batteries. Regarding maintenance

TABLE L. COMPARISON OF VARIOUS ENERGY STORAGE TECHNOLOGY PARAMETERS
Li-lon Super Flywheels SMES Fuel Cells
Batteries Capacitors
Efficiency[%] 70-90[5] 90-98 (current 90-93(7] 95(7] 40-55[7]
dependant) [4]
Power 1-1.5MW[6] | 0.7-3MW [4] 10kW-800kW | 10-10MW | 10kW-2MW [8]
Range|[W] 5] 7]
Energy 0.01-150[5] | 1-1500 [4] 300-5kWh [5] | 1-150kWh | Continuous(8]
Range[Wh]
Cycle Life 2000(5] 1000000 [4] 10000 [7] 10000 [4] Continuous(8]
Charge Time hours[6] Milliseconds [4] | Seconds [3] Milisecond | Continuous[8]
s[3]
Capital Cost 250[6] 150 [5] 300 (7] 300 [4] 1500 [8]
[$/kW]
1334
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and lifetime supercapacitors are suitable for operation over a
wide temperature range and in diverse environments (hot,
cold and moist). The lifetime reaches one million cycles (or
ten years of operation) without any degradation, except for the
solvent used in the capacitors whose disadvantage is that it
deteriorates in 5 or 6 years irrespective of the number of
cycles. They are environmentally friendly and easily recycled
or neutralized. The efficiency is typically around 90 % and
discharge times are in the range of seconds to hours. They can
reach a specific power density which is about ten times higher
than that of conventional batteries (only very-high-power
lithium batteries can reach nearly the same specific power
density), but their specific energy density is about ten times
lower [9]. Supercapacitors have high capacity, but small
nominal voltage values. Usually they are used with power
electronics converters. In different applications are use
different power electronics converters topologies. As example
in electrical or hybrid vehicles are used converters with high
power density usually it is dual-active bridge [10] or
multilevel converter [11]. In application where efficiency is
most important DC converters as buck-boost or similar [12]
are preferred.

IV. CONVENTIONAL AC SYSTEM MODEL

As state of the art system conventional 3 phase AC supply
grid architecture is considered thus modeling of proposed
manufacturing equipment within such infrastructure is
necessary. Model has been created according to architecture
of Fig. 2.

A. AC Power grid

Typically power is delivered to manufacturing equipment
from local 10kV medium voltage distribution grid. Reduction
of voltage level to provide regular 3 phase 400V is realized
by means of transformer. A typical 10/0.4kV distribution
transformer data has been assumed with nominal power rating
of IMVA. Transformer performance under load conditions is
characterized by impedance voltage expressed as percentage
of nominal voltage during short circuit testing. Typical value
for chosen transformer power rating is 4%. In order to create
equivalent electrical circuit model considering AC grid
transformer series inductance parameter for each phase is
calculated according to (1)

Ly = (Ul w)/ (Sh* o), (1)

where o is grid frequency in radians per second leading to 314
rad/s for SOHz system, U, represent nominal primary side
voltage 10 kV in kV rating, uy - impedance voltage, S, —
nominal power rating of transformer. Obtained series
inductance L; value applied in model is 1.27mH.

B. Diode bridge rectifier

Conversion of AC voltage to DC type supply for
manufacturing equipment supply is usually realized by
uncontrolled rectifiers utilizing diodes as semiconductor
power devices as cheaper solution compared to controlled
rectifiers with active semiconductor devices. Arrangement in
3 phase bridge circuit lead to utilization of 6 diodes per
rectifier. In current model diode characteristics were set to be
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Figure 2. Conventional AC distribution system architecture model with
exposed examples of robot (RB) and process load modelling subsystems

0.7V forward voltage drop and 3mQ on state resistance.
Natural rectification of diodes lead to rectified DC voltage
level of 565V at no load conditions if 400V AC supply is
present and unidirectional power flow from grid to load only.

C. Industrial Robot Electrical Model

Based on obtained load power time variations for reference
production cycle each manufacturing equipment device
considered is to be modelled as electrical load within
electrical power supply system. Electrical model is combined
of several subcomponents as presented in Fig 1. For example
power flow variation of industrial robot RB1 subsystem is
introduced as controlled current source drawing or feeding
current izoqq-r51 (2) from or to supply according to given load
power time variation Pr.arsr (1) and instantaneous DC
voltage Upc.rai (1) according to (2)

IL0ad (0 = Proad (t) / Upc (0 5 (2)

where Proas () is respective load profile and Upc (2)
instantaneous DC bus voltage for each of load elements being
industrial robots RB1 to RB4. The respective DC power
drawn from the supply system is obtained according to (3) and
cover also the losses within intermediate DC circuit if they
may appear

Ppc(t) = Upc(t) inc(y) . 3
In case of industrial robot brake chopper unit is applied since
voltage can rise above rectified voltage by charging DC filter
capacitor Cpc of 1.4mF capacitance that is applied in robot
DC bus. The switch S is toggled between ON and OFF states
according to hysteresis function of DC bus voltage Upc. The
upper limit of voltage hysteresis band is 680V when braking
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resistor R, of 11Q is connected in parallel for discharging
until voltage reaches lower threshold value of 660V when
discharge process is stopped by opening switch S. Since
electrical power is being dissipated during reduction of DC
voltage respective current iy in resistor is monitored as well.

D. Process Tool Electrical Model

For production tool electrical modelling same approach has
been applied as for industrial robots with modification by
removing braking resistor circuit since power flow is
unidirectional with respective load current iz.q (¢) always
larger than 0 and thus the boosting effect of DC bus voltage
is not present. Respective DC bus filter capacitor values are
I15SmF for welding tool and 1.4mF for both clinching and
gluing tool modelling.

V. DC BASED DISTRIBUTION SYSTEM MODEL

Equivalent DC realization of previously introduced AC grid
has been simulated according to following structure as
presented in Fig.3. Two operational modes of DC system have
been observed within this research: DC System is referred to
power supply by single DC supply converter and Balanced
DC System when energy storage functionality of
supercapacitor is utilized. Balancing power reference for
energy storage unit is calculated according to (4)

Phratance(t) = Pav— Pt (1), 4
A. Supercapacitor storage unit

Supercapacitor storage unit with respective simplified
interface converter model is created based on power balance
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Figure 3. DC based electrical supply system model with AC/DC Active
frontend converter (AFE) and DC/DC Supercapaitor storage unit

in common DC bus and supercapacitor circuit (6)

Psc(t) = Usc(t)-isc(t) = Upc (1) ipcsc(t). 6)

As basis for supercapacitor device set of 4 series connected
Maxwell supercapacitor modules of 63F and 124V nominal
rating each leading to total capacitance Cscof 12.5F and series
resistance Rsc of 0.1Q. Supercapacitor current isc is limited to
260A for both charging and discharging operation.
Supercapacitor voltage limitations for fully charged and fully
discharged state are chosen to be 500V and 300V.

B. AC/DC Active Frontend model

One of core elements for substitution of AC based distribution
system to common DC bus based energy supply is centralized
AC/DC conversion stage. Since several individual diode
rectifier bridges are eliminated thus reducing necessary
installation resources role of central active frontend (AFE)
converter is increasing for providing both stable DC voltage
supply and meeting AC grid power quality needs. In
considered DC system nominal DC voltage is set to be 600V.
Implemented AFE model is based on balanced power
principle as presented in (5)

Pave(t) = Upc (V) iare (1), 5)

where Pac(t) controlled symmetrical active power flow on
AC grid side and multiplication of Upc (?) and ire (2) lead to
equivalent power injection in common DC system. In order to
maintain stable DC voltage of 600V the voltage controller of
PI type has been developed measuring Upc (2) and providing
necessary current ire (¢) to stabilize the voltage over buffer
capacitor Cpc with capacitance of 4.1mF. Designed controller
model has been compared to measured voltage variation
during stepwise load power variation between OkW and
6.5kW with frequency of 2Hz as presented in Fig.4. Obtained
controller gain parameters for PI parallel type controller are 1
for proportional gain and 200 for integral gain.

VI. SIMULATION RESULTS

A. Power and efficiency analysis

Table 2 represent results of variation of power and energy
606

Ude
— UdcModel

604

VoltageV

596

594
0.1 0.2 0.3 0.4

Times
Figure 4. Comparison of available DC voltage measurement Udc and AFE
simulation model performance UdcModel under step load variation of
6.5kW.
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TABLE II. AVERAGE POWER COMPARISON

Modelled operating mode
Balanced
AC System DC System DC System
P, kW 3.948 3.787 3.847
PlossBrakings KW 0.161 0 0
Pposssc, kKW n/a n/a 0.061

consumption over one production cycle within 3 modelled
systems: AC system, DC system and Balanced DC system.
Quantity of of total average power supplied by rectifiers or
central AC/DC converter within production cycle is
Protalaverage. Total average loss power of industrial robot
braking choppers Pprosssraking 1S obtained from 4 industrial
robot models with recuperation capabilities. In case of
Balanced DC system average loss power of supercapacitor
storage unit Progsc is obtained. Alternative supply system
modification from AC to DC supply system present reduction
of average consumed power of 4.07% and 2.56% for direct
and balanced DC system respectively. Adding supercapacitor
storage and considering capacitor losses efficiency
improvement is obtained with respect to wasted braking
energy in AC system. Operation of 4 involved robot braking
resistance due to individual DC voltage boost is presented in
Fig.5 typically after acceleration phases.

B. Power balancing performance on AC supply
infrastructure

Due to high power load peaks of 140kW present during
welding processes strong influence on AC grid is resulting in
high current peak values and voltage dip. Fig. 6 and Fig. 7
present phase currents and voltages of AC grid.
1) AC Grid Current effects

In case of AC system peak values reach 400A value and
current waveform is slightly distorted compared to ideal
sinewave. In DC system case AFE converter is drawing peak
currents of 500A with following oscillation transient due to
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Figure 5. Individual robot RBI to RB4 DC bus voltage reduction by braking
resistance in conventional AC system operation, voltage limit 585V — dashed
line.
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Figure 6. Set of load power time variations according to reference production
cycle
voltage controller operation. In case of Balanced DC system
power demand from AC grid is compensated from
spercapacitor storage device thus phase peak currents are
reduced significantly to the value of 150A while sinusoidal
current waveform is consumed by AFE converter model.
Such behavior is advantageous in case if several welding
processes may be supplied instantaneously from common AC
grid.

2) AC Grid Voltage effects
Similarly also the voltages in Fig. 7 utilizing conventional AC
system with rectifiers lead to distorted waveforms with
voltage dip reaching as low as 290V compared to peak values
while no load voltage peak values are 325V. Improved
voltage waveform is obtained by AFE converter application
but lowest voltage dip of 210V is observed during transient
operation for DC voltage control in direct supply DC system
model. Introduced Balanced DC system present best
performance in terms of voltage dip reaching smallest value
of 315V.

3) Load side DC voltage effects
Fig.8 represent behavior of load side DC voltage during
welding process
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Figure 7. AC supply grid phase voltages of modelled systems: AC System,
DC System and Balanced DC System.
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Proposed DC supply system is based on approach of common
DC bus interconnection for all electrical loads belonging to
robotic manufacturing area. As nominal value 600V voltage
has been chosen being also reference quantity for active
frontend AC/DC converter voltage controller discussed
before. Comparison for both operation modes DC system and
Balanced DC system when AFE converter is controlling
voltage during welding operation show that application of
power balancing lead to reduction of common DC bus voltage
fluctuations. Such approach also present alternative to prevent
overdesign of AFE input converter and related investment
effort. Necessity to provide full welding power capability as
well as remaining supply power for other process loads
present challenge for AFE converter with respect to thermal
cycling effects of semiconductor based elements and related
life time of equipment.

VII. CONCLUSION

This paper present performed analysis of electrical energy
consumption reduction by modification of local electrical
distribution system towards DC based electrical supply with
additional power balancing option. Manufacturing process
loads have been based on detailed industrial robot energy
consumption models combined with process tool electrical
loads typical to automotive production leading to local robotic
manufacturing area electrical distribution system model.
General model of active frontend type AC/DC converter has
been presented and comparison to available measurement
data has been done as well as modelling of supercapacitor
based energy storage equipment being evaluated as suitable
option for industrial application compared to set of alternative
energy storage technologies. Introduction of common DC bus
supply system present energy efficiency increase possibilities
of up to 4.07% compared to conventional AC based local
electrical distribution infrastructure and enable complete
reduction of recuperated energy losses through braking
resistor. Power balancing approach implementation based on
supercapacitor storage is presented by simulation and
promising results regarding peak loading reduction have been
obtained. Such results may serve as basis for further research

towards optimal utilization of existing AC grid infrastructure
and reduction of overdesign related excessive resource
utilization and investment. Based on presented results larger
scale modelling is desirable covering major production as
well as modification of developed simulation basis towards
widely applicable evaluation method for modification or
design purposes of future industrial distribution
infrastructure.
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Abstract — Power and energy measurement and monitoring is a
key factor for many industries in terms of energy and cost
efficiency evaluation. Due to trends of Smart Grid concept
application in industrial environment, including decentralized
DC-Grid implementation, for precise evaluation — faster and low-
cost measurement equipment is needed. Manufacturing industry
widely uses industrial robots that have dynamic load
characteristics for which faster measurement equipment is
needed.

This paper gives a brief description of the developed power
measurement equipment, its structure and interconnection with
industrial Profinet network. Further as a testing method steady
state and dynamic loads are selected and analyzed. For testing,
specially created industrial DC-Grid testing environment and
equipment was used. Testing results show that the selected
method and idea is working and is able to measure dynamic loads
with high resolution. For other industrial load types there is a
discussion going on about the issue of how detailed the resolution
is needed in industrial SmartGrids, as energy forecast is a new
trend in robotic industry and manufacturing planning.

Keywords — Smart Grids; Industrial power systems; Power
measurement.

I. INTRODUCTION

Emerging trends towards intensive enhancement of
electrical power supply systems for integration of new types of
electrical power generation solutions, extensive power and
related operating information flow management and intelligent
utilization of electrical infrastructure can be summarized as
Smart grid. The existing power distribution system is AC
based, but with Smart Grid concept, and DC source integration
to the AC grid raises the question of DC-Grid implementation
feasibility, where some preliminary research shows
advantages of DC-Grid implementation [1]. Some studies
show that the powering equipment from AC or DC based
equivalent power source in home or office application [2]-[4]
the DC-Grid is more efficient due to the fact that less
conversion stages are used and the improved network quality.

In Smart Grid context electric car or intelligent battery
energy storage system [5] can be consumer or producer
generally referred as term - prosumer in several articles [6]—
[9], by means that regenerative braking energy can be stored
and re-used on demand. Integration of such new power
sources in Smart Grid creates not only a problem of safety
issues such as fast DC circuit breakers [10] and over current
protection [11], but also the need for fast and cheap energy
flow control instruments for distributed power metering and

monitoring applications [12], [13]. The ability to obtain data
on instantaneous power consumption or generation is crucial
for operation of any higher level system. Since many power
consumer devices today can be referred to as smart or advanced
electromechanical devices, regardless of their task or operation
principles, it could be said that they are based on one or several
electro-technological molecules as presented in Fig. 1.

Il. TARGET SYSTEM STRUCTURE

The same is true also for electric smart grids, regardless of
their size, where actuators can be seen as power generating
units and sensors provide information about power flow.
Various enabling technologies are already available on the
market, considering methods of data transmission within
power system, including embedded power line communication
systems, various telecommunication standards and industrial
communication protocols. By increasing the share of power
measurement equipment units within power systems, in
respect to existing setups of nowadays, such parameters as
reliability, self-consumption and investment costs have
significant role in decision making of major installation of
such devices. New developments along with existing AC
distribution system approach considering DC power supply in
various applications present the demand for adaptation of
existing power measurement equipment. The practical
application of power meter unit has been done considering
industrial DC microgrid as a case study scenario of intelligent
power supply system.

Fig. 1. Visual example of electro-technological molecule structure.
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The concept of such innovative electrical infrastructure has
been developed within AREUS project [14] considering 600 V
DC voltage based energy distribution, recuperation, storage
and exchange operation within manufacturing application. The
principal structure of such system is presented in Fig. 2.

A lot of electrical energy consumers or sources operate on
DC-Grid. AC/DC or DC/AC converters make it possible to
use them also in AC environment. Energy storage devices like
super capacitors, batteries, hydrogen cells, etc. allow to store
and re-use energy and are designed for DC applications. Such
devices are connected to the DC or AC grid via unidirectional
or bidirectional energy flow converters. In order to control
energy flow this equipment directly points out the necessity to
know energy and power values — instantly or in milliseconds,
for correct and effective converter and stable power-grid
operation. Moreover, simultaneous energy flow monitoring
near DC microgrid consumers and energy sources as well as
AC grid allow to determine system efficiency and evaluate the
weak points of the system from the energy flow point of view.
The abovementioned allows making changes in the device
workflow in order to increase its efficiency, if possible or
necessary. Potential application for intelligent system power
flow balancing for manufacturing process is presented in [15].

I11. MEASUREMENT SYSTEM DEVELOPMENT

Energy measurement device can be seen as a system
combined of a set of several subsystems designed for specific
tasks. The workflow of energy measurement device can be
divided into a sequence of acquisition of electrical quantity,
evaluation and information flow within communication
infrastructure. In the particular case communication within
industrial protocol Profinet was advantageous since
application is within automated manufacturing industry case.

A. Suggestions on Electrical Energy Measurement

Typically energy consumption calculations are based on
instant power values, especially if consumer generates non-
sinusoidal current form. Instant current and voltage value
readings (samples) are made and following multiplication is
used to calculate instant power, average power or consumed
energy [16], [17]. Sampling rate must be at least 4.2 kHz or 42
samples per 1/2T according to standard EN 61000-3-2 [21]
and Nyquist frequency.

Active and reactive power measurements and calculations is
a continuous dispute between scientists for non linear (or non
sinusoidal) waveforms. In general, for power analysis two
main approaches exist, where one is Budeanu’s definition
based on current and voltage value harmonic parameters (1),
or Fryze’s definition (2) based on voltage and current RMS
(Root Mean Square) values, calculating power by active and
reactive component values.

P:UOIO+ZUnIncos%; Q:Z:Unlnsin(pn 1)
n=1 n=1
1T
—Iuidt
P S S
S @

Another method is the averaging of voltage and current
values via multi-order delta-sigma modulation and the
following multiplication [18]. Thus electrical energy
measuring and monitoring device installation near every
consumer or generator is very expensive. Several methods are
proposed to lower the costs, for example [19], [20], in order to
achieve widespread installations of electrical energy
measuring/monitoring devices. The main disadvantage is the
necessity of separate low power source for measuring IC’s
power feed and resulting increase in measuring device self-
consumption. Moreover, high speed analog-digital converters
read grid noise (and generate sampling noise by themselves)
and high order filtering must be applied for correct results.

Thus there is a difference between AC and DC energy
measurements due to AC and DC environment difference (e.g.
power factor existing in AC grid and not existing in DC grid),
especially if bi-directional energy flow takes place.

Non-even sampling energy consumption measuring method
was proposed to overcome the abovementioned disadvantages.
The method allows measuring of bi-directional AC or DC
energy flow, design low self power consumption devices and
perform measurements down to every 10 ms for DC grids or
20 ms for AC grids or several grids for simultaneous readings.

B. Non-even Sampling Method

According to non-even sampling method [16] the amount of
consumed or generated electrical energy during the pre-
defined period of time is directly proportional to the sum of
current samples over this time multiplied by voltage-frequency
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transfer coefficient, if current sampling rate is modulated by
applied voltage value (Fig. 3).

. I'I.'!.Liﬂ:i!.-_-' pmrrrarerreaiena ... CONYEHeT. .

= 1

Fig. 3. Example of voltage dependent sampling rate operation.

Converters do not utilize any transformers or voltage dividers
and are electrically isolated from micro-controller circuit.

C. Industrial Protocol Selection and Integration

There are various industrial communication protocols and
their evaluation [22], [23], but Profinet 10 is the leading
standard for industrial communication, as it is simple in use
and installation, and implementation of PROFlenergy [24]
gives benefit in terms of energy monitoring and evaluation. It
can be configured to deliver data from one device to another in
1 ms or faster (Isochroous Real Time Profinet 10) [25]. PM
(Power Moidule) is connected to Profinet 10 via Anybus
CompactCom (AnybusCC) module from HMS. This module
enables the developer of the embedded system to connect to
Profinet 10 without advanced knowledge of functionality of
Profinet 10.

Data cables in Profinet system are normally made of copper
wires. And 100 m cable can be crossed by 1 bit in 0.5 ps.
Bridge delay (delay present in switch) depends on
conformance type of Profinet 10 and its maximum value can
be from 3 ps (IRT) to 10 ps (RT). Time of package

10-
Master

p=0,5ps

10-Device 1 '

p= O,Sus@—p =0,5us

transmission from the device depends on the length of
telegram. If the telegram which consists of 84 bytes is sent
(shortest possible Ethernet telegram) then 6.72 ps are
necessary. If telegram is 1538 bytes long then the transmission
time is 123.04 ps [26]. For example, if data has to cross 4
switch devices and wire connections are 100 m long (Fig. 4)
and the shortest Ethernet packet is used then data transmission
time can be calculated as shown in (3):

4 - (10 us +5.0 ps) + 72.6 us =132 pus 3)

Time that is needed for data to arrive from AnybusCC to
PLC in case of RT Profinet 10 configuration, 1 switch, 100 m
long connecting wire and telegram size of 1538 bytes should
not exceed 0.5+ 10+ 123.04 = 133.54 ps. Another part of
circuit that introduces delay is PM data sending to AnybusCC.
The fastest and most complex) is the parallel connection to
AnybusCC. That would result in approximately 30 ns long
delay time [27]. By summing up all possible delay times it can
be estimated that total delay of data is shorter than shortest
possible bus-cycle time — 250 us (IRT Profinet 10), which
does not present critical influence on system functionality. In
one second data from one PM to PLC can be sent 1 s/250 ps =
4000 times, with largest possible delay of 133.54 ps.

1VV. EXPERIMENTAL SETUP AND MEASUREMENT METHODS

Verification of the developed active power measurement
system has been realized within industrial DC microgrid
operation with nominal voltage of 600 V (Fig. 5).

The central element of DC microgrid supply is the common
AC/DC interface converter (1) of nominal power 55 kW for
bidirectional power flow operation with common current
sensing technology available in industry, but keeping in mind
that it is also possible to use sensorless topologies as described
in [28]. The converter performs the task of stable 600V
voltage supply on DC circuit of microgrid. The AC side power
flow is controlled for power factor correction and current
harmonic reduction by means of applied passive filter unit.

p =0,5us

10-Device 3 ’ 10-Device 4 '

q=10us q=10us q=10us g=10us
6,72us | Frame to Frame to Frame to Frame to |] first Bit: 42us
(84 Byte) | 10-Device 4 10-Device 4 10-Device 4 10-Device 4

Fig. 4. Calculation of data transmission time.

last Bit: 48,72s
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Fig. 6. Structure of DC testing system and measurement points.
The power flow within DC microgrid is enabled by means ~ (9), Lithium-ion battery energy storage system (4),

of drive stand units for power flow emulation (2 and 3). The
power range of each of power emulator unit is within 22 kW
for both consuming and regenerating energy into common DC
microgrid. Such equipment has been designed in order to
replicate various power consumption profiles that appear in
industrial manufacturing operations taking also possible
potential of recuperated energy to be reused within common
DC power grid. The operating power profiles applied for
dynamic verification of power meter equipment were obtained
from industrial robotic manufacturing application. The setup
for DC system testing with 2 dynamic power loads is
presented in the schematic (Fig. 6).

As shown in Fig. 5, for future testing it is planned also to
use other load types, such as solar panel DC/DC converters

supercapacitor energy storage system (5), and also a 600 V
DC powered industrial robot prototype (6) controlled by robot
controller (7) and industrial cell Master PLC controller (8), as
well as wind generator (PMSG) (10) driven by AC motor can
be used as testing object.

For laboratory measurements three tests were created and
measured under steady state load, dynamic load (real robot
consumption profile), and the comparison with data was
obtained through Profinet network.

The developed power measurement hardware testing
prototype is shown in Fig. 7 where it has measurement module
[12], [13] with two communication outputs, where AnyBus
module is devoted to Profinet communication with
Programmable Logic Controller and additional optical circuit
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is for communication and data transfer to personal computer.
The device is powered from 24 Vpc voltage, voltage
measurements can be done in the range of 200 — 700 Vpc and
nominal is 600 Vpc, current measurements in the range
+/-70 A, max measurement resolution is 1ms, but nominal
resolution is 20 ms.

AnyBus module
- Output to
ProfiNet

Optical

Measurement communication to

module data concentrator
(PC)

Powered @ 24V,

Fig. 7. Developed power measurement hardware testing prototype.

The novel power measurement equipment was compared to
the existing laboratory grade Newtons N4L power analyzer
with power measurement functionality. In order to verify any
existing deviation of the obtained data extracted by means of
power measurement prototype with respect to existing and
calibrated equipment by manufacturer N4L, model PPA3340
data was collected at steady state operation within power
range of 18 kW recuperating to 20 kW consumption, by means
of parallel measurements.

In order to evaluate dynamic response of power meter
prototype the electrical quantities of voltage and current was
obtained by means of oscilloscope along with direct power
measurement of measurement device. In this case a motor
drive based system (see Fig. 6) was used to test the AREUS
DC power meter. The system can dynamically control the DC
power flow in both consumption and generation modes within
its respected power boundaries of —22 kW to +22 kW.

The power flow control is realized by dynamically changing
the torque of an asynchronous machine, whilst keeping its
rotational speed constant (4).

Pe~T @ @
where

Poc  power measured at the DC bus of the frequency
converter driving the asynchronous machine;

T mechanical torque;
@ rotor angular velocity.
Poc. Lf—" =)
1k
L

PDCm

Fig. 8. Block schematic of the motor drive system’s power flow control loop.

Toet = (Perr Wp, + PDCs)' ©)]

S

where

Tset  the set torque value;

Per  the difference between the set and the measured DC
power;

Wp, the transfer function of a parallel PI regulator;

Pocs the set power value.

AREUS DC power meter is implemented in the feedback
loop of the system’s power flow controller (Fig. 8), which
enables the inclusion of various regulation methods, thus
optimizing the system’s performance. The control method
used in equation (5) enables 100 % precise recreation of a real
industrial robot electrical load (consumption profile), thus
giving real-life dynamic testing environment for power
measurement device.

PROFINET Data acquisition network structure and
functionality of CMs (communications module) has been
tested in the line structure of Profinet 10 network (Fig. 9).

[pLc M1 | cm2 |— cMm.. |— cwn | -

[pm1 | [pm2 | pM. | |[PMn |

Profinet IO
—— Internal communications protocol
CM Communications Module
PM Power Module
PLC Programmable logical controller
HMI Human machine iterface

Fig. 9. Line structure of Profinet 10 network.

The structure is possible because the Profinet 10 2-Port
Plug-In Module (AnybusCC) has a built in switch. For tests,
CM in conjunction with PM has been used, which is dedicated
to measure power at the nodes of DC busses of industrial
robots. As a PLC has been used CPU 1212C from Siemens, IR
Profinet 10 standard and for visualization of system
functionality Siemens TIA portal integrated plotting tool has
been used and afterwards data has been extracted and
formatted with MS Excel (Fig. 12).

V. EXPERIMENTAL RESULTS AND ANALYSIS

The novel DC power meter was connected in series
between the AFE 600 VDC output and the motor drive
system’s DC input and measured the momentary DC power
values. Two types of verification experiments were performed.
In the first case the dynamic power flow of an industrial robot
was emulated with the motor drive system. The DC power
meter’s averaging time was set to 15 ms. As a comparison, the
DC power was measured with Rigol DS1104Z oscilloscope,
using PROSyS CP 35 current probe and Tektronix P5200
differential voltage probe. The logged data from both
measuring devices are summarized in Fig. 10.
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Fig. 10. The first case: dynamic power flow measurements from the novel DC
power meter and the Rigol DS1104Z oscilloscope.
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Fig. 11. The second case: constant power steps throughout the motor drive
system’s power range. Measurements from the novel DC power meter (red
line) and the N4L PPA5530 power analyzer (blue line).
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Fig. 12. Instant power consumption of two simultaneously working robots
acquired through Profinet.

TABLE |

RELATIVE DEVIATION OF THE NOVEL DC POWER METER IN COMPARISON
WITH THE N4L PPA5530 POWER ANALYZER

Poc (DC power meter), [W] Deviation, [%]
—18974.84 1.44 %
-15920.19 1.32%
—12037.49 1.32%
-8169.73 1.97 %
—4203.16 3.06 %
415.60 21.16 %
3061.77 3.22%
7261.49 0.99 %
11491.05 0.69 %
15798.17 0.86 %
20131.46 0.84 %

In the second case verification tests were performed by
applying constant power values throughout the motor drive
system’s power range (Fig. 11). In this case, the novel DC
power meter measurements were compared with data from
N4L PPA5530 power analyzer (voltage measurement —
internal, current measurement with HF100 current shunt). The
PPA5530 was set to DC coupling, 5 Hz filtering. Acquisition
window was set to 15 ms.

VI. CONCLUSION

In both steady and dynamic testing cases the developed
power measurement equipment shows very fast, precise and
stable measurements that are even faster than N4L PPA5530
power analyzer. The measurement deviation in work range is
within acceptable range.

Implementation of optical communication interface allows
stable real-time measurement data transmission to the personal
(PC) computer database, thus eliminating connection problems
to PC due to various electromagnetic interference (EMI)
radiations, caused by typical industrial equipment.

CM working speed is fast enough to replicate power curves
of industrial robots, although PM is not connected directly to
AnybusCC by parallel connection, but through one
intermediate node and serial connections.

Next measurements should be done in other non-linear load
situations and compared against the measurements done with
faster and more precisely calibrated equipment. In case
Profinet and PLCs are used, there is a discussion about the
time resolution for dynamic loads and PLC ability to send the
necessary data. At these testing loads, the 20 ms resolution is
enough for energy calculation, but more load types should be
tested to validate this approach of energy forecast.

Equipment testing within industrial application case is
foreseen for determination of optimal functionality followed
by price estimation for the prototype modified for typical
electronic equipment production process.
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Abstract — An objective to control power flow in intermediate
DC link of typical induction drive converter has been introduced
and respective drive setup intended for such task. Theoretical
considerations and simulation results of control approach
utilizing available drive controller capabilities like direct torque
control and speed control, as well as introduction of additional
adaptive funnel type controller has been presented. Modifications
of introduced adaptive control method have been presented and
evaluated by simulation. Simulation results support proposed
idea of DC link power flow control.

Keywords — Adaptive control, Motor drives, Nonlinear control
systems.

I. INTRODUCTION

The presented research paper introduces the objective to
provide controlled power flow in electrical drive intermediate
power circuit and theoretical considerations on matter in
Section 2. Approach of application of adaptive control strategy
based on funnel type control in order to omit necessity of
detailed system identification effort has been presented in
Sections 3 and 4. Obtained simulation results and evaluation
has been presented in Sections 5 to 7.

II. CONTROL OBJECTIVES OF ELECTRICAL DRIVE SYSTEM

The objective to be obtained is to create controlled power
flow in intermediate DC Bus of electrical drive assuming that
this power flow could be also supplied via external DC supply
system. Drive setup would serve as testing node in larger DC
electrical system with controllable power consumption or
production replicating load of industrial robot type as
considered in [1]. Electrical load time variation would be
realized by control system discussed in this paper.

Trer

DC Bus
Ao~ —~__ ‘nc
B o— Upc
C o— — d
Driving motor

AC/DC converter DC/AC inverter

Setup of two coupled electrical machines with their
respective inverters and rectifiers is chosen as basis for
implementation of control objective as shown in Fig. 1.

It is assumed that measurements of driving converter DC
link voltage upc and current ipc at the input of inverter bridge
circuit are available, as well as converters can be controlled by
Direct Torque Control (DTC) [2] or speed control (SC)
principle with respective inputs 7,.; and o.¢. Application of
DTC driven induction drive has also been discussed in [3].

Power flow in intermediate circuit Ppc can be obtained
from measurements according to (1)

)
Mechanical power Py, consumed or produced by driving
electrical motor can be estimated according to (2) under
assumption that electrical drives are following control
reference variables

Ppe =upc ipc.

PMz'ch = Trzj/ Wy 2)
If expected power losses are taken into account power balance
for driving and generating modes of driving motor can be
written as (3) and (4) respectively, where P,y and Ppy are

power losses in inverter and electrical machine

3
“
Combining (2) with (3) and (4) and calculating for Pp set of
(5) and (6) can be obtained

PMech = PDC - PInvert@r - PEM >
PMeCh = PDC + f)lnverter + PEM .

PDC = Tref : wref - Plnve’rter - PEM > (5)
PDC = T;ef : wr(gf' + P]nverler + PEM . (6)
Under the assumption that power losses in involved

components of inverter and electrical machine are relatively
small with respect to main power flow from DC intermediate

Wref

— \ N — —O0A

f —OB

Coupler \\\ ﬁL N7 e L—ocC
Loaa;otor

DC/AC inverter ~ AC/DC converter

Fig. 1. Setup of two coupled electrical drives based on typical drive converters. Driving motor is available for Direct Torque Control (DTC) and loading motor
for speed control (SC). Measurements of driving converter intermediate DC Bus circuit voltage upc and current ipc are available. Respective control variables Tre

and o are fed to typical drive converters.
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circuit to mechanical system and vice versa it can be rewritten
as (7)
PDC = Tref 'wref . (7)
Since mechanical system of two coupled electrical
machines is subject to inertia of machine rotors and shaft it is
considered advantageous to maintain reference rotational
speed o, at constant level and use variation of torque
controller reference Ty in order to control DC intermediate
circuit power flow Ppc,

III. ADAPTIVE CONTROLLER SELECTION CONSIDERATION

The electrical drive includes several variables such as losses
Proverer and Pgy for example that would be necessary to
estimate or obtain by measurements if model based controller
design approach would be implemented. Therefore an
application of adaptive control scheme is advantageous. As
promising solution for particular application high—gain
adaptive controller that would allow to avoiding necessity for
system estimation or identification has been chosen. It has
been presented in literature as funnel controller and several
cases for mechatronic applications [4].

Necessary prerequisites of controlled system for application
of funnel control has been indicated such as a system with
stable internal dynamics and known sign of high-frequency
gain [5]. High frequency gain can be characterized as expected
direction of system output time derivative change to applied
input action. In case of desired control objective for control of
DC intermediate circuit power flow Ppc with respect to
applied torque reference T.sit can be observed from (7) that
increase of T.swould lead to direct increase of power flow so
positive high-gain should be used. It is mentioned that funnel
controller has been successfully applied to relative degree one
or two systems, where relative degree indicates the order of
system output derivative that is influenced by input variation.
In particular case input action of torque variation has direct
impact on change in supplied electrical power flow via DC

link.
A
F(t)

-F(f)

Fig. 2. Example of time evolution of control error e(f) within funnel of
symmetrical positive and negative boundaries F(¢) and — F(¢).

IV. FUNNEL CONTROLLER OPERATION PRINCIPLE

The funnel controller utilizes an ability to vary controller
proportional gain of amplification according to variation of
error  e(t) of controlled output variable. Graphical
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representation of funnel control operation example is shown in
Fig. 2. Controller calculate respective input u(¢) according to (8)

u(t)=e(t)- k), ®)

where k(f) is adaptive gain being calculated according to
defined funnel boundary F(#) according to (9)
k()

_ 1
TFO -] ©

Funnel controller (FC)
e(t)

u(t)
-

Fig. 3. Structure of funnel controller (FC) with defined boundary F(7)
according to control error e(f) and control input u(f) saturation limit.

One can observe that gain k(?) is increased as control error
e(?) approaches defined funnel boundary F(f) and can reach
infinity in case if the error meets funnel boundary.

In practice control inputs of infinite values are not
applicable therefore the method of reduction of controller
input saturation has been presented like that in [6]. The idea of
saturation control is to limit denominator value of (9) to some
minimum value that would lead to maximum limited value of
obtained gain k(f).

Since for some control input u(f) to be calculated in funnel
controller output, some error e(f) is necessary it has been
considered to introduce additional control structure of integral
type to maintain control input close to steady state operation.

A. Incorporation of Integral Type Control Structure

As discussed before practical limitations of control input
values exist and such character has to be taken into account
when designing also integral type control structure.
Mechanisms to prevent integral control structure saturation are
called anti-windup methods. Good overview has been
presented by [7] as well as method has been discussed with
respect to adaptive funnel controller [8].

Funnel contreller with Integral structure (FC-1) E

Reset Logic

e(t)

Fig. 4. Funnel controller combined with Integral structure (FC-I), gain 4i and
anti-windup mechanism based on running integral reset logic.
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Integral part is integrating error value multiplied with gain
factor ki. Running integral is reset if total control input value
u(f) is exceeding defined minimum or maximum values.
Structure of modified funnel controller with integral structure
(FC-I) is shown in Fig. 4.

B. Implementation of Feed-forward structure

In the case if information about actual rotational speed ® by
means of encoder or speed controller reference value s is
available one could introduce feed-forward mechanism for
torque reference calculation based on (2). Torque reference
has been calculated and added to form final control input
value u(f). Obtained controller structure (FC-I-FF) is
represented in Fig. 5.

R ———
Funnel controller with Integral and
Feed-forward structures (FC-I-FF)

e()

PreA)

w(t)

o
Fig. 5. Funnel controller with Integral and Feed-forward structure
implementation (FC-I-FF), where P,(f) and w(f) represent Feed-forward
reference calculation based on (2).

V.SIMULATION OF ELECTRICAL DRIVE SYSTEM

Simulation model of the presented electrical system has
been realized based on Matlab physical modelling software
Simscape Powersys toolbox elements. Key parameters of
Simscape Induction drive unit have been presented in Table I.

TABLE I
SIMSCAPE INDUCTION DRIVE PARAMETERS

TABLE 11
FC, FC-1 AND FC-I-FF RELEVANT SIMULATION PARAMETERS

FC boundary F(t)=500 W

FC gain saturation limit minimum,
sat(u)

Min (F(t)-le()]) = 4 W

Integral structure gain ki=0.75

Reset logic trigger values max/min U()max= 150 Nm,

U(Hmin=-150 Nm

Power supply system 400 V, 50 Hz, 3 phases

Induction motor parameters 22 kW, 2 poles, Moment of inertia

0.13 kg:m?, Friction 0.005 Nm-s

Speed controller (SC) parameters | Sampling time 0.1ms, kp =5, ki = 10

Direct Torque Controller (DTC)
parameters

Torque hysteresis bandwidth =2 Nm,
Flux hysteresis bandwidth = 0.02 Wb,
Sampling time 20 ps, Max switching
frequency 20 kHz

Simulation time step, Solver Ts =20 ps, ode4

Parameters of developed adaptive control structures have been
summarized in following Table II.

Obtained power has been measured utilizing 10 Hz low pass
type filter in order to reduce noise of instantaneous current
oscillations but observe general power flow.

VI. SIMULATION RESULTS AND ANALYSIS

According to previously described simulation parameters
intermediate DC bus power flow was controlled using each of
three described control structures — FC, FC-I and FC-I-FF.
Results have been presented in the following Fig. 6-8.

n FC type control

4 \ /
L

0 0.5 1 1.5
Time,s

)

Fig. 6. Obtained simulation result of power flow with FC type control
structure.

FC-I type control

. N\
N/

0 0.5 1 1.
Time,s

— — Pref
— Pfci

Power, W
=)

-2
2

Fig. 7. Obtained simulation result of power flow with FC-I type control
structure.

4 FC-IFF type control

LN

Pref
—— Pfc-i-ff

Power, W
=)

’ _/
-2
0 0.5 1 1.5
Time,s

2

Fig. 8. Obtained simulation result of power flow with FC-I-FF type control
structure.
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Error time variation of FC-I-FF type controller with respect
to funnel width is shown in Fig. 9.

Error evolution in funnel (FC-I-FF)
800

600

Error, W
w
©
s 8
T

-200

-400
1

T T
-600 !

-800

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time,s

Fig. 9. Error variation with respect to chosen funnel function F(¢) in case of
FC-I-FF system

Evaluation of each control structure performance has been
calculated by ITAE criterion — integral of time absolute error
and results summarized in Table III.

TABLE III
INTEGRAL OF TIME ABSOLUTE ERROR (ITAE) VALUES
FC 985.1
FC-I 978.2
FC-I-FF 302.3

As results show and one can also observe by comparing
time behavior of all control systems, the best performance has
been achieved by FC-I-FF controller structure combining all
explained modifications of funnel controller leading to least
error with respect to given reference power flow profile.
Improvement of obtained controller performance has been
observed by adding feed-forward type compensation structure
which requires additional information about drive speed. By
applying state of the art drive converter such information can
be estimated without additional measurement hardware.

VII. CONCLUSIONS

An approach of applying adaptive high-gain based control
method of funnel controller for drive converter intermediate
DC link power flow control has been verified by simulation.
Final application of drive setup as DC load node replicating
power consumption or generation according to desired power
time variation is to be realized. Simulation results support the
idea of intended application and serve as a basis for
development of experimental testing hardware setup.
Simulation results have been obtained using typical computer
model data of electrical motors and converters. In the case of
real hardware equipment in laboratory simulation model
variables are to be modified to provide closer match of real
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hardware parameters. Such approach would provide possible
simulation model utilization as hardware-in-the-loop
application or development of standalone controller unit with
set of relevant parameters obtained by demonstrated
simulation procedure and following experimental validation.
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ABSTRACT

It is state of the art for many drive systems like those
used in industrial robotics, conveyor systems or diverse
numerical control machinery to have a common DC bus
power system architecture. Due to regenerative braking,
the DC bus voltage increases until a certain limit, which
is limited means of a balancing resistor (brake chopper).
Systems that require rapid cyclic starts and stops are
subject to significant energy waste due to extensive use
of the brake chopper.

In this article, a novel power converter for drive sys-
tems is proposed that allows the brake chopper to be
omitted and enables the exchange of regenerative en-
ergy among multiple drive systems within an indepen-
dent DC subgrid with one centralized energy storage
element. The solution does not require identical hard-
ware or exact synchronization between the drive recti-
fiers, therefore it is applicable to both existing and new
production equipment alike. Experimental results in in-
dustrial robot drives show savings of up to 20%.

1. INTRODUCTION

Due to complex production requirements, many indus-
trial production applications often require rapid motion
control - fast accelerations and reversals are usual. In
particular, industrial robots that are typically equipped
with several actuators connected in one kinematic chain
have a high peak power requirement compared to their
average power. It is state of the art for multiple motor
drives in one system to be supplied by a single DC power
source - an AC rectifier. Despite the fact that existing
drive systems today are normally capable of regenerative
braking, the recuperated energy is rarely fed back to a
network or stored locally due to AC network quality con-
servation issues or increased costs of the storage systems.

Common DC link applications using a single rectifier
and multiple variable frequency drives have been state of
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Fig. 1. A shared DC bus configuration with power con-
verters

the art for many years. Multiple rectifiers and multiple
drives that share the DC links are typical in some high-
power variable frequency drives with nominal power rat-
ings reaching several megawatts in order to equalize the
load between IGBT switches. Modular DC bus sharing
for functional purposes in a lower power range is avail-
able from some manufacturers [1]. Some examples are
known from wind power turbines [2] and active power
filters [3]. Actual research trends in future power sys-
tem development present applications of DC transmis-
sion and distribution technologies as well like presented
in [4]. Commercially available DC distribution system
solution for maritime propulsion drives and discussion on
potential optimizatoin has been presented [5]. DC based
distribution as aircraft application has been discussed
[6] as well as comparison on various poweer conversion
stages regarding power density of converters. Therefore
future integration of industrial production applications
based on DC distribution are matter of interest. Analyt-
ical research of shared/common DC bus operation can
also be found in [7].
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Fig. 2. Consumption of a single robot, k =1

However, in all these cases, synchronized control of
the drive switches is required so that these DC links are
equalized. In fact, there is actually one synchronized
DC bus that is supplied by more than one parallel rec-
tifier. The previous research by the authors includes an
alternative solution for drive sharing in [8] that does not
require drive-to-drive synchronization. Using a common-
ground power converter, the authors show how any drive
system can store its recuperative excess energy in an in-
dependent DC subgrid, which can supply the power back
when needed. Despite the fact that the solution showed
significant energy savings, a common negative-pole con-
nection caused the circular currents between drive sys-
tems. In this paper, a power converter uses semiconduc-
tor switches in both positive and negative poles of the DC
bus to eliminate the side effects. A use case in robotic
production with a shared/common DC bus is proposed
in [9].

Fig.1 depicts an architecture where DC buses of drive
systems are not connected in parallel directly. Instead,
power converters are used as the interface between drive
systems. Here, k drive systems DSy,..., DSy are used
where each supplies n servo drives SD; 1,...,5D; . A
servo drive SD; ; supplies an electrical machine EM; ;.
Each of the DC buses DCY, ..., DC}, are connected to
the power converter modules M, ..., M. Each module
is connected to a subgrid DCgyp, so that any module
M; is parallel to any other M;,;. The capacitor Cgyp
determines the size of the energy exchange buffer.

In the following, the Section 2 discusses high-level
simulation of power consumption in robotic production.
Section 3 describes the proposed power converter unit.
Section 4 presents the modeling results of power elec-
tronics, but Section 5 provides the experimental valida-
tion and viability proof of implementation for industrial
robots.

2. HIGH-LEVEL SIMULATION OF
INDUSTRIAL ROBOT CONSUMPTION

The simulation was conducted as a reference program

using high-payload robot system model as in [10]; the
power consumption profiles were compared virtually. A
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Fig. 3. Consumption of shared robot DC buses, k& = 10

power requirement for the industrial robots connected
with shared DC buses is calculated in the form

k

Pacn k(t) = Y (Paci(t) — pp.i(t))

i=1

1)

where pg. is the power consumption within a DC bus, pp
is the power loss on the brake chopper, and k denotes the
number of shared robots. The negative part of the power
curve is

2)

* —Plde (T if . () <0,
Placo)e(t) = { Plac)k (?) Placolk(t)

0 if P[ch],k(t) > 0.

The start of the sample robot program has randomly
been shifted within in the range [0%] Fig.2
and Fig.3 show the respective power curves for k = 1
and k = 10. It can be seen that there are fewer negative
power peaks than in the case of a single robot. The
positive power peaks of the single robot power exceed 17
kW, whereas the maximum peak in the case of ten robots
sharing the DC bus is below 65 kW.
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Fig. 4. Energy proportion dissipated on balancing re-
sistors as function of k

The modeling results of varying numbers of shared
robot drive systems are shown in Fig.4, where Pj p, , is
the average dissipated power for k drive systems, but
Py 1 is average total consumption of k drive systems.
For a single robot, the dissipated average power is Pp =
276W, which corresponds to 14.8% of the power require-
ment within a DC bus (no static losses of the control
cabinet considered here). The average dissipated power
drops with each additional robot drive system added to
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the DC subgrid. With five robots, the dissipated energy
of all robot drives is below 3.2% (264 W), but with ten
robots it is as low as 1.1% (175 W) of the energy require-
ment on the DC bus of the respective amount of robots
involved..

3. POWER CONVERTER MODULE

In order to enable the flow of electrical power in a con-
trolled manner, an electrical circuit as represented in
Fig.5 is proposed. The general structure, the main cir-

it

+ ipcitt
e

Upc.i+1

diga

Fig. 5. Electrical circuit of DC subgrid interface module

cuit elements and the application of the subgrid interface
module applied are explained in section 4.2. Power flow
control considering specific application constraints and
the applied technique are discussed in section 3.2. De-
tailed operation of the proposed circuit is discussed in
section 3.3.

3.1. Proposed electrical circuit

The electrical circuit enables a bidirectional power flow
between individual drive systems D.S;, DS;y1 and sub-
grid DCsyp. The module M; has 4 terminals a;, b;, ¢;
and d;, where terminals a; and b; are connected to the
positive and negative poles of a particular DC bus DC;i
and terminals ¢;i and d; are connected to terminals ¢;41
and d; 41 of the other module respectively. A central ca-
pacitor Cy,p is connected between all terminals ¢; ., and
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dy.. k. The applied circuit allows symmetric disconnec-
tion of positive and negative DC connection terminals by
means of simultaneous commutation of IGBT semicon-
ductor switches Q;; and Q;2 avoiding common ground
operation as discussed in [8]. Mechanical disconnection
of poles for safety reasons is realized by means of contac-
tor ;3. Inductors L; ; and L; o are utilized for current
damping during coupling of the storage capacitor and
drive DC bus.

3.2. Power flow control principles

Since the objective of the proposed system is the storage
and utilization of excess electrical energy being gener-
ated during recuperation, the system should not influ-
ence normal operation when power is taken only from
the AC grid. The presence of the recuperation process
can be observed since unidirectional rectifiers are applied
and energy is stored in smoothing capacitors resulting in
a rise of the individual drive DC bus voltages Upc,;. The
DC bus voltage level corresponding to normal operation
from the AC grid can be calculated as

Udc,idle = \/EUTYTLS =2 565V. (3)
Therefore, a hysteresis type control of storage capacitor
voltage U is applied in order to utilize excess energy and
prevent the discharge of the storage capacitor below (3)
to disable direct recharging from the AC grid by rectifier
instead of recuperation according to (4), where S;1 rep-
resents IGBT switch states of the next simulation time
step.

0 if Uc < Ussy and Uc < Ugy,.
St+1 = 1 if UC > U(,ff and UC > Ugyp.
S; otherwise,

(4)

In order to reduce high current peaks arising from the
coupling of the storage capacitor and each drive system’s
DC bus, the voltage difference Ua has to be taken into
account:

Ua =Uc —Upci- (5)

3.3. Operating modes

During normal operation of the DC subgrid module, con-
tactor @);3 remains closed and is disconnected in the
eventof an unexpected state for safety reasons or main-
tenance purposes. The charging of the main energy stor-
age unit in DCy,y, is enabled by natural commutation of
diodes D; 1 and D; » when, as a result of the recupera-
tion of DSj, its voltage Upc,; has increased above the
actual subgrid voltage Uq enabling the charging process
that results in a positive current ipc ;.

The discharging of the subgrid is enabled in a con-
trolled manner through the control of IGBT switches
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Qi1 and Q; 2. The negative current flow is determined by
voltage difference Ua according to (5) and inductors L; ;
and L; . When a storage capacitor with the respective
voltage Uc has reached a voltage level Uysy applied for
control as in (4), the current ipc; is interrupted. Since
magnetic energy has been stored in L; ; and L; » during
discharge operation, the current freewheeling path is re-
alized by diode D; 3 in order to avoid high voltage during
turn-off of IGBT elements. The RCD snubber circuit for
reduction of overvoltage stress of the IGBT switches has
been implemented by combination of elements R; 1, C;1
and D; 4 regarding snubber of IGBT @;; in this partic-
ular case as an example. Diodes D;7 and D;g ensure
that no reverse conduction via an alternative charging
current path is possible in the case when IGBT switches
are enabled.

4. FUNCTIONAL SIMULATION

In order to examine the feasibility of the proposed sys-
tem, numerical simulation has been applied based on a
model of the electrical system implemented by means of
a Matlab simulation model. The design approach of the
numerical model has been described in section 4.1. The
character and origin of the chosen electrical load simu-
lation input data and the results obtained by numerical
simulation are evaluated in section 4.2.

4.1. Structure of applied simulation model

The proposed electrical circuit simulation model has
been developed according to the functional layout pre-
sented in Fig.1l; however, reduced to a system with
k = 2 interconnected drive systems via a shared DC
bus. The size of the energy exchange buffer unit Cj,,
has been selected to be 45 mF, representing a real ca-
pacitor bank available for the field experiment stage of
development. The respective power converter modules
M, M5 have been developed according to the electrical
circuit depicted in Fig.5. A common power grid of 50 Hz
frequency is assumed and implemented as an AC voltage
source. Typical brake chopper functionality is modeled:
a resistor is triggered if Upc; > 680V.

4.2. Simulation results

The performance of the proposed electrical system can
be analyzed by examination of electrical quantity time
variation. Two industrial robot load profiles were se-
lected as input data. The chosen profiles present a peak
load of 18kW as well as recuperation with a maximum
of 10kW generated power within an operation period of
11 seconds. Applied power profile has been obtained by
single robot power consumption of industrial robot dur-
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ing handling operation. Over the operation period, both
robots result in average power of 7.49kW.

The expected operation of a control algorithm and
the estimated electrical system behavior resulting in
Upc,; variation and the respective current flow regard-
ing commutation of the power semiconductors can be
observed in Fig.6. The chart at the top of the figure rep-
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Fig. 6. Simulation of energy exchange between drive
systems and asynchronous switching at voltage control
levels: 580 V and U,, 600 V, allowed voltage difference
for coupling Ua <20V.

resents the actual power being consumed or generated
by each of two drive systems, namely DS; and DSs.
The DC bus voltage variation of Upc 1, Upc,2 and the
interconnected Ux part is shown in the second chart
down. The third chart down represents the actual cur-
rent flow from DS; and DS, to a subgrid as Ipc,: and
Ipc,2 as well as a current flow to the storage capacitor
I.. The bottom chart displays the switching states of
Qi1 and Q; 2 of My and M2 respectively. The following
processes can be examined:

o t=0:21s: DS has raised the DC subgrid voltage
using the recuperation process, the discharge of en-
ergy storage of DS is enabled. DSs needs power
requirement and a discharge of stored energy is not
allowed since the voltage difference U is too large.
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e t=0:65s: The recuperation process and the volt-
age increase of DSs enable coupling with a shared
DC bus. The energy flow from DS, to DSy via the
shared DC bus with a storage capacitor is started.
e t = 1s: The shared DC bus voltage Uc reaches a
threshold U,fy and further discharge of the energy
storage unit is disabled.
The influence of a control voltage variation on system
performance has been observed by a sequence of simu-
lations. The lower control voltage U, sy has been varied
in a range from 560 V to 670 V. A turn-on voltage level
Uon has been applied 20 V higher than Uy
The reduction in average power achieved per cycle
versus the variation of the control threshold is presented
in Fig.7. It is obvious that a larger portion of saved
energy is present at lower turn off threshold voltage Uy ;
this is a result of better utilization of the energy storage
unit leading to a longer discharge process.

6.4
560 580 600 620 640

Uoss[V]

660 680 700

Fig. 7. P, as a function of U,y

5. EXPERIMENTAL VALIDATION

For circuitry and functionality experimental valida-
tion, two industrial robots have been selected being
utilized in typical production facility: Quantec series
with a payload of 210 kg and a KRC4 controller. Both
drive systems are connected with modules according to
Fig.5. Further configuration parameters include tool
load masses 154 kg and 210 kg, the robot application
represents sample handling operations programmed with
75% execution velocity. Fig.8 shows the general example
of the recuperative energy exchange between both drive
systems and a DC subgrid.

General functionality. The measured functional-
ity is shown in Fig.8.The Cj,; charging is present when
the sum of Ipc 1 and Ipc,2 is positive. Various processes
can be recognized during operation:

e t=0.5s: Recuperation of DS;.

e t =0.6s: Recuperation of DSs.

o t = 1.8s : Recuperation of DS5, which causes the

Uc increase above U, that triggers to switch-on
Q2,1 and Q22 of the module My.
e t=23s: Supply of DSs.
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e t = 2.5s : Recuperation of DSy, during which
Upc, independently increases above Uc — Uy.
Here, a direct energy exchange can be observed -
DS, is supplied from M; and Cjyp.

e t = 2.8s : Recuperation of DS, is over. DSy is
supplied by Cy,, only until U falls below Uy,
when IGBT switches ;1 and @Q; 2 of both modules
M, and M, are switched off.

e ¢ =3.7s : recuperation of DS; - the process repeats
as in the first step.

Therefore, the measurement results comply with the ex-
pected control algorithm. A voltage sensor delay may be
observed - the Q; 1 and @); » switching, in fact, is initiated
when Ug is well below Usyy.

625 T T T T T
600
E 575
= 550
525
500 ! ! ! ! !

I
T

1[A]
=)

-8 ; i i i ;
0 1 2 3 4 5
Bitstate of Q u & Qi )
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ON[ |

OFF ! M
0 1 2 3 4

Time [s]

DnWEr——T 14

Fig. 8. Measurement of the energy exchange between
robot drive systems; U,, = 580V, Uy = 600V

Energy consumption measurements. The power
requirement on the AC supply side of both coupled in-
dustrial robots has been measured over operation period.
The results show the energy consumption reduction up
t0 22.7% in a coupled DC bus configuration over a state-
of-the-art systems. Since robot energy consumption is
strongly dependent on its tool load, velocity, motor tem-
perature and other parameters, several measurements
have been conducted in a sequence, from which some are
summarized in Table 1. The average power consumption
is significantly higher with a higher tool load; however,
the energy savings proportion remain approximately sim-
ilar. Since only cyclic handling process alike movements
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Table 1. Energy consumption measurement results with three-semiconductor switch power modules

Application | Duration | Velocity | Tool [kg] | Temp. [K] | DC-bus | Avg. power | Difference
type [min] (%] RI [ R2 [ RI [ R2 | sharing (kW] [%]
Handling 20 100 0 0 | 333 333 none 6.23 -
Handling 20 100 0 0 | 331 331 Vv 4.92 -21.1%
Handling 20 100 154 | 204 | 341 | 341 none 8.67 -
Handling 20 100 154 | 204 | 347 | 347 N 6.70 -22.7%
have been measured, the production standstills in man- converter,” in Flectrical Machines and Systems

ufacturing process must be considered when estimating
the average savings on an annual scale.

6. CONCLUSIONS

This paper presents a new type of power converter for
DC bus sharing to increase the energy efficiency of pro-
duction machines utilizing electrical drives with recuper-
ation possibility. Regenerative energy in machine tools
may vary from 10% to 25% of total consumption depend-
ing on the application. However, due to expensive energy
storage elements or bidirectional rectifiers at AC supply
side, it is rarely reused effectively and dissipated at the
DC bus braking resistor (i.e. brake chopper).

Simulation results show that the total volume of sin-
gle, shared electrical energy storage units can be dimen-
sioned much smaller than the sum of multiple separate
storages, one each per production machine. The modu-
lar power interface system is proposed to enable the ex-
change and storage of the regenerative braking energy.
The functionality of a power module is both simulated
and experimentally validated.

The proposed power converter system is applicable to
any state-of-the-art drive system with a rectifier, com-
mon DC bus and one or more inverters, such as those
used in robotics, conveyors and diverse machine tools.
The viability is proved using two high-payload industrial
robots (KUKA Quantec series KR210 with KRC4 con-
trollers) showing energy savings of over 20%. For imple-
mentation, the drive systems do not require any internal
synchronization, nor identical components or hardware
modifications to be attached to a shared DC subgrid with
an energy storage element. Instead, the originial equip-
ment may eventually even be downsized by eliminating
or reducing number of utilized the DC bus brake chopper
units.
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Abstract — this paper provides an evaluation of control
principles of power exchange modules used in industrial
robotics. There is presented a detailed analysis of MCU
computational time sharing between several time-critical
functional processes and a digital sensor performance is
experimentally validated. Measurements of overall
control unit performance drop are done and possible
system improvements are proposed.

Keywords — energy efficiency, industrial robots, sensors,
digital filters

I. INTRODUCTION

Electrical energy consumption and respective costs are matter
of high importance. Different energy saving activities is
carried out in many levels of economical and geographical
organizations. Target of saving 20% of primary energy by
2020 in comparison to 2007 has been set by EU [1].
Therefore, energy saving actions are considered by industrial
energy consumers in EU. Automobile manufacturers in
Europe are organizations that try to increase automation
levels in their production lines as much as they can, which
forces them to spend electrical energy more and more. Single
car production chain including various production processes
such as welding, handling, gluing, painting lead to a relatively
large energy consumption [2]. Local research groups have
been analysing energy saving possibilities and have
concluded that great energy savings potential can be
achieved, if energy recuperation would be introduced at
factory level [3].

Energy recuperation system should eliminate braking
energy dissipation through braking resistances in a DC bus of
an industrial robot and save it in some sort of energy storage
device, from which the energy could be acquired back later
[4]. The proposed energy recuperation circuit consists of
power part and control part.

The main task of power part (PP) is to provide energy
transfer’s environment that enables regenerative energy
transfer to the energy accumulator and back to the robots. The
main task of control part (CP) is to enable and control
functionality of PP or disable it depending on system states.
Different controlling algorithms can be implemented by the
help of CP.

Although different topologies and variations of PP and CP
are possible, one implementation of each has been practically
built and used for experimental tests.

Experimental tests use a capacitor as an energy
accumulator. These tests have also been carried out by the use
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of 2 KUKA industrial robots. Based on real testing
environment requirements also CP of energy saving system
has been built.

The next sections of this paper will present very general
introduction in PP of energy saving system and deeper
explanation of CP program architecture and sensor data
processing mechanisms.

II. GENERAL DESCRIPTION OF POWER PART OF ENERGY
SAVING SYSTEM

Although a future target of this project is to build energy
saving system that is able to accommodate any electrical
energy consumer device with built in DC bus, this project at
its starting phase is focusing on KUKA type industrial robots.
Usually KUKA robots consist of a manipulator, typically 6
permanent magnet synchronous servo machines, drive system
and a controller [5]. Robots used in a project have a built-in
DC bus line which is used to power each inverter [2]. When
motors are accelerating they are taking energy from DC bus,
when they are braking, the energy is supplied back to the DC
bus due to machine recuperation. During the acceleration
process a voltage in a DC bus decreases and during the
braking process its voltage rises. When it reaches 688 V, a
braking resistance is connected in parallel with DC bus in
order to dissipate braking energy [4].

The PP of energy saving circuit basically is set of modules
that interface each robot in system with energy storage
capacitor (Fig. 1). PP mod n stands for n-th PP module. In
general more than 2 PP modules can be connected to C.

PP
_I_C mod
n+1

-Vdc

Fig. 1. Energy saving system and PP modules.

The version of PP modules that was used in tests does not
enable CP to limit energy flow from robots to C. But the
energy flow to the opposite direction can be limited.

Maximal voltage level in C can be greater than 688V, if
energy flow to the robots is never enabled. If it is enabled
constantly, than voltage level in C should follow voltage level
in both DC bus systems [4].
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II1. DESCRIPTION OF CONTROL PART

CP is MCU based system that has voltage sensors on each DC
bus (between robot and PP module) and C. It has also the
industrial communication based inputs from robot controllers
that inform of robot internal states. A HMI interface is also
present.

Outputs are electrical signals that are driving IGBTs in PP
modules and PROFINET data packets that inform of energy
saving system and CP state. 16x2 symbols LCD is an output
for user that is operating CP (Fig. 2, 4).

Sensor IGBTs

Profinet Profinet

Fig. 2 CP inputs and outputs.

An actual CP that has been used in the tests is built up as a
set of 3 modules:

1. Sensor input module (Fig. 3). This module
contains 3 optical and 1 all-effect sensors, which
enables voltage measurements of 2 DC buses, one
capacitor module. It enables also a comparison of
two sensor types.

2. A central data processing module (Fig. 4). This
module contains MCU PIC24EP512GUS10,
which executes the main application algorithms.
Part of user interface is implemented on it as an
LCD and 3 pushbuttons.

3. A communications- and IGBT-control module
(Fig. 5). This module has IGBT driver interfacing
buffer ICs and device to handle industrial
communication from HMS — Anybus Compact
Com. This module is meant to work with Profinet
I0 communications protocol [6]. COM port
communication is also possible through this
module.

Fig. 3 Sensor input module.

Fig. 5 Communications and IGBT control module.

IV.PROCESSES OF CONTROL PART

CP has to implement 4 basic processes:
1. Sensor data processing
2. Communication with robots
3. User interface handling
4. Industrial process control (based on data acquired
from previous 3 tasks).

All of the processes have their dedicated interrupt service
routines which are executed at different frequencies and with
different priorities depending on their influence on the overall
algorithm. All of Interrupt Service Routine (ISR) handling
mechanisms are the ones which are supported by currently
used MCU PIC24EP512GP810 [8].

A. Separate process description

1) Sensor data processing

Due to the fact that CP’s algorithm had to be designed for a
quite noisy sensor input, digital filtering is present. Fact that a
target MCU does not implement DSP capability did not
initiate any use of Nyquist criterion for signal sampling and
reproduction .[8] Instead was chosen strategy by which the
ADC samples sensor inputs as often as possible and then
moving average algorithm is used to implement low pass
digital filtering.

CP that has been designed for the first tests implements 4
analogue inputs. Three of them are used to measure voltages
on DC buses of robots and capacitor module, but fourth one
was designed to enable comparison of different kind of
sensors that can be connected in parallel with capacitor
module’s sensor. So that, MCU is configured to sample all 4
analogue inputs in 38 ps.

This time is fast if comparison is done with the time that is
needed to apply simple moving average algorithm to 3 sensor
inputs - 162pus (Fig. 6). Formula of moving average
algorithm is shown here:
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FV=FV+M,

- )
Where FV is a filtered value, JS is a sampled value and n is
number that states how many samples have to be averaged.

This type of moving average has some delay which
depends on n. But on the other hand, higher n results in a less
noisy averaged signal. Experimentally it has been tested that
in case when ADC interrupt is called with 5 kHz (which is
maximum possible frequency with target MCU and 4
analogue inputs) frequency than n with value of 400 satisfies
energy saving process requirements. Of course, optimization
should be done to get real value of needed n.

5 kHz makes ADC interrupt the most often interrupt in
CP’s algorithm, in comparison with rest of the ISRs. But this
interrupt has to share MCU resources with other interrupts
that are responsible for other processes, which reduces its
actual frequency, which also will be calculated later.

38 us

g 162 us

o

2

(5

£ » 1t

200 us
5 kHz

Fig. 6 ADC interrupt length and frequency.

2) Communication with robots

Communication with robots is done by the help of
communications module that is able to work in Profinet
network. Basically, the communication with robots is reduced
to communication with Profinet interfacing module which is
done by the help of UART module of MCU [6], [7].

This communication is done by the help of protocol that
requires data packet sending and receiving with the minimum
size of 19 bytes. Baud-rates can be adjusted to standard baud-
rate values. Tests have been done with baud-rate of 19200
bytes per second and proved to satisfy requirements of
industrial process. Of course, baud rate optimization can be
done [3].

MCU built in DMA modules enables interrupt generation
when full message of, for example, 19 bytes is received and
not after each single received byte. When a message from
communications module is received and interrupt bit has been
triggered, a processing of received message starts. Sending
and receiving is done by Direct Memory Access (DMA) and
Universal Asynchronous Receiver/Transmitter (UART)
modules [8].

Tests have shown that a message processing and response
generation takes about 150 ps. And it happens with frequency
of 33.67 Hz. That is because data sending to communications
module, communications module data processing and data
receiving takes about 29.7 ms (Fig. 7).
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Fig. 7 Length and frequency of communication ISR.

3) User interface handling

User interface handling includes 2 things:
1. Setting and displaying system states;
2. Button press reading.

Both of them are implemented as routines that are called
by some interrupt sources.

Setting and displaying system states is done about 2 times
per second. Counting and interrupt calling is done by
dedicated 16 bit timer. System states and display options are
changed by taking into account button presses and
dynamically changing data values.

C
&  195MS 440ms
c
~
Joi
=
» t
455.5 ms
2.19 Hz

Fig. 8 Length and frequency of ISR which allows setting and displaying
system states.

As shown in Fig. 8, an “interrupt on” time is larger than in
previous 2 cases. That is mostly because of wused
FDCC1602N-RNNYBW-16LE display delay requirements
after each command that has been sent to it.

Button presses are detected by dedicated interrupt and their
values are used by previously described routine.

4) Industrial process control (based on data acquired
from previous 3 tasks)

The interrupt of this process is called with frequency of about
3 kHz, because IGBT switches in power part of energy saving
circuit does not need to be switched more often to satisfy
industrial ~ process  requirements.  Although  process
implements main logic of industrial process control
algorithm, it is not doing too many calculations, only ready
for processing data are compared to each other, new values to
variables are given and signals are sent to IGBT and
connector driver pins. That is why the MCU time taken by
this process does not exceed 12.18 ps (Fig. 9).

< 12.18us
o « 308.2us
a ML
2
g
=
> t
321us
3.11 Hz

Fig. 9 Length and frequency of industrial process control ISR.
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B. Process priority and sequence analysis

Industrial process control algorithm has been given the higher
priority than rest of the processes that have been given lower
but equal priorities. User interface process is composed of 2
interrupts. And to give user fast response, button responsible
interrupt has been given the highest possible interrupt in
system.

That means that button press can interrupt any of interrupt
service routines that is being executed and industrial process
control interrupt can interrupt rest of the system interrupt
service routines (except button interrupts).

Rest of interrupt service routines are executed with their
frequencies and if one is called during the execution time of
the other, than it is executed immediately after previous
execution has been finished.

Let’s now consider 3 ISRs: Sensor data processing,
communication with robots and GUI display and system
variable responsible routine. All these routines have the same
priority. If sensor data processing ISR is followed by
communication ISR, than no delay in sensor data processing
sequence is introduced, because communication ISR can be
executed at 38 ps gap, which is used for ADC module to
physically acquire voltage level at each input and not for
sensor input data processing (Fig. 10).

Communication ISR Sensor data ISR

Sy N

= /
>

S

=

Q

P

=

t
Fig. 10 Time sharing between Communication ISR and Sensor data

processing ISR.

When a display-related interrupt is executed, a 38 ps gap in
sensor data processing process is too short to fit in it 15.5 ms
large ISR. That results in delayed sensor data execution time.
Delay can be up to 15.5 ms + 150.2 us = 15.65 ms in case
which is shown in Fig. 11.

Display related ISR

< Communication ISR Sensor data ISR
= \
I /
2
8
k=
t
+
15.65 ms
Fig. 11 Delay introduced by display related ISR.
As noted before, a display related ISR appears

approximately 2 times in one second. And by taking into
account this fact, minimum possible amount of sensor
processing ISR executions in one second can be calculated as

fadc<min) = (1 - 2(TDr + Tcom )) X fadc(se!) =

, 2
= (1-2(0.0155 +0.000152)) x 5000 = 4.84kHz @

In the previous calculations f4emin) iS @ minimum number
of processed ADC ISRs per second, T., is a length of
communications ISR, Tp, is display related ISR execution
time.

Fadgcminy 1s directly related to moving average algorithm.
When 400 (practically tested and working value) values are
averaged, than frequency that is related to this averaging
period (fyiamin) is only

fadc(min) _ 4.84kHz

f == =12Hz
MAmin) = Asamples 400 5

®)

MA - is short form of moving average.

When any of these processes is interrupted by any of the
higher priority interrupts than fyagmin still describes process of
averaging well, because it is rounded down value.

IV. DIGITAL FILTER RELATED PROCESS CONTROL

DELAY

Data that is coming from voltage sensors is basically used to
enable the use of regenerated energy or disable it. Current
version of CP algorithm enables it when DC bus voltage of
central capacitor module is higher than some -constant
predefined value (HIGHER_LIM) and disables it when
voltage in capacitor drops below some constant predefined
value (LOWER_LIM).

Delay time between actual voltage signal appearance at
sensor input and detection time of it has to be measured in
order to describe response time of voltage sensing
mechanism.

Theoretical delay was measured by script written in
MATLAB that corresponds to the one in real MCU. This
script applies step signal to digital filter, with previously
described parameters (Fig. 12).

Digital filter step response

——Step signal
—Value o be detected and detection time
——Signal image in MCU

03 04 _05 06 07 08 08 1
Time, s

Fig. 12 Step signal applied to sensor input.

In the figure 12 step signal is green one. The length of it is
time period that corresponds to digital filter averaging
frequency — 12 Hz. It is a bit more than 0.4 seconds.
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Black line shows how MCU “understands” step signal Designed program architecture still can be improved by
input. analysing possible effects on lower moving average sample

Horizontal red line corresponds to some predefined voltage
value, which detection delay time has to be measured.
Vertical red line just helps to indicate crossing point of
predefined voltage with MCU “understood” voltage level at
its input.

In the Fig. 12 a predefined voltage level (red horizontal
line) is set to 590 V. And output of the simulation shows that
it was detected with delay of approximately 0.4 seconds.

In the practical experiments was very important to detect
585 V, which was set as UPPER_LIM. Depending on actual
impulse length and amplitude this UPPER_LIM value can be
missed or detected by MCU sooner or later. Table which uses
impulse length of 0.4 seconds, shows 3 different
UPPER_LIM detection delay times at 3 different impulse
amplitudes.

TABLE 1.

UPPER_LIM (585 V) DETECTION DELAY TIMES WITH DIFFERENT
STEP SIGNAL AMPLITUDES, BUT CONSTANT LENGTH - 0.4 S.

Pulse amplitude | UPPER_LIM detection time
(\2) (s)

590 0.40

640 0.20

688 0.16

If pulse amplitude would be 585 V, a more than 0.4
seconds of step signal width would be needed to detect this
voltage on sensor input. Furthermore, if a pulse with would
be shorter, than previously described impulses may not even
be detected.

Although delay times are long, and some of pulses can
even not be detected, industrial process, can be successfully
completed without any losses in energy savings.

The reason why this happens is that a central capacitor
works as an energy accumulator where braking energy is
being fed in until voltage in it reaches UPPER_LIM. Sensor
inputs are scanning just rising voltage in central capacitor
unit. And even if UPPER _LIM is detected a bit later, than
nothing bad happens — regenerated energy can be used just a
bit later.

Long delay times in LOWER_LIM detection may cause
some problems in system functionality, because one robot can
start to power the other even if it needs energy to itself.
Presence of this situation was not measured in practical
experiments that have been carried out. But even if it was
present, no error messages were generated by robots that were
connected to the system. That means that even if this situation
was present, than company that has developed these robots
have designed their systems to allow energy transfers in this
case [7].

V. CONCLUSION

Well functioning multi-process managing architecture has
been implemented on PIC24EP512GUS810. Analysis and tests
has proven that it is adequate to use it for the implementation
of supervising algorithm in energy saving system.
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amount. This research may lead to possibility of Nyquist
criterion use and lower sensor input sampling frequency that
would leave more time to MCU for other tasks or sleeping
mode.

Important outcome is fact that amount of saved energy in
case of two test robots in system does not change even if
sensor delay time is 0.4 seconds. Such a delay time may
influence the amount of saved energy in case of more robots,
since voltage could change more rapidly in central capacitor.
Also smaller capacitance value of central capacitor unit could
reduce amount of saved energy when large delay times are
present during sensor data processing.

Less noisy sensor input would lead to reduced moving
average sample amount. Therefore optimization could be
done also in CP electronic design.
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Marecis Prieditis, Davis Meike, Armands Senfelds. Mikrokontrolera resursu sadali$ana laika vairakiem procesiem un digitala filtra izpéte industriala
energijas taupiSanas iekarta.

Elektroenergijas taupiSana sak ienemt arvien lielaku lomu, ka majsaimniecibas ieric€s, ta ari industrialas raZoSanas ietaisés. Eiropas plani 2020. gadam paredz,
ka velamais energijas ietaupijums, sasniegs 20% no energijas patérina projekcijam 2020. gada, kas tika izstradatas 2007. gada. Lidz ar to par energijas
taupiSanu sak domat ari automobilu raZotaji. Raksta ir aprakstits energijas taupiSanas princips, kas rada, ka uzkrat industrialo robotu bremzgsanas energiju
kondensatoros. UzkraSanas un uzkratas energijas atdosana tick vadita ar speciala vadibas modula palidzibu.

Vadibas modulis ir bazets uz mikrokontrolleri. Ta ieejas signali ir sprieguma limeni uz katra robota lidzstravas kopném un energijas uzkrajéjkondensatora.
Vadibas modulis ir paredzéts darbibai Profinet IO tikla, kas Jauj tam sazinaties ar industridlajiem robotiem, vairaku robotu parvaldibas sistému, ka arT ar
lietotaju. Darbiba Profinet 10 tikla ir galvenokart paredz&ta industriala procesa svarigu mainigo apmainai starp vadibas moduli, robotiem un lietotaju.

Vadibas modulim ir javar darbinat 4 paraléli procesi, kam katram ir savs uzdevums un prioritate sistémas vadiba. Visbiezak izpildamais process ir analogo
ieeju sken&Sana un noskenéto datu apstrade. Ta notiek apméram 4840 reizes sekunde un no tiem ir atkarigs vai robotiem tiks atlauta regenerétas energijas
izmantoSana vai n&. P&c tam ieejas datiem tiek filtr&ti ar digitalo filtru, kas lauj atbrivoties no trok$niem. Digitalais filtrs ir viens no vienkarSakajiem
zemfrekvencu filtru veidiem, kas izmanto slidosas vidgjas vertibas principu (moving average). Slidosas vidgjas vertibas filtra aizkavéjums ir 0.4 s. Talu, par
spiti tam, industriala procesa ietaupitas energijas daudzums nemainas, jo uzkraj€j kondensatora kapacitate ir pietiekami liela, ka arT sistéma darbojoSos robotu
daudzums ir pietickami mazs.

Izmantotaja vadibas sistéma, mikrokontrollera procesors ir noslogots gandriz nepartraukti, tacu iesp&jams, ka tas varétu tikt atslogots, ja vairak tiktu izp&tita
digitala filtra kvalitates maina atkariba no slidosas vidgjas vertibas vidgjosanas intervala.

Mapuuc Ipueantuc, JlaBuc Meiike, Apmanac ILllendennc. Pacnpenenenne pecypcoB MHKPOKOHTpOJLIEPa /s HECKOJBKHX MpPOIECCOB H
HCC/IeJOBaHHe JHTHTAJILHOI0 GHIbLTPA JUIsl JHeprocdeperaoleii yCTaHOBKH.

C6epe>xeﬂne OHEPTrUM 3aHUMACT BCE 0oJiee 3HAYMMOE MECTO KakK I JOMAlIHUX, TaK U MHAYCTPHAJIbHBIX 3JICKTPOTCXHUYECKUX yCTpOﬁCTB. Tlo mmanam
EBpomnsl npenonaraercs, 4ro 10 2020 roja sxxenaeMoe coepekeHne MoxkeT Z0CTHIHYTh 20% oT mranupoBanHoro B 2007 roay oobema notpednenus. B csizn
C 9TUM M NPOM3BOJUTEIN aBTOMOOHIBHBIX CPEICTB Hauald paboThl MO YMEHBLICHHIO PacxXoja 3JIEKTPOIHEPrHU. B cTaThe ONMHMCAH NPHHLMI pealH3aluy
c6epe>|ceHmI SHEPruu B KOHACHCATOpPAX IIPHM TOPMOXKCHUH MEXAHH3MOB HHAYCTPHAIbHBIX pO6OT0BA YHpaBJ'IEHPIC nponeccom cﬁepe)KeHI/m OCYLIECTBIIACTCA
crnenualibHbIM MOJIYJIEM , KOTOpEIﬁ BBINOJIHEH Ha 0ase MHKPOKOHTpOJUIEpA. BXO}Z[HLIC CHUTHAJIBI TOT'O yCTpOﬁCTBa SABJIIFOTCA XapaKTEPUCTHKaAMU HaHpﬂ)l(eHHﬁ
Ha OOMHMX IIMHAX OTJACIBHBIX POOOTOB ¥ IIEHTPAJIBHOTO YHEPrOHAKAILUIMBAIOIIEr0 KOHIEHCATOpa. MoJIydb yHpaBieHHs HpeJHAa3HAYeH JUIL CBS3H C
HHAyCTpUanbHOU ceTpio [Ipoduuer 10, 4TO IO3BOISET PeanM30BaTh CBSI3b MEKAY OTACIBHBIMH POOOTAMH, CHCTEMON YIpPaBICHHs TPYIIOH pPOGOTOB U
TIOJIB30BATEIIEM. MOJI{yHL yHpaBJIEHHS JOJDKEH KOOPAHMHHPOBATH pa60Ty 4 napaIeIbHBIX TIPOLIECCOB, KaXJAOMYy H3 KOTOPBIX YCTaHOBIICH pasnnqﬂmﬁ
TEXHOJIOTHYECKHH alrOpUTM M IPHOPUTET NPH OCYIIECTBICHHWH ympaBieHus. HamGonee yacThIM HpoLECCOM, BBINOIHSIEMBIM YHPABISIONIHM MOIYJIEM,
SIBISIETCS. CKAHHPOBAHHE BXOJHBIX CHTHAIOB U 00paboTKa HTHX HoKas3aTeseil. 1o mpoBoautcst 4840 pa3 B CeKyHIy M OT MPABHIBHOTO (YHKIHOHUPOBAHHS
3aBUCHUT BO3MOJKHOCTBH PEKYNEpanuHd OTACIBHBIM pO6OTOM. BXOI{HLIC JIAHHBIC ¢HHLprmTCﬂ JAUTATATIBHBIMHA l'l)I/lJ'ILTpaMl/I, YTO TMO3BOJISIET M30aBUTHCS OT
Pas3IMYHBIX TOMEX. ﬂHTVITaHLHLIﬁ d)MJ'ILTp SABJISICTCS OJTHUM U3 npoc‘reﬁmux BHJIOB HU3KOYACTOTHBIX q)I/UIETpOB, KOT()pHﬁ HCIIOJIB3YET NPUHIIMIT CKOJIB3AIIETO
cpenHero 3HaueHus. 3ajepikka storo ¢uistpa cocraBmsier 0,4 c. HecMoTpst Ha Takyro 3afepikKy B Ipolecce paGOThl OHa HE OKa3blBaeT BIMSHHE HA
HnapaMeTpbl IIpOoLecca peKynepauuu, 4T0 00BsCHSIETCS OOJIBIION EMKOCTh HaKaIUIMBAIOIICr0 KOHACHCATOPAa U MaJIbIM KOJIMI€CTBOM pOﬁOTOB, TOJAKITFOYCHHBIX
K MOAy0. B 1aHHO# cucTeMe MOIyib yHpaBleHHs HAarpykeH HENPEPBIBHO, HO BO3MOYKHO, YCOBEPIICHCTBYS TapaMeTphbl GHIbTpa, Harpy3Ka MOy MOrjia
OBITh yMEHBIIICHA.
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Industrial Shared DC Bus Application: Common
Ground Current Observation

Armands Senfelds (doctoral student, Riga Technical university),
Davis Meike (doctoral student, Riga Technical university)

Abstract — Investigation of shared DC bus system with common
ground connection and respective side effect of equalizing
current between system units is discussed. Numerical simulation
of parallel rectifier system under varying load conditions as well
as experimental results of common ground current presence has
been shown. Prospective measures for improvement of utilized
circuit regarding elimination of common ground current side
effect has been presented and discussed.

Keywords — Energy exchange,
Energy efficiency

Industrial power systems,

I. INTRODUCTION

Topics of efficient utilization of electrical energy in various
fields of application resulting in reduced carbon emissions and
financial costs are matter of great importance. Industry
applications involved in production processes like industrial
robots in assembly lines are large group of consumers.
Operational behaviour of electrical drives of robots or other
computerized numerical control machinery enable process of
recuperation since fast acceleration/deceleration phases and
reversals are present. Use of regenerated energy is possible if
bidirectional power converters are applied and total
consumption of multi-robot systems can be reduced [1].
Various existing electrical drive systems present in
applications are capable of using regenerative braking of the
motors but the recuperative energy is not often utilized in
common power network or captured in local energy storage
units due to typical utilization of AC/DC rectifiers without
bidirectional power flow capability as power supply. Research
on energy saving potential by means of extended DC bus
capacitance shows positive results [1].

Another possible utilization approach of regenerated energy
could be implemented by introduction of parallel operation of
individual drive systems interfaced with common energy
storage unit [2]. Energy storage technology would enable short
term storage according to cyclic behaviour of production
process. One of the possible utilization methods could be
based on parallel operation of robot supply system with central
energy storage device [2]. Investigation of electrical
interconnections in such system and mutual influence of
processes is topic of this paper being actual for further
improvement of the system.

Common DC bus applications utilizing a single rectifier and
several variable frequency drives are known in industry
application for many years. Several rectifiers and drives
sharing the DC buses are known in some high power variable
frequency drives facing nominal power ratings of several
megawatts and equalization of the load between IGBT
semiconductors is needed. Modular DC bus sharing for layout

optimization purposes at medium and lower power range
applications is presented by few manufacturers [3]. Some
applications are present in field of wind power turbines [4]
and active power filters [5].

Research of shared/common DC bus operation can also be
found in [6]. It is to be noted that complexity of control by
synchronization of drive semiconductor switches is increased
in order to obtain equalization of DC buses. An application of
independent coupling in order to exchange energy of various
drive systems based on industrial robot is presented and
patented by vehicle manufacturer Daimler AG [7].

Similar system for DC subgrid for energy exchange is
proposed in [6], each DC bus is connected through power
converter with other DC buses of industrial robots.
Regeneration power is fed to the DC bus of parallel robots.
Such method is based on smoothing capacitors of all DC buses
to be utilized but in case of simultaneously regeneration at
different robot drives volume cannot be sufficient for extra
energy storage leading to critical state.

11. SHARED DC Bus APPROACH BASED ENERGY EXCHANGE
SYSTEM

Main aspects of DC bus sharing principles are discussed in the
following section. General overview of shared DC bus power
distribution system is given identifying key elements and
functionality. Discussion of expected operation under varying
load conditions is presented.
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Fig. 1. Block diagram of DC subgrid for energy exchange

The block diagram is shown in Fig. 1. Here, n drive systems
are assumed, each having a DC bus DC, created by
application of rectifiers Ry, ..., Rnin order to feed several servo
drives SDy, ..., SDnk utilizing electrical machines EMy 1, ...,
EM,« accordingly. Separate DC buses DCi are interfaced
through respective power converter modules My, ..., M, to



common DC subgrid DCsp. Single central capacitor C
determines the size of the energy storage capacity. Idle state
rectified voltage Uqcigie Of unloaded DC bus with respect to
line voltage Urms assumed to be 400 volts can be calculated as

32
Udcige = ——Upms = 540V, @
Vil
with respective DC bus voltage variation of
U2 2
bo12f RyeCoci

where Cpc,iis the internal capacitance of the DC bus and Ry is
the DC bus load and f is the AC power system frequency. By
means of Eq. 2., short peak loads of about 25 kW can be
expected on DC bus [1] reducing bus voltage to level of 510
V. The upper limitation of Upc is defined by drive hardware
applying brake chopper based on energy dissipation by means
of braking resistor. Typical brake chopper turn-on voltage
levels are varying within the range of 690 to 790 volts.

DC bus sharing principle proposed allows a relatively large
voltage variation between connected DC buses without
synchronization of individual semiconductor switching
instants. Basically a separate DC subgrid is created and energy
storage functionality implemented by introduction of
additional DC bus.

I11. THE PROPOSED COMMON GROUND CIRCUIT

Fig. 2 presents a connection principle of two power transducer
modules M; and Mi.1.
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Fig. 2. Electrical circuitry of connections between sub-buses and the central

capacitor

Each of the power modules has 4 power terminals a;, bi, Ci
and di. Terminals a; and b; (Fig. 2) are to be connected
accordingly to the positive and negative terminals of a
particular DC bus DC;. Terminals c; and d; of each module are
to be connected to the cix1 and di:1 terminals of the other
module, here noting that the terminals di, are the common
ground of all modules My,,and DC buses DCy,n. The important
detail is that common ground of explained circuit is not

directly connected with AC system earth potential should be
noted.

A central capacitor C is connected between all terminals c1
and d1,and used as a temporary energy storage device.

The voltage fluctuations of Upci from the viewpoint of the
module M; can be described as stochastic. Whenever the
voltage Upc, is slightly higher than Uc, the current flows
through the power diodes Di: and Di.11 charging the central
capacitor C. The switches Q; and Q.1 are open therefore
interrupting the current flow in the opposite direction.
Whenever the voltage Upc, is lower than Uc the diodes Dis
and Di:1,1 become reverse biased and the control of current
flow from point ¢; to a; is taken over by the switch Q;. The
inductors Liz and Li, limit the maximum current rate of rise.
The freewheeling diode Dj has a functionality to eliminate the
effects of arc discharge and overvoltage spikes present on the
semiconductor switch devices at current chopping by enabling
alternative current flow path in order to discharge
magnetically stored energy in inductors Liiand L.

IV. EXPERIMENTAL VALIDATION

Many short acceleration/deceleration phases are typically
present but not limited to industrial robotics. Therefore, the
application tests are done on industrial robot manipulators
with permanent magnet synchronous servo motors and their
drive systems with three phase full bridge diode rectifiers.
High-payload robots RB1 and RB2 of type KUKA KR200-
KRC2 have been selected to execute various applications.
Their drive DC buses have been shared according to the power
circuit in Fig. 2 using a central capacitor of size C = 45 mF.
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Fig. 3 Working modes with Ug, = 540V, U = 520V

Fig. 3 illustrates the case when off voltage is low (520 V) and
switches Qi are permanently on. Here, the robot RB1 is
accelerating while RB2 is in standstill. RB1 causes a
temporary voltage drop on its DC bus that is partially



compensated by current flow from DCsy, and a preceding
voltage drop on Uc. Since the both Qi and Q: are on, the
voltage drop on C is passively compensated by RB2 with a
positive current flow Ipc, over the diode Dy ;1.

The effect when a drive system supplies power to a DC bus
that does not have a load in its own system, is undesirable
therefore closer examination of circular current presence has
been done by simulation in following chapter.

V.CIRCULATING CURRENT EXAMINATION

Presence of circulating currents involving several
converters being utilized in parallel arrangement has been
observed in past. Interconverter currents in application of high
power converter design by parallel operation of modular units
have been discussed in [8]. In case of parallel connection of
high and low power converter, circular currents have been
invoked, therefore situation with unbalanced loading is
considered to be relevant also in current arrangement of shared
DC bus application.

A. Simulation approach

In order to examine common ground current effect
simulation model has been utilized. Considering proposed
electrical interconnection circuit to be in disconnected state
simplified circuit can be obtained as represented in Fig. 4.
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Fig. 4 Circuit of common ground operation state

Parallel operation of two diode rectifier bridges has been
foreseen with added smoothing capacitors in DC side. Loading
of both rectifiers has been simulated by load units acting as
controlled current sources. The reference of current sources is
calculated according to equation

Pload 3)

ILoad - 560
where DC bus voltage is assumed to be 560 volts on average.
The inductances present in common ground electrical
connection are taken into account and assumed to have values
of 5 mH each and have series arrangement of two. DC bus
smoothing capacitors are chosen to be of 1.4 mF capacitance
each. Since interest of applied simulation is behaviour of
common ground current several current measurement points
are chosen as represented in Fig. 5. Symmetry of DC line
currents feeding load would be represented by comparison of
currents li+ and li-. Current Iy in common ground connection
is assumed to have positive direction from first rectifier to
second.

Fig. 5 Common ground current path

Assumed load profiles are generated according to
sinusoidal function with cycle frequency of 10Hz. Time
variation of load power is set to be 5kW around constant value
of 15 or 10kW for first and second rectifier accordingly.

B. Simulation results

Obtained simulation results in steady state are presented in
Fig.6.
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Fig. 6. Common ground current simulation under time varying loading
conditions

The upper subfigure represents time variation of

aforementioned power of both load units. Second subfigure
depicts time variation of currents l;+and 1:-as well as common
ground current Iyv regarding first rectifier circuit. Third
subfigure represents currents I+, lzand Im considering second
rectifier.

Estimated RMS value of common ground current is 8A
resulting in stable current flow from first rectifier interfaced
with larger load to second one being less loaded. It is obvious
that current asymmetry is present in unbalanced loading
conditions for both observed DC buses. Currents in negative
terminals flowing towards AC grid are equalized by common
ground connection current flow. Direction of equalization



current depends on load power ratio being positive if first DC
bus has greater load than second one. Presence of 5th
harmonic is noticeable in load current originating from
rectifier terminals but damping is present in common ground
connection and can be explained by application of
inductances. Conclusion that unsymmetrical current flow
through positive and negative DC bus terminals under various
loading conditions is present can be made resulting in unequal
utilization of individual power semiconductor devices.

VI. CONSIDERATION OF COMMON GROUND CIRCUIT
MODIFICATION

Considering presence of common ground equalization
current and its influence on shared DC bus system operation
by utilizing single rectifier in case if load of other rectifier is
applied is not optimal as discussed in Chapter 4. Modification
of the proposed common ground topology based on shared DC
bus approach has been considered. Symmetrical disconnection
of both DC bus terminals by utilization of two semiconductor
switch elements would enable electrical disconnection both
positive and negative DC bus connections. Charging process
would be enabled by utilization and natural commutation of
diodes placed antiparallel to decoupling semiconductor
devices. Additional controllable semiconductor element is
considered to disable charging process if it would be necessary
for full control of energy exchange. Proposed modifications
are subject to be verified experimentally. Prospective
electrical circuit topology example utilizing IGBT type
transistors as semiconductor switching devices has been
shown in Fig. 7.

Unci |

Fig. 7. Proposed circuit modification for circular current reduction

VII. CONCLUSIONS

Shared DC Bus application with regenerative energy
storage and exchange possibility has been examined
experimentally  utilizing common  ground electrical
connection. Interconverter equalizing common ground current
has been observed in experimental setup and investigated by
numerical modelling method under various load conditions.
Modification of electrical DC Bus interconnection equipment
by alternative circuit topology has been proposed in order to
obtain initial energy efficient operation and mitigate presence
of observed common ground current issues.
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Common node circular current examination in
shared DC Bus power system

Armands Senfelds, Ivars Rankis
Riga Technical University, Institute of Industrial Electronics and Electrical Engineering
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Abstract— in this paper interconnection of two diode
rectifier units is considered in context of potential DC bus
interconnection situation as an example of distributed power
system based on DC link coupling. Specific circular current flow
in case of single pole coupling of separate DC Buses is examined
resulting in fixed connection at common node. Influence of
unbalanced loading of involved DC bus parts has been explained
and results obtained by means of numerical simulations.

I. INTRODUCTION

Nowadays electrical power engineering problems
regarding energy saving are very actual. Large group if
energy consumers in industry applications are industrial
robots in assembly lines. Electrical drives of robots often
have bidirectional power converters enabling use of
regenerated energy in order to reduce total consumption in
multi-robot systems [1]. One of the possible utilization
methods could be based on parallel operation of robot supply
system with central energy storage device [2] Investigation of
electrical interconnections in such system and mutual
influence of processes is topic of this paper being actual for
further improvement of the system.

II.  ASSUMED DISTRIBUTED POWER SYSTEM

Various configurations are possible regarding distributed
power system architecture. An informative survey
considering and comparing both DC and AC systems is
presented in [3].

In current paper an electrical power system under
consideration is assumed to have a single conventional AC
power connection to utility grid. The loads implemented in
system are assumed to be fed by means of DC current and
both at same voltage level. The possible improvement of
system by integration of energy storage element into DC part
is proposed. Optional DC connection representing renewable
power source being able to charge energy storage unit is
foreseen as well. The general overview of described system
can be seen in Fig. 1

3 phase
AC grid Z]S DC Load
H— Energy
| | Storage
H—|DC
|| source

x

Fig. 1. General overview of electrical system representing conventional
power system in black and optional connections for element integration in
DC network in green

In order to conduct examination of interaction between
separate parts of system more precise choice of functional
elements has been defined. The operational state of system is
defined as well.

A. AC/DC Conversion

In aforementioned system several possible methods of
rectification could be assumed also enabling bidirectional
power flow and thus recuperation back into AC grid.

In existing systems often unidirectional uncontrolled diode
bridge rectifiers are present due to low cost of such units
therefore it is assumed that both loads are normally fed by
this type of power converters.

B. Interconnection of DC Line

In current electrical circuit under discussion the connection
of DC lines between energy storage unit and individual load
DC buses has been considered to be disconnected by single
pole circuit disconnection switch placed in both positive
terminals. Such approach is chosen in order to examine
possible operation when only one semiconductor switching
device could be necessary thus offering some economic
advantages by saving number of components.

C. Common node

By introduction of single pole disconnection devices in
positive DC bus lines no control of negative terminal is
possible. Therefore all negative lines of both DC load units as
well as negative terminal of energy storage unit remain
connected under all circumstances. The electrical potential of
all negative terminals is equalized by such common node
connection. An important remark to be mentioned is that no
middle point is available in DC bus by means of capacitive
voltage divider. Therefore DC system is decoupled from AC
system neutral and earth lines.

D. Operational State of DC Bus System

The situation when optional power flow from alternative
DC electrical source is not present is considered. The state
when energy storage unit has been discharged to level when it
is decoupled from DC bus is chosen as well.

Therefore system remains in AC grid operation by parallel
connection of both diode rectifiers each connected to DC load
unit. An important variation compared to initial system
considered is the introduced interconnection of both DC load
unit negative terminals at the common node.

Considerations on operation in case of shared DC bus by
direct coupling of both DC terminals has been proposed and
examined by [4].

The resulting electrical circuit after application of
aforementioned assumptions has been shown in Fig. 2.
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Fig. 2. Electrical circuit of discussed system in operation state after applied
assumptions.

III. PARALLEL OPERATION OF RECTIFIERS

In circuit under discussion parallel operation of two
rectifiers is present. Both rectifiers are fed from AC grid with
respective 3 phase voltages being Uan, Upn and Ucn against
neutral point N. Voltage drop over diodes is assumed to be
negligible. The positive terminals of DC Bus are always
connected to the most positive phase voltage resulting in
voltage Upc- respectively to neutral point N according to (1)

Upe, =max(U 4y, Upy,Ugy) - M

The negative terminals of DC Bus are always connected to
the most negative phase voltage resulting in voltage Upc-
respectively to neutral point N according to (2)

Upe. =min(U 4y, Uz, Ugy) - )

The rectified voltage Upc at the rectifier bridge circuit
output can be calculated as (3)
L/DU

=Upcy ~Upc_- 3)

Voltage in the 3 phase diode bridge rectifier output is
pulsating with six pulses per period of AC voltage. The peak
voltage Upcpeak at the output is calculated according to AC
average phase voltage Uacrums by (4)

Upcrear = U acnus \/E . ‘/g : “)

By introduction of DC Bus smoothing capacitance voltage
fluctuation over load is reduced. In case when maximum AC
voltage between phases is lower than that on smoothing
capacitor C being charged to voltage Upcpeax l0ad is supplied
by energy being stored in capacitor. Power supply to the load
is periodically changed being whether AC grid or smoothing
capacitor C. In circuit being discussed in this paper load is
assumed to be active and represented by resistance Ryoa. The
voltage reduction rate dUc/dt on the capacitor during
discharge can be calculated as (5).

dUc _ UD('Pealf -C . 5)
dt R

Load

The variation of load resistance results in changes of
voltage reduction rate. In circuit under discussion two loads
are connected each to individual rectifier and smoothing
capacitor. Therefore differences both in both parallel DC Bus
voltages are expected under different load conditions.

IV. ELECTRICAL PARAMETERS OF THE SYSTEM

In system being discussed in this paper an AC grid with 50
hertz fundamental frequency is assumed to be the power
source. The phase rms voltage Uacrms is chosen to be 230
volts resulting in peak voltage Upcpex at DC Bus being 563
volts. The load resistances Riroa are chosen to meet certain
active power levels being dissipated as thermal losses in each
of parallel loads. The average load voltage is assumed to be
560 volts. Therefore choice of load resistance Rioaa for given
power level Ppoaq is done according to (6)

2
560° ©)
P

Load

Ria =

V. SIMULATION MODEL OF THE SYSTEM

In order to examine parallel operation of rectifier units
with separate loads connected at common node numerical
simulation by means of Matlab Simulink software was carried
out.

For power electronic device simulation specific toolbox
called SimPowerSystems was applied. For diode rectifier
circuit simulation Universal Bridge element was chosen and
parameterized to meet diode rectifier requirements. The
forward voltage drop Vf of each diode was set to be 0,7 volts
and on state resistance to Ron be 0,001 ohm.

AC power system was modeled as three sinusoidal voltage
sources Ua, Ub and Uc with peak voltage being 325 volts
with 50 hertz frequency and 120 degree phase shift between
voltages.

Each DC Bus smoothing capacitor was set to have
capacitance value of 1650 microfarads. Initial voltage of
capacitors was also set to be peak of DC bus voltage, 560
volts respectively.

Solver of type ode3 was applied for numerical calculation
and continuous type simulation was chosen in Powergui
simulation configurator parameter window.

VI.  CIRCULATING CURRENT EXAMINATION

Presence of circulating currents involving several
converters being utilized in parallel arrangement has been
observed in past.

Inter converter currents in application of high power
converter design by parallel operation of modular units has
been discussed in [5]. In case of parallel connection of high
and low power converter, circular currents have been invoked
therefore situation with unbalanced loading is the matter of
interest also in current paper.

Parallel operation of rectifiers and inverters in high power
wind generator application also present examination of
circular currents as described in [6].

VIL SIMULATION RESULTS
In order to introduce unbalanced load of both rectifier units

different values of load resistances were chosen.



First load unit was set to consume around 15 kilowatts of
electrical energy corresponding to equivalent resistance Rpoadi
being 20.9 ohms. Load of second unit was chosen to represent
lower consumption compared to first unit at 5 kilowatts
leading to equivalent resistance Ric.a» being 62,7 ohms
according to (6).

Variation of DC Bus voltage was obtained as shown in
following Fig. 3.

DC Bus voltage variation
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Fig. 3. Obtained DC Bus voltage variation results by numerical simulation.
Blue line represents rectified output voltage connected to first load unit of 15
kW. Green line represents rectified output voltage connected to second load
unit of SkW.

In Fig. 3 one can observe voltage pulsation with period 3,33
milliseconds corresponding to 300 hertz frequency, being 6
times higher than fundamental 50 hertz frequency of AC
power supply. Charging states of DC smoothing capacitors
can be identified by overlapping of both voltage curves since
they are connected to the same AC voltage through respective
conducting diodes. States when load is supplied by discharge
of DC Bus smoothing capacitors can be observed by linear
regions of voltage reduction. Differences in discharge voltage
slopes are the result of various loads where load with higher
consumption leads to faster discharge of capacitor.

Under such operation also current flow through common
node connection has been observed as shown in Fig. 4
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Fig. 4. Red line represents current IM flow through common node
connection obtained by simulation. Positive direction is considered to be
from the first load unit to second one.

Periodic current pulsation has been observed flowing through
common node connection from first unit being loaded with 15
kilowatts to second unit loaded with 5 kilowatts. Repetition
interval of current pulses is the same as charging of DC Bus
capacitors. Peak value of 71,5 amperes has been detected as
charging of capacitor in most loaded unit is started by AC
supply voltage and high current pulse is present until both DC
Bus capacitor voltages share the same value. The calculated

rms value of current in presented operation leads to result of
19 amperes.

With intention to estimate complete circulating current
path focus on electrical circuit state in time span from 2.2 to
3.6 milliseconds of simulation.

Current flow in phases A and C in common AC power
grid connection and individual rectifier phase connections are
shown in following Fig. 5. and Fig. 6.

Respective notation is applied in order to distinguish
individual current values:

e JA —total phase A current flowing from AC grid
to both rectifiers

e JA1 - phase A current flowing from AC grid to
first rectifier

e JA2 - phase A current flowing from AC grid to
second rectifier

e IC — total phase C current flowing from AC grid
to both rectifiers

e ICl - phase C current flowing from AC grid to
first rectifier

e IC2 - phase C current flowing from AC grid to
second rectifier
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Fig. 5. Total phase A grid current in black, phase A current in first and
second unit in blue and green respectively.
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Fig. 6. Total phase C grid current in black, phase A current in first and
second unit in blue and green respectively.

In simulation time period starting around 2.22
milliseconds first rectifier is connected to AC voltage
between phases A and C where phase A has the positive
voltage and phase C has negative one. Charging of first unit
smoothing capacitor is started as well as supply of first unit
load from AC grid. The whole grid current is flowing into
circuit through first rectifier phase A leg upper diode. The
current flowing back to Ac mains grid is distributed equally
between both rectifier phase C leg negative diodes and thus
causing current flow through common node connection.



E.g. at time instance 2.4 milliseconds incoming current
value in phase A is approx. 140 amperes and reverse current
is shared equally between both rectifiers of approx. 70
amperes resulting in overlapping of both curves IC1 and IC2
in Fig. 6. Schematic view of current path in discussed state is
shown in Fig. 7.
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Fig. 7. Grid supply current path in simulation time period 2.4 to 2.62
milliseconds

After time instance 2.62 milliseconds both rectifier
smoothing capacitors are charged as well as both loads are
supplied by AC grid current. Difference in incoming phase A
currents IA1 and IA2 is caused by unbalanced load condition.
Again equal sharing of reverse current into AC grid through
phase C leg lower diodes is present and equalization of
current is caused by current flow through common node
connection. E.g. at time instance 2.63 milliseconds respective
IA1 and IA2 current values are approx. 100 and 80 amperes.
Reverse flowing currents Icl and IC2 have same value of
approx. 90 amperes. Such situation is possible by equalizing
current flow through common node of approx. 10 amperes as
one can observe in Fig. 4. Schematic view of current path in
discussed state is shown in Fig. 8.
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Fig. 8. Grid supply current path in simulation time period 2.62 to 3.6
milliseconds
VIIL UNBALANCED LOAD INFLUENCE ON CIRCULAR

CURRENT
In order to estimate unbalanced load influence on circular
current presence set of simulations was carried out by varying
second load unit power from 1 kilowatt to 15 kilowatt

obtaining set of situations with load power ratio P; against P,
from 0,067 to 1 respectively. Value of first unit load power
remains constant being 15 kilowatts. Obtained circular
current rms values against load power ratio are shown in Fig.
9.
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Fig 9. Calculated rms value of common node current IM against load power
distribution ratio P2/P1.
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According to simulation results one can observe that
current flow through common node connection is reduced by
equalization of single loads of units connected in parallel to
the same AC grid. Unbalanced loading tend to equalize
reverse flowing current through lower diodes of rectifier
bridge circuit.

IX. CONCLUSION

This paper examines increased circulating phenomena
present in diode rectifiers operating in parallel from same AC
grid connection and common node connection on the DC Bus
side. Circulating current involving both rectifiers appear
under unbalanced load conditions.

In case of single pole disconnection of shared DC Bus
system unequal discharge of separate DC link capacitors has
to be taken into account.

Circular current flow affect lower diodes of less utilized
DC Bus rectifier bridge circuit. Such additional current flow
may be a matter of reduced lifetime and increased thermal
stress.

Possible solution in order to eliminate or reduce observed
pulsating current effect would be increase of common node
electrical interconnection impedance or application of dual
pole DC bus disconnection device.
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Utilization of Regeneration Energy in Industrial
Robots System

Ivars Rankis', Davis Meike?, Armands Senfelds®, '°Riga Technical University

Abstract. This paper is devoted to the investigation of
shared DC Bus systems with common storage capacitor
operating on utilization of regeneration energy of electrical
drives of industrial robots. The system is elaborated for the
connection of the central energy storage capacitor with DC
Buses of several robot systems. Simulation of operation of
such system has been made with the target to obtain some
specific indicators of efficiency of the system at different
number of shared DC Buses. Dimensioning of system’s
parameters as well as some conclusions about necessary
principle of control are presented. The results of
experimental investigation are presented with the evident
operational efficiency of the proposed system.

Keywords: robots, supply, capacitor, motors, charge,
regeneration, transistor, coil

1. INTRODUCTION

Industrial applications today often require rapid
motion control where many fast
acceleration/deceleration phases and reversals are

presented. Such behavior is typical for industrial
robotics and other computerized numerical control
machinery [1]. Many existing drive systems today are
capable of using regenerative braking of the motors.

However, the recuperative energy is rarely fed back to
a network or stored in full extent locally due to AC-DC
rectifiers fed supply of frequency converters or
increased costs of the storage systems. Previous research
shows impressive energy savings potencial using an
increased capacitive energy buffer on a drive’s DC bus
[1].

Common DC link applications using a single rectifier
and multiple variable frequency drives have been state
of the art for many years. Multiple rectifiers and
multiple drives that share the DC links are available
from some manufacturers [2]. Some examples are
known from wind power turbines [3] and active power
filters [4].

Analytical research of shared/common DC bus
operation can also be found in [5]. However, in all these
cases, synchronized control of the drive switches is
required so that these DC links are equalized. In fact,
there is actually one synchronized DC bus that is
supplied by more than one parallel rectifier. This paper
proposes a solution for a recuperative energy exchange
approach between drive systems that are controlled
independently. The energy is stored in an independent
DC subgrid, to which any drive system can transfer its
recuperative excess energy and take it back again when
needed.

An application case in industrial robotics with a
shared/common DC bus has been patented recently by the
vehicle manufacturer Daimler AG [6].
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Fig.1. Block diagram of DC subgrid for energy exchange.

Another system for robots’ DC subgrid for energy exchange is
proposed in [5], where each DC Bus is connected through
power converter with adjacent DC Buses of robots. Therefore at
regeneration extra power is submitted to the DC Bus of adjacent
robots. Such solution utilizes in full extent the capacitors of all
DC Buses but the problems may arise when a simulatenous
regeneration takes part in different robot drives (then regenerate
energy should not be accumulated in capacitors because of lack
of their necessary volumes).

II. ENERGY EXCHANGE WITHIN SHARED DC BUS

In the following section, the advantages and main aspects of
DC bus sharing principle accepted are discussed. The block
diagram is shown in Fig. 1. Here, n drive systems are
represented, where each has a DC bus DC;...DC, supplying
servo drives SD; y , SDnx with frequency converters which
control the electrical machines EM;;. Each bus DC; is
connected through power converter modules M, to a subgrid
DCgyp. The central capacitor C determines the size of the buffer.
The rectified voltage in the idle circuit of DC bus has a fixed
value of

Ugciidle=1.35Urms = 540V )
with a DC-bus voltage ripple of
= M , @)

" 12f.RyCpc,

where Cpcj is the internal capacitance of the DC bus and Ry is
the DC bus load. According to (2), short peak loads of about
25kW measured on DC bus [1] can push a voltage as low as
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510V. The upper bound of Upc is limited by drive
hardware using a brake chopper operating on dissipation
resistor. For various drive systems typically the brake
chopper is set anywhere within the range of 690 to
790V.

The proposed DC bus sharing principle allows a
relatively large voltage difference between connected
DC buses and does not require synchronization of the
involved drives. In fact, an independent [n + 1]th DC
bus as a DC subgrid is created to be used as an energy
exchange buffer.

The electrical charge transmitted to the central
capacitor C from n drive systems within the time t; can
be calculated assuming that shape of the average current
transmitted from each drive system i is triangular with
magnitude i"j and duration t.;Sy; (see Fig. 2), where t,.;
and S, are respectively the average duty cycle and duty
ratio of all recuperation phases respectively. The duty
ratio can be expressed as S;i=t.; /T; , where T; is the
process cycle for operation of robot number i.

40 T T T T T

cwrrent, A

time,
Fig.2. Presentation of current shape at DC input of robot drives.

For energy calculations, the internal capacitance of
each DC bus is assumed negligible and that it does not
influence the process efficiency. Then the total charge of
recuperation is

A

n
AQ =05t Yi S - O
i=l1

As the average voltage Uc over the evaluation interval
t; is constant, the recuperated energy transferred to C
equals the energy received. The motor consumption is
the sum of the energy from the AC network and the DC
subgrid DCy,. The charge consumed by a motor load
can also be calculated, assuming that the load current
has a triangular shape with a magnitude i";; and duration
tiS1;, where t; and S;;; are the average duty cycle and
duty ratio of all load supply phases respectively. Then,
the total charge consumed by all n drive systems is

LA
AQ| :0~5tt Zil,i'Sl,i . @
i=1

Typically, S;;j > Spi and iAm > %, for each of the
examined examples in robot controller drive systems.
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Depending on the application, cycles t. and t; as well as
magnitudes of currents may differ. The savings can be
estimated in terms of the recuperated charge compared to the
consumed charge because the positive (consumed) mechanical
power does not depend on the existence of energy-saving
device:
A
n Ir,i-Sr,i

Ef :AQr =23 )
AQl i=li|’i.S|7i
By adopting different relations iA,;i/iAm and S.i/S;; it is
possible to find the savings from the diagram presented in Fig.
3. A smaller duty relation S..i/S.i usually results in a smaller
recuperation/load current relation i r;i/iA i and thus, smaller
possible savings. However, even at light loads, the energy to be
stored may reach 10% of the consumed energy. If the
application is more dynamic the proportion of the recuperated
current compared to the supply current is higher, and there is a
higher duty ratio proportion in both operation cases, the charge
to store rises too. For instance, at a duty ratio relationship of 0.5
the duration of the recuperation interval is half of the charging
duration and a current magnitude relationship of 0.7 (magnitude
of recuperated current is 70% of that of load), it is possible to
save as much as 35% of the energy required for the particular
movement phase.

Efficiency relation

06 _ 07 08 09

B i i
0.1 02 03 04 0.5 .
Duty ratio relation Sr, i

S1.i

Fig. 3. Estimation of energy savings as a function of the duty ratio and
recuperation and loading current magnitude relation.

III. THE PROPOSED CIRCUIT

Fig. 4 shows a connection principle of two power transducer
modules M; and M;.;.

Each of the power modules has 4 power terminals a;, b;, ¢ and
d;. Terminals a; and b; (Fig.4) are to be connected accordingly to
the positive and negative terminals of a particular DC bus DC;.
Terminals ¢; and d; of each module are to be connected to the
Ci+ and dj.; terminals of the other module, noting here that the
terminals d;..., are the common ground of all modules M;..., and
DC buses DC;...,. Note that this is not an earth ground of AC
supply system.
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Fig.4. Electrical scheme of connections between sub-buses and the
central capacitor.

A central capacitor C is connected between all
terminals C;..., and d;..., and used as a temporary energy
storage device.

The voltage fluctuations of Upg; from the viewpoint of
the module M; can be described as stochastic. Whenever
the voltage Upc;j is slightly higher than Uc, the current
flows through the power diode D;.; charging the central
capacitor C. Switch Q; blocks the current flow in the
opposite direction. Whenever the voltage Upc;i drops
below Uc the diode D;.; is reverse biased and the control
of current flow from point C; to a; is taken over by the
switch Q. The inductance L;; and L;, limit the
maximum current stresses. The diode D;., has a function
to eliminate the effects of arc discharge and overvoltage
spikes.

In difference from electrical scheme presented in [7]
there are 2 coils in each module. Such solution is
accepted for supression of circulating currents in
common ground wires between supply rectifiers’ anode
groups diodes (thyristors). By the way the accepted
solution allows increase the reliability of switches
operation.

IV. COMPONENT DIMENSIONING

The total charging current if all the modules are
recuperating must be noted:
ic=lbc;1 +ipc2+: 1 1 +ibcin 6)
that has to be lower than the maximum charging current
of the buffer capacitor

o (du . %)
Ic < C[ at jmax

The capacitor bank is dimensioned accordingly. If the
recuperation current is assumed to have a triangular
shape with a decreasing slope, i.e., the current is

described as i'r;j(1-t/t;;) noting that any selected time frame
t<<t..i, then the capacitor voltage change is

ng .. t
Ue = —[ip;[ 1-— |dt > ®)
C c J. r,i tr,i
which leads to
ngir,i
U =tri— " +Udcide - ©)

where g is a coefficient of coincidence of recuperation
processes for n drive systems, but Ugc.ige is as in Eq.(1). If n =1
then g = 1, as n increases, g decreases. Approximately based on
experience it can be assumed that

g:l/%/ni2 : (10)

Taking such a value into account, the maximum permitted
value of capacitor voltage Uc.max can be reached if capacitance

Cis
3 A
_ V nzl,.’i.tr’i
2(Uc max —Uc.idiey)
For instance, i";i = 20A, t.i= 0.3s , Ug;max = 670V, Uc;igle =
560V, then
e forn=4 — C=433mF,
e forn=3 —>C=39.3mF,
e forn=2—> C=343mF,
e forn=1—> C=273mF.

an

C

V. CONTROL STRATEGY

There are three different operational modes of the device as
summarized in Table 1.

Table 1. Various working modes

Energy flow D; 1 bias | Q; bias | Q; state Voltages
1 | From DC; to DC,,; | forward | reverse any Upe, > Uc
2 | From DCyy;, to DC; | reverse | forward ON Upg, <Uc > Uy
3 None reverse | forward OFF Upc, <Uc < Uyes

1. The energy is flowing from any module M; to the subgrid
DCyyp and is controlled passively.

2. The energy flow from DCyy, is controlled with switch Q;
and the current is limited by L. Here, a variable Uy is
introduced - a minimum voltage that has to be sustained on the
DC subgrid. The state of Q; is fully on if U is higher than U
and fully off if it falls below Uy . Setting Uper to above Ugeigie
means that C never discharges below the voltage of idle DC
bus. The charging, as mentioned, is possible only if Upc.i > Uc.
Thus, it is assured that only the recuperative excess energy is
being exchanged in DCyp.

3. An idle state is possible when no energy is being
exchanged. This is the case when Uc drops below Uy . All the
switches Qi equally depend on UC, thus in normal operation
their states are changed simultaneously. (For functional and
safety purposes, any of the modules may also be disconnected
separately. This, as well as the initial charging of C, however, is
not discussed here). In practice, the reference voltage Uref is
implemented with a hysteresis and is set in the range

U et :onfHUonJ : (12)
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VI. EXPERIMENTAL VALIDATION

Many short acceleration/deceleration phases are
typically present but not limited to industrial robotics.
Therefore, the application tests are made on industrial
robot manipulators with permanent-magnet synchronous
servo motors and their drive systems with three-phase
full-bridge diode-rectifiers. High-payload robots RBI1
and RB2 of type KUKA KR200-KRC2 have been
selected to execute various applications. Their drive DC
links have been shared according to the power circuit in
Fig. 4 using a central capacitor of size C = 45mF.

Various Uy modes have been tested. Figs. 5 and 6
show the crucial difference between low and high Ugg.
Positive current represents the energy flow towards
DCsub. Fig. 5 illustrates the case when off voltage is low
(520 V) and switches Q; are permanently on. Here, the
robot RBI1 is accelerating while RB2 is in standstill. RB1
causes a temporary voltage drop on its DC bus that is
partly compensated by current flow from DCgy, and a
preceding voltage drop on Uc. Since the both Q, and Q,
are on, the voltage drop on C is passively compensated
by RB2 with a positive current flow Ipc, over the diode

on

nca
- L[](' 2

—1

o]

Currents A

[

—1

m

10 : :
0.0 0.5 1.0 1.5
Time [s]

Fig. 5. Working modes with U, = 540V, Uy = 520V.

The effect when a drive system supplies power to a
DC link that does not have a load in its own system, is
undesirable and can cause certain control errors. To
eliminate this effect the criterion

Uott > Ugcsidle 13)
must be satisfied. The operating mode of U =[560;
600] is shown in Fig. 6. Various processes are to be
recognized here:

_ t=0:2s recuperation of RB1,
_ t=0:8s power requirement of RB1,
_ t=1:5s recuperation of RB1,
_ t=1:7s recuperation of RB2,
_ t=2:6s power requirement of RB2,
_ t=2:8s recuperation of RB2,
_ t=4:3s recuperation of RBI.
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Fig. 6. Working modes with U ;= 600V, U= 560V.

The current flow of the positive terminal is cut whenever Uc<
Ut . Since at experiments the negative terminals were directly
connected, an equalizing circular current I, is present at the
negative terminal and

Im;iv1 > 05 if Upciri > Upci - (14)

Value of Im at common negative wire depends on the
difference of resistances of the lower half-bridge of drive
rectifiers. In the experiments, a minimum circular current ly.min
has been determined when RBI is in idle mode but RB2 is in
operation.

Energy consumption of industrial robots highly depends on
many parameters such as load, application type, acceleration
profiles, etc. [7]. The estimated savings of the DC bus sharing
approximately equal the otherwise wasted energy at the brake
chopper. Since movements of all robot manipulators are not
synchronized, consumption also depends on how much the

supply-requirement and regenerative phases overlay as
described by coincidence factor g in (10).
Table 2. Energy measuremnents of robotic applications
Application | DC bus | Conswnption | Difference
type sharing [KWh] [%]
Welding none 3.66 -
Welding v 3.45 -5.6%
Handling none G.44 -
Handling i 5.11 -20.6%

Table 2 summarizes the energy requirement for 1 hour
operation of two KUKA KR200-KRC2 robots with a load of
approximately 30 kg running two types of programs, in each
case with and without DC bus sharing. During the whole
measurement, none of the DC links reached the brake chopper
threshold voltage. The reference voltage was set to Uref = [560;
600]. Previous experiments have shown the energy-saving
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potential of using capacitive energy buffers per
industrial robot drive system [1]; the proposed DC bus
sharing enables the same potential to be reached using
just one buffer within a DC subgrid.

For more estmations a computer simulation of robot
system operating with common energy storage capacitor
and individual bus of robot connection through the
scheme of intermediate module according to Fig.4 has
been made. Five robot supply rectifiers with common
for them AC network have been applied operating with
different frequency f;=0.5 Hz for robot N1; f,=0.7 Hz
for N2; f;=0.6Hz for N3; f;=1Hz for N4 and f;=0.6Hz
for robot NS5. Respectively duty ratios of loading with
averaged current 28 A for each robot were 0.278; 0.305;
0.278; 0.333; 0.278. Averaged meaning of regenerated
current was 20 A for each of robots. Simulation process
lasts for time interval of 20 s operation in two different
situations — without the central capacitor of 45 mF and
with central capacitor applying connection modules
switches of which have been operated at U,=540 V and
Uyn=550 V.

In table 3 the results of simulation are summarized for
operation of all 5 robots and for operation in 3 another
cases when each later robot was not activated, i.e. for 4,
3 and 2 robots operation cases.

TABLE 3

VOLUMES OF CONSUMED FROM SUPPLY ENERGY (kJ)
case Rob.1 Rob.2 Rob.3 Rob.4 Rob.5
without | 89.33 99.0 89.2 107.2 89.2
with C | 56.9 55.0 66.0 66.4 66.1
With C | 59.34 58.5 54.74 73.37
With C | 63.38 60.12 61.17
With C | 69.26 64.5

As it can be seen without energy storage system total
consumption of energy by 5 robots is 473.93 kJ;
consumed energy with storage device is 310.4 kJ, i.e.
34.5% of energy is saved. Calculated by (5) saving
amount is 30.3%.

In case of operation of 4 robots saving level is 36%;
for 3 robot case saving level is 33.5%; for 2 robot case —
saving level is 29%. Calculations show very close
results.

VII. PROSPECTIVE SCHEME OF CONVERTER MODULE

Presented previous scheme anticipates common
connection of DC busses through non-insulating
modules to the central storage capacitor. Such solution
has certain drawback of introducing extra electrical
alignment contours. Better way should be in connection
of individual busses with storage central capacitor
through their modules with insulating transformers
(Fig.7). Primary winding of transformer has to be
connected with individual bus through switching
converter SC1, but secondary — to the central capacitor
through switching converter SC2 of the module.
Therefore at regeneration at the bus its converter SC1
will be activated at 180° conductivity of its switches but

SC2 operates as a rectifier through its diodes. At loading of the
bus its module converter SC2 is activated at 180° conductivity
of its switches but SC1 works as BOOST element with reduced
duty ratio of its switches providing reverse flow of power from
the storage capacitor to the loaded bus [8].

v
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D05 Leek
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>

@

Fig.7. Scheme of the bidirectional power flow module with insulating
transformer between DC bus and storage capacitor.

Control of the system can be provided using measurement
diode in DC bus circuit with digital sensor SU1 (Fig.7). When
regeneration takes place the diode is reverse biased and output
R of the sensor is at its high logical level activating through D1
converter SC1 operate with 180° conductivity. Output L is at its
zero level and switches of converter CS2 are stopped. Transfer
of regenerated energy to the storage capacitor takes place.
When motors unit of the DC bus is activated through
measurement diode current is passing and digital signal exist on
SUI output L; this signal activates converter SC2 on 180°
conductivity of its switches and provides decreasing of duty
ratio for switches of SC1, with control of process with current
limitation.
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Fig.8. Simulated diagrams of currents and voltage of storage capacitor of
100pF.

Fig.8 presents the diagrams of currents and storage capacitor
voltage obtained in way of computer simulation experiments. In
very first loading cycle voltage of capacitor is at its lowest
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threshold level and output of the sensor SU2 is at zero
level disallow discharging of the capacitor.

CONCLUSIONS

1. Regeneration energy of several robot system can be
efficiently utilized using one central storage capacitor of
sufficient high its capacity.

2. For proper operation of the system each robot’s DC
bus has to be connected with the storage capacitor
through bidirectional power flow converter module.

3. The converter module can be realized with
electrically non-insulated connections with other
converters as well as with insulated by transformers
circuits.

4. The experimental results with industrial robots show
energy savings of up to 20% for each system.

5. Computer simulation of robot system with number of
involved robots up to 5 shows that it does not depend on
the number of robots an operating saving effect can
reach up to 30%.

6. Further work includes DC subgrid extension with
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Ivars Rankis, Davis Meike, Armands Senfelds. Regeneracijas energijas utilizcija industridlo robotu sistema

Publikacija aplukoti robotu grupas piedzinu elektromotoru regeneracijas energijas utilizacijas iesp€jas, izmantojot kopgju lielas kapacitates energijas uzkrasanas
kondensatoru. Piedavats tehniskais risindjums ar individualo robotu lidzstravas kopnpu tieSu sasaisti caur pusvaditaju divvirziena jaudas plismas moduli ar
centralo energijas uzkraSanas kondensatoru . Aprekinata §1 kondensatora nepiecieSama kapacitate atkariba no robotu skaita sistema. Sistéma aprobéta
ekspluatacijas apstaklos un iegati labi energijas taupiSanas rezultati, kas gan atkarigi no robota veiktas tehnologiskas operacijas, bet ietaupljums var sasniegt pat
30% no energijas, kas nepiecieSsama darba bez uzkraSanas ietaises. IevieSot zinamus tuvinajumus, teorgtiski aprékinata iespgjama elektroenergijas ekonomija
robotu grupai atkariba no robota darba un regeneracijas intervalu laiku relativas attiecibas periodiskaja darba procesa un darba un regeneracijas stravu amplitidu
attiecibas. Paradits, ka, samazinoties $Tm attiecibam, energétiska efektivitate pieaug un ekonomija var sasniegt batiskus lielumus. Teorétiskie aprekini labi
sasaka\nojas ar praktiskos eksperimentos iegtitajiem. Paradits, ka loti biitisks moments ir saistits ar pareizu sisteémas darbibas vadibu, kura reducéta uz
kondenstaora sprieguma vértibu izmainu diapazona ierobezosanu. Izveidota sistéma tomér nav pilniga, jo tiesa lidzstravas kopnu sasaiste rada stravas nevélamas
cirkulacijas kontiirus, kurus jaierobezo ar specialiem reaktivajiem elementiem. Lai novérstu 8o triikumu, tiek likts prieksa veidot ar transformatoru izol&tu sasaisti
ar centralo kondensatoru, kura iesp&ams izmantot superkondensatoru ar daudz zemaku spriegumu neka robota lidzsprieguma sist€émai. Izveidota shéma, kura
transformators no abam pusém atdalits no robota kopném un kondensatora ar diviem tranzistoru invertoriem, kuri var darboties divos virzienos, nodro$inot
energijas plismu gan robota motoru regeneracijas laika - no kopném uz kondensatoru, gan robota slogosanas laika - otradi.

Heapc Pankuc, laBuc Meiike, Apmanjic Hlendenac. YTuiansauusi pereHepupoBaHHOH SHEPrHH B CHCTeMe NPOMBIILIEHHBIX POOOTOB

B nyGnukaluy paccMOTpPEHbl BO3MOMKHOCTH YTHJIM3ALMM HEPIMM B XOJIe PETEHEPATUBHOTO TOPMOXKEHHs IPYIIbI SIEKTPONPHBOIOB POOOTOB, HCHOJIB3Ys
KOHJEHCATOPhI GONBIIONH €MKOCTH JUIL HaKOIUICHHS DHEPI'UH. l'lpezmox(eno TEXHUYECKOE PEUICHHE, B KOTOPOM HHIAMBUAYAJBHBIE IIHHBI IIOCTOAHHOI'O TOKa
KaxJa0oro pOGOTa HEMOCPEJICTBEHHO YEpe3 HOJTynpOBO)lHI/IK()BHﬁ MOAYJIb JABYHAIIPABJICHHOI'O IIOTOKa MOIIHOCTH HAIPSAMYIO COCIAMHEHBI C LEHTPaJIbHBIM
SHEProHaKaIlIMBAIOIIMM KOHJeHcaTopoM. Paccuntana HeoOXoJuMas €MKOCTh 3TOr0 KOHJIEHCAToOpa B 3aBHCHMOCTH OT 4YMCJa POOOTOB, MOJKIIOYEHHBIX K
KOHJEHCATOopy. Cucrema anp06upOBaHa B YCIOBHAX IKCIUTyaTallMd M JOCTUIHYTBI XOPOLIHE PE3YJIbTaThl 110 SKOHOMHH JJIEKTPOIHEPIUH, KOTOPBIE BCE KE
3aBUCAT OT TEXHOJIOTHYECKOro IHUKJIA, BBIMTOJIHAECMOIO p060TOM, HO BO3MOXHO JOCTHYL [0 30% 9SKOHOMHH OT OHEPruu, FIOTpeGJ'ISleMOﬁ 6e3
3“6{)1'0065])61‘&1011[3]‘0 yCTpOﬁCTBa. Beenennem HEKOTOPBIX yl'[pOH.[eHI/Iﬁ TIOJIYy4€HBI TECOPETHYECKUE BBIPAXKCHUA I pacyeTa BO3MOKHOM 9KOHOMHH OHEPruu JIst
TpynIsl p060TOB B 3aBUCHUMOCTH OT OTHOLICHHUS HH"TEHLHOCTeﬁ HHTEpBaJia AKTHBHOM pa6OTl>l pO60Ta ¥ MHTEpBaJla pEreHepaluy B MEPUOJIUYECKOM PEKUME
pa60T51, a TaK)K€ OTHOIICHUSA aMIUIMTYJ TOKOB Harpy3kd U pEereHepanuu. HOKaSaHO, 9TO MPHA YMEHBIICHHUH OTHX OTHOLICHHUH DHEpreTuiecKast 3¢¢CKTHBHOCTL
BO3pAacTaeT U IKOHOMHSA MOXKET OBITH CyH_leCTBeHHOl\;L Teope'mqecxne pacHdeThl XOPOLIO COTIACOBBIBAIOTCSA C OKCIEPUMEHTAIbHO MOJyYE€HHBIMH. HOKaSaHO, uTo
OYCHb CYIIECTBCHHBIM SBJIACTCA l'IplrlHﬂTLIﬁ 3aKOH YIpaBJICHUS, KOTOpHﬁ B Z[aHHOﬁ CHCTEME pEAYLHPOBAH K OrPAaHUYCHUIO JHAIla30Ha N3MEHCHUS HAIIPSKCHUSA
OHEPro HAKAIUTUBAIOLIETO0 KOHAECHCATOpA. Bcee-taku pa3pa60'raHHas[ CHUCTEMa HE SBJIACTCA HOHHOHCHHOﬁ, TIOCKOJIBKY NPHHATO HEMOCPEACTBEHHOE COCAUHECHHUE
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(57) Zusammenfassung: Die Erfindung betrifft eine Produk-
tionsanordnung (FTA) mit wenigstens zwei Antriebssyste-
men (FT1, FT2), welche jeweils zumindest eine elektrische
Maschine umfassen, die liber jeweilige bidirektionale elek-
trische Leistungswandler (GS1, GS2) mit einem gemeinsa-
men, eine Plusleitung und eine Minusleitung umfassenden
Gleichspannungsnetz (GV) elektrisch gekoppelt sind, wo-
bei jeder der bidirektionalen Leistungswandler (GS1, GS2)
zumindest fiir eine der Leitungen ein Halbleiter-Schaltele-
ment (Q1.1, Q2.1) und eine Induktivitat (L1.1, L2.1) aufweist,
wobei wenigstens einer der bidirektionalen Leistungswand-
ler (GS1, GS2) auch in der anderen Leitung ein Halbleiter-
Schaltelement (Q1.2, Q2.2) und eine Induktivitat (L1.2, L2.2)
aufweist. i




DE 10 2013 010 462 A1

Beschreibung

[0001] Die Erfindung betrifft eine Produktionsanord-
nung mit wenigstens zwei Antriebssystemen der im
Oberbegriff des Patentanspruchs 1 angegebenen
Art.

[0002] Eine gattungsgemafRe Produktionsanord-
nung ist aus der DE 10 2011 122 427 A1 bekannt.
Die dort gezeigte Produktionsanordnung umfasst we-
nigstens zwei Antriebsysteme, welche jeweils zumin-
dest eine elektrische Maschine umfassen, die lber
jeweilige bidirektionale elektrische Leistungswandler
mit einem gemeinsamen, eine Plusleitung und ei-
ne Minusleitung umfassenden Gleichspannungsnetz
elektrisch gekoppelt sind, wobei jeder der bidirektio-
nalen Leistungswandler zumindest fiir eine der Lei-
tungen ein Halbleiter-Schaltelement und eine Induk-
tivitat aufweist.

[0003] Es ist die Aufgabe der vorliegenden Erfin-
dung, eine Produktionsanordnung der eingangs ge-
nannten Art bereitzustellen, mittels welcher ein ver-
besserter Energieaustausch zwischen den elektri-
schen Maschinen der Antriebssysteme der Produkti-
onsanordnung ermdglicht wird.

[0004] Diese Aufgabe wird durch eine Produktions-
anordnung mit den Merkmalen des Patentanspruchs
1 geldst. Vorteilhafte Ausgestaltungen mit zweckma-
Rigen und nicht-trivialen Weiterbildungen der Erfin-
dung sind in den abhangigen Anspriichen angege-
ben.

[0005] Um einen verbesserten Energieaustausch
zwischen den elektrischen Maschinen der unter-
schiedlichen Antriebssystemen der Produktionsan-
ordnung zu ermdglichen, ist es bei der erfindungsge-
malen Produktionsanordnung vorgesehen, dass we-
nigstens einer der bidirektionalen Leistungswandler
auch in der anderen Leitung ein Halbleiter-Schaltele-
ment und eine Induktivitdt aufweist. Durch die erfin-
dungsgemalie Losung ist es gegeniiber der aus der
DE 10 2011 122 427 A1 bekannten Produktionsan-
ordnung mdglich, jeweilige Zwischenkreise der un-
terschiedlichen Antriebssysteme problemlos vonein-
ander zu trennen, da kein gemeinsamer Minuspol
mehr fir die jeweiligen Antriebssysteme notwendig
ist. Mit anderen Worten ist durch die erfindungsgema-
3e L6sung eine schnelle, allpolige Entkopplung még-
lich, wodurch sogenannte circular currents zwischen
einem ausgeschalteten Antriebssystem und einem
noch aktivierten Antriebssystem in der Produktions-
anordnung effektiv vermieden wird.

[0006] In vorteilhafter Ausgestaltung der Erfindung
ist es vorgesehen, dass zumindest der eine bidirek-
tionale elektrische Leistungswandler, welcher auch
in der anderen Leitung ein Halbleiter-Schaltelement
aufweist, zusatzlich in dieser anderen Leitung eine In-
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duktivitdt umfasst. Dadurch kann auf besonders ein-
fache und effektive Weise eine Spannungswandlung
in beiden Leitungen erfolgen, so dass beispielsweise
bei einer wechselseitigen Spannungswandlung die
jeweiligen Bauteile innerhalb der Plus- bzw. Minuslei-
tung entlastet werden.

[0007] Eine weitere vorteilhafte Ausfiihrungsform
der Erfindung sieht vor, dass zumindest einer der
bidirektionalen elektrischen Leistungswandler in we-
nigsten einer der Leitungen eine elektrische Damp-
ferschaltung umfasst, welche parallel zu dem Halb-
leiter-Schaltelement und der Induktivitdt angeordnet
ist. Beispielsweise kdnnen in den jeweiligen Leitun-
gen entsprechende Schalter vorgesehen sein, um
abwechselnd eine entsprechende Spannungswand-
lung vornehmen zu kdnnen. Die Dampferschaltung
ist dazu ausgebildet, dabei auftretende Schaltungs-
energien der jeweiligen Schalter aufzunehmen, so
dass Spannungsspitzen und im Extremfall eine Zer-
stérung des entsprechenden Schalter, beispielswei-
se durch unerwiinschte Lichtbégen, vermieden wer-
den kénnen.

[0008] GemalR einer weiteren vorteilhaften Ausfiih-
rungsform der Erfindung ist es vorgesehen, dass je-
der der bidirektionalen elektrischen Leistungswandler
zumindest in einer der Leitungen eine Diode umfasst.
Durch die Diode wird ein Stromfluss in eine erste vor-
gegebene Richtung durch den bidirektionalen elek-
trischen Leistungswandler und durch Betatigung der
besagten Schalter, ein entsprechender Stromfluss in
eine zweite Richtung erméglicht.

[0009] SchlieBlich ist es in weiterer vorteilhafter Aus-
gestaltung der Erfindung vorgesehen, dass zumin-
dest einer der bidirektionalen elektrischen Leistungs-
wandler einen elektromechanischen Schalter um-
fasst, mittels welchem die entsprechende elektrische
Maschine von dem Gleichspannungsnetz entkoppel-
bar ist. Dadurch kann auf besonders einfache und si-
chere Weise die entsprechende elektrische Maschi-
ne bzw. das gesamte, zur elektrischen Maschine ge-
hdrende Antriebssystem von dem Gleichspannungs-
netz entkoppelt und somit deaktiviert werden.

[0010] Weitere Vorteile, Merkmale und Einzelhei-
ten der Erfindung ergeben sich aus der nachfolgen-
den Beschreibung eines bevorzugten Ausflihrungs-
beispiels sowie anhand der Zeichnung. Die vorste-
hend in der Beschreibung genannten Merkmale und
Merkmalskombinationen sowie die nachfolgend in
der Figurenbeschreibung genannten und/oder in den
Figuren alleine gezeigten Merkmale und Merkmals-
kombinationen sind nicht nur in der jeweils angege-
benen Kombination, sondern auch in anderen Kombi-
nationen oder in Alleinstellung verwendbar, ohne den
Rahmen der Erfindung zu verlassen.

[0011] Die Zeichnung zeigt in:
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[0012] Fig. 1 eine schematische Darstellung eines
als Roboter ausgebildeten Antriebssystems, welches
eine Mehrzahl von elektrischen Maschinen aufweist;

[0013] Fig. 2 eine schematische Darstellung einer
Produktionsanordnung mit einer Mehrzahl von An-
triebssystemen gemaR Fig. 1, wobei die Antriebssys-
teme Uber jeweilige bidirektionale elektrische Leis-
tungswandler gemeinsam mit einem zur Energiever-
sorgung dienenden Gleichspannungsnetz elektrisch
gekoppelt sind;

[0014] Fig. 3 eine schematische Darstellung von ei-
nem der bidirektionalen elektrischen Leistungswand-
ler; und in

[0015] Fig. 4 eine schematische Darstellung zweier
miteinander gekoppelter Antriebssysteme, wobei le-
diglich die jeweils zugehorigen bidirektionalen elektri-
schen Leistungswandler dargestellt sind.

[0016] Fig. 1 zeigt schematisch ein als Roboter aus-
gebildetes Antriebssystem FT1. In Fig. 2 sind eine
Mehrzahl derartiger Antriebssysteme FT1 bis FTn ge-
zeigt. Derartige Antriebssysteme FT1 bis FTn kon-
nen beispielsweise auch als Werkzeugmaschinen,
als Fordereinrichtungen oder dergleichen ausgebil-
det sein.

[0017] Um teilweise sehr groRe Massen sehr dyna-
misch zu beschleunigen und abzubremsen, ist eine
grofRe elektrische Leistung notwendig, welche sich in
grolRen Motorstromen widerspiegelt. Elektrische An-
triebsmaschinen M1 bis Mm derartiger Antriebssys-
teme FT1 bis FTn kdnnen durch jeweils einen intel-
ligenten Wechselrichter WR1 bis WRm angesteuert
werden, der Drehzahl, Drehmoment und Drehrich-
tung vorgibt.

[0018] Fig. 1 zeigt einen schematischen Aufbau ei-
ner typischen Architektur eines derartigen Antriebs-
systems FT1, welches einen als Gleichspannungs-
zwischenkreis ausgebildeten Zwischenkreis ZK1 auf-
weist, welcher einen Gleichrichter GR und einen oder
mehrere Wechselrichter WR1 bis WRm umfasst. Der
Gleichrichter GR versorgt somit Gber den Zwischen-
kreis ZK1 die verschiedenen Wechselrichter WR1 bis
WRm mit Energie fiir die Bewegung der jeweiligen
Antriebsmaschinen M1 bis Mm. Dazu ist er mit einem
elektrischen Energieversorgungsnetz EV gekoppelt,
welches als Wechselstromnetz ausgebildet ist. Jede
einzelne Antriebsmaschine M1 bis Mm hat einen vor-
gelagerten Wechselrichter WR1 bis WRm, der die
Ansteuerung fir die jeweilige Antriebsmaschine M1
bis Mm Ubernimmt.

[0019] Die Antriebsmaschinen M1 bis Mm sind
ebenfalls dazu ausgebildet, eine Bewegung des An-
triebssystems FT1 bzw. der von der jeweiligen An-
triebsmaschine M1 bis Mm angetriebenen Teile des
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Antriebssystems FT1 abzubremsen. In diesem Fall
arbeiten die einzelnen Antriebsmaschinen M1 bis Mm
nicht mehr in einem Motorbetrieb, in welchem sie zum
Antrieb des Antriebssystems FT1 bzw. von den je-
weils zu bewegenden Teilen arbeiten, sondern in ei-
nem Generatorbetrieb, und wandeln Bewegungsen-
ergie in elektrische Energie um, im Folgenden als
regenerative Energie bezeichnet. Diese wird wieder
dem Zwischenkreis ZK1 hinzugeflgt.

[0020] Wird eine Antriebsmaschine M1 bis Mm be-
schleunigt und eine andere zur gleichen Zeit abge-
bremst, hat dies den positiven Effekt, dass keine zu-
séatzliche Energie aus dem elektrischen Energiever-
sorgungsnetz EV entnommen werden muss, sondern
die Energie zum Beschleunigen aus der regenerati-
ven Energie einer anderen Antriebsmaschine M1 bis
Mm verwendet werden kann. Somit fallen auch weni-
ger Energiekosten fiir einen Betreiber des Antriebs-
systems FT1 an.

[0021] Werden von den elektrischen Antriebsma-
schinen M1 bis Mm, die sich auf einem Zwischenkreis
ZK1 befinden, gleichzeitig mehr Antriebsmaschinen
M1 bis Mm abgebremst als beschleunigt, so kann ein
Uberangebot an Energie im Zwischenkreis ZK1 ent-
stehen. Diese Uberschissige Energie wird bei der-
artigen Antriebssystemen Ublicherweise Uber einen
Bremswiderstand BW in Warmeenergie umgewan-
delt und steht somit fiir einen weiteren Antrieb des
Antriebssystems FT1 nicht mehr zu Verfligung.

[0022] Eine energetische Kopplung mehrerer Zwi-
schenkreise ZK1 bis ZKn ermdglicht diesen oben
beschriebenen Energieaustausch nicht nur in einem
einzigen Antriebssystem FT1, sondern eine Auswei-
tung auf mehrere Antriebssysteme FT1 bis FTn ei-
ner Produktionsanordnung FTA. Auf diese Weise
kann der Energieverbrauch der Produktionsanord-
nung FTA mit mehreren Antriebssystemen FT1 bis
FTn gesenkt werden. Eine derartige Produktionsan-
ordnung FTA mit einer Mehrzahl von Antriebssyste-
men FT1 bis FTn ist in Fig. 2 ndher dargestellit.

[0023] Um den Austausch der Energie zwischen ver-
schiedenen Zwischenkreisen ZK1 bis ZKn der unter-
schiedlichen Anstriebssysteme FT1 bis FTn zu er-
mdglichen, ist eine kontrollierte energetische Kopp-
lung mithilfe von bidirektionalen Leistungswandlern
GS1 bis GSn erforderlich. Ein derartiger Leistungs-
wandler GS1 istin Fig. 3 dargestellt. Diese Leistungs-
wandler GS1 bis GSn und die elektrische Kopplung
der Zwischenkreise ZK1 bis ZKn Uber diese Leis-
tungswandler GS1 bis GSn, welche in Fig. 4 an-
hand eines Beispiels mit zwei gekoppelten Zwischen-
kreisen ZK1, ZK2 naher dargestellt ist, ermdglichen
es, rekuperierte, regenerative Energie unter den Zwi-
schenkreise ZK1 bis ZKn antriebssystemubergrei-
fend zu verteilen und bereitzustellen.
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[0024] Nachfolgend wird die Funktionsweise des in
Fig. 3 gezeigten Leistungswandlers GS1 exempla-
risch fir alle Leistungswandler GS1 bis GSn erlautert.
Die Zwischenkreiskopplung der Zwischenkreise ZK1
bis ZKn der Produktionsanordnung FTA erfolgt mit-
tels der bidirektionalen elektrischen Leistungswand-
ler GS1 bis GSn, welche auch als Gleichspannungs-
wandler, DC-DC-Spannungswandler oder als DC-
DC-Wandler bezeichnet werden. Jeder Zwischen-
kreis ZK1 bis ZKn weist jeweils einen derartigen Leis-
tungswandler GS1 bis GSn auf. Die Zwischenkreise
ZK1 bis ZKn sind Uber ihre Leistungswandler GS1
bis GSn Uber ein gemeinsames Gleichspannungs-
netz GV miteinander elektrisch gekoppelt. Die Gleich-
richter GR1 bis GRn, welche in Fig. 2 nicht dargestellt
sind, sind in den jeweiligen Antriebssystemen FT1 bis
FTn weiterhin vorhanden. Das Gleichspannungsnetz
GV dient hauptsachlich zum Austausch der regene-
rativen Energie zwischen den Antriebssystemen FT1
bis FTn. Dieses Gleichspannungsnetz GV kann zu-
satzlich, ohne Nebenwirkungen zwischen den einzel-
nen Gleichrichter GS1 bis GSn hervorzurufen, Gber
einen zentralen Gleichrichter mit dem Energieversor-
gungsnetz EV oder mit einer Gleichstrom-Energie-
quelle verbunden sein.

[0025] Der in Fig. 3 dargestellte Leistungswandler
GS1 weist einen ersten, einen zweiten, einen drit-
ten und einen vierten Anschluss A1, B1, C1, D1 auf.
Ein Eingangsschalter Q1.3 trennt die Anschlisse A1
und B1 von der hier nicht gezeigten Leistungselektro-
nik des Antriebssystems FT1. Nachfolgend wird ein
Zustand beschrieben, in dem der Eingangsschalter
Q1.3 geschlossen ist.

[0026] Der erste Anschluss A1 ist mit dem dritten An-
schluss C1 Uber eine erste Leistungsdiode D1.1 in
Durchlassrichtung verbunden. Der zweite Anschluss
B1 ist mit dem vierten Anschluss D1 Uber eine zwei-
te Leistungsdiode D1.2 in Sperrrichtung verbunden.
Wird beim Bremsen Energie in den Zwischenkreis
des Leistungswandlers GS1 zuriickgespeist, steigt
die Spannung uUber eine Ruhespannung Uref. Uref
ergibt sich aus dem Effektivwert Uph des sinusfor-
migen Niederspannungsnetzes von Dreiphasensys-
temen. Die gleichgerichtete Ruhespannung im Zwi-
schenkreis hat ein festes Verhaltnis zum Effektivwert:

Ures = Upnv2.

[0027] Ist eine Klemmenspannung UZK1 zwischen
dem ersten und zweiten Anschluss A1, B1 des ers-
ten Leistungswandlers GS1 nun groRer als eine Netz-
spannung Uc des Gleichspannungsnetzes GV, wie in
Fig. 4 dargestellt, dann flieRt der Strom vom ersten
Anschluss A1 zum dritten Anschluss C1 Uber die ers-
te Leistungsdiode D1.1 in das Gleichspannungsnetz
GV und vom vierten Anschluss D1 zum zweiten An-
schluss B1 Uber die zweite Leistungsdiode D1.2.
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[0028] Ist im ersten Zwischenkreis ZK1 ein Energie-
bedarf nétig und ist die Netzspannung Uc groéRer als
die Klemmenspannung UZK1, wird der Stromfluss
vom dritten Anschluss C1 zum ersten Anschluss A1
Uber einen Schalter Q1.1 gesteuert und der Strom-
fluss vom vierten Anschluss D1 zum zweiten An-
schluss B1 Uber einen Schalter Q1.2 gesteuert. Ab-
wechselnd wird der Strom in der Spulen L1.1 und
L1.2 aufgeladen. Der Schalter Q1.1 wird in Abhangig-
keit von der aktuellen Klemmenspannung UZK1 und
der aktuellen Spannung Uc im Gleichspannungsnetz
GV gesteuert.

[0029] Des Weiteren weist der Leistungswandler
GS1 eine dritte Leistungsdiode D1.3 auf. Die Schal-
ter Q1.1 und Q1.2 sind beispielsweise Bipolar-Tran-
sistoren mit einer isolierten Gate-Elektrode (IGBT),
die den Strom nur eine Richtung flieRen lassen, aber
in entgegengesetzter Richtung arbeiten sie in Sperr-
richtung, ahnlich wie eine Diode. Die Leistungsdiode
D1.3 verringert den Lichtbogeneffekt, der beim Schal-
ten vom Gleichstrom entsteht. Die Diode D1.4, der
Kondensator C1.1 und der Widerstand R1.1 funktio-
nieren wie ein Dampferschema, welches die Schal-
tungsenergie vom Schalter Q1.1 aufnimmt. Identi-
sche Funktionalitét haben die Elemente C1.2, D1.5
und R1.2 fuir den Schalter Q1.2.

[0030] Die Schaltungsausbildung der anderen Leis-
tungswandler GS2 bis GSn ist analog. So weist, wie
in Fig. 4 dargestellt, auch der zweite Leistungswand-
ler GS2 entsprechend die vier Anschllisse A2, B2,
C2, D2 sowie die Dioden D2.1 bis D2.5, die Schalter
Q2.1 bis Q2.3, die Spulen L2.1, L2.2, die Kondensa-
toren C2.1, C2.2 und die Widerstédnde R2.1 und R2.2
auf.

[0031] Der erste Zwischenkreis ZK1 des ersten An-
triebssystems FT1 wird mit dem Plus- und Minuspol
an den ersten und zweiten Anschluss A1, B1 des ers-
ten Leistungswandlers GS1 angeschlossen und ent-
sprechend geschlossen. Dies gilt analog auch fiir den
zweiten Zwischenkreis ZK2 des zweiten Antriebssys-
tems FT2, welches an die ersten und zweiten An-
schlisse A2, B2 des zweiten Leistungswandlers GS2
angeschlossen wird, an welchen die Klemmenspan-
nung UZK2 des zweiten Zwischenkreises ZK2 an-
liegt, wie in Fig. 4 dargestellt. Analog gilt dies fir die
weiteren Zwischenkreise ZK3 bis ZKn aller weiteren
Antriebssysteme FT3 bis FTn Leistungswandler GS3
bis GSn der Produktionsanordnung FTA. Fir jeden
angeschlossenen Zwischenkreis ZK1 bis ZKn ist so-
mit also ein eigener Leistungswandler GS1 bis GSn
erforderlich.

[0032] Der erste Leistungswandler GS1 ist mit sei-
nem dritten und vierten Anschluss C1, D1 parallel
zu dem dritten und vierten Anschluss C2, D2 des
zweiten Leistungswandlers GS2 geschaltet, d. h. sie
sind Uber das Gleichspannungsnetz GV parallel ge-
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schaltet. Auch dies gilt analog fiir alle weiteren Leis-
tungswandler GS3 bis GSn der Produktionsanord-
nung FTA, wie in Fig. 2 dargestellt, wodurch an allen
Kontakten zum Gleichspannungsnetz GV die Netz-
spannung Uc anliegt.

[0033] Ein zentraler gemeinsamer Speicherkonden-
sator CGV, mit welchem alle Zwischenkreise ZK1 bis
ZKn Uber ihre Leistungswandler GS1 bis GSn ge-
koppelt sind, ist erforderlich, um die regenerative En-
ergie aller Antriebssysteme FT1 bis FTn kurzzeitig
zu speichern. Solange die Zwischenkreisspannung
eines Antriebssystems FT1 bis FTn groRRer als die
Netzspannung Uc im Gleichspannungsnetz GV ist,
flieRt der Strom Uber die Leistungsdioden D1.1 und
D1.2 des entsprechenden Moduls. Somit wird die En-
ergie zum gemeinsamen Gleichspannungsnetz GV
Ubertragen. Sobald die Zwischenkreisspannung ei-
nes Antriebssystems FT1 bis FTn kleiner als die
Netzspannung Uc wird, wirkt die jeweilige Leistungs-
dioden D1.1 und D1.2 in Sperrrichtung und die Steue-
rung des Stromflusses Ubernehmen die jeweiligen
Schalter Q1.1 und Q1.2.

[0034] Nachfolgend werden vier unterschiedliche
Betriebszustédnde des Leistungswandlers GS1 be-
schrieben.

1. Betriebszustand

[0035] Energie wird vom Zwischenkreis ZK1 des An-
triebssystems FT1 zum gemeinsamen Gleichspan-
nungsnetz GV Ubertragen. Der Strom flieRt von A1 zu
C1und vom D1 zu B1 lber die Leistungsdioden D1.1
und D1.2.

1.1. Voraussetzungen:

1.1.1. Die Zwischenkreisspannung UZK1 des An-
triebssystems FT1 muss hoher als die Spannung
Uc des Gleichspannungsnetzes GV sein um einen
Stromfluss zu ermdglichen.

1.2. Zustand des Leistungswandlers GS1:

1.2.1. Der Schalter Q1.1 ist aus und befindet sich
dauerhaft in Sperrrichtung.

1.2.2. Die Leistungsdioden D1.1 und D1.2 befin-
den sich in Durchlassrichtung.

1.2.3. Der Schalter Q1.3 ist an.

2. Betriebszustand

[0036] Die Energie wird vom gemeinsamen Gleich-
spannungsnetz GV zum Zwischenkreis des Antriebs-
systems FT1 Ubertragen. Der Strom fliel3t von C1 zu
A1 Uber den Schalter Q1.1 und die Drossel L1.1. Ana-
log flieRt der Strom von D1 zu B1 Uber den Schalter
Q1.2 und die Drossel L1.2.
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2.1. Voraussetzungen:

2.1.1. Die Spannung Uc des Gleichspannungsnet-
zes GV muss hoher als die Zwischenkreisspan-
nung UZK1 des Antriebssystems FT1 sein um ei-
nen Stromfluss zu ermdglichen.

2.1.2. Es muss ein Mindestspannung des Gleich-
spannungsnetzes GV in Héhe von Uref vorhanden
sein, erst dann werden die Schalter Q1.1 und Q1.2
dauerhaft eingeschaltet.

2.2. Zustand des Leistungswandlers:

2.2.1. Die Schalter Q1.1 und Q1.2 sind an und
befinden sich dauerhaft in Durchlassrichtung. Die
Schalter Q1.1 und Q1.2 bleibend an, bis die Span-
nung Uc des Gleichspannungsnetzes GV unter
die Mindestspannung Uref fallt oder die Span-
nung UZK1 des Antriebssystems FT1 héher als
die Spannung Uc des Gleichspannungsnetzes GV
ist.

2.2.2. Leistungsdioden D1.1 und D1.2 befinden
sich in der Sperrrichtung.

2.2.3. Der Schalter Q1.3 ist an.

3. Betriebszustand

[0037] Der Leistungswandler GS1 befindet sich in ei-
nem Wartemodus. Es wird keine Energie Uber den
Leistungswandler GS1 Ubertragen.

3.1. Voraussetzungen:

3.1.1. Die Spannung Uc des Gleichspannungsnet-
zes GV ist kleiner als Uref.

3.1.2. Die Zwischenkreisspannung UZK1 des An-
triebssystems FT1 ist kleiner als Uc.

3.2. Zustand des Leistungswandlers GS1:

3.2.1. Die Schalter Q1.1 und Q1.2 sind ausge-
schaltet.

3.2.2. Leistungsdioden D1.1 und D1.2 befinden
sich in der Sperrrichtung.

3.2.3. Der Schalter Q1.3 ist an.

4. Betriebsmodus
[0038] Der Leistungswandler GS1 ist ausgeschaltet.

4.1. Es sind keine Mindestvoraussetzungen not-
wendig.

4.2. Zustand des Leistungswandlers:

4.2.1. Der Schalter Q1.3 ist aus.

4.2.2. Die Schalter Q1.1, Q1.2 und deren Steue-
rung sind ausgeschaltet.

[0039] Das Ziel der Schalter Q1.1 und Q1.2 ist es,
die Spannung UZK1 genauso grof3 oder ein wenig
grofer als die Ruhespannung Uref zu halten und zu
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regeln. Jeder Leistungswandler GS1 bis GSn wird
einzeln und identisch zur bereits beschriebenen Vor-
gehensweise gesteuert. Durch das Koppeln mehre-
rer Zwischenkreise ZK1 bis ZKn wird die Energie von
einigen Zwischenkreisen ZK1 bis ZKn entnommen
und Uber das Gleichspannungsnetz GV an andere
Zwischenkreise ZK1 bis ZKn weitergegeben. Je mehr
Zwischenkreise ZK1 bis ZKn gekoppelt sind, desto
kleiner kann der gemeinsame Speicherkondensator
CGV dimensioniert werden.

[0040] Wenn die elektrischen Antriebsmaschinen
M1 bis Mm beschleunigen, bendtigen sie normaler-
weise mehr Energie als zum Halten einer konstan-
ten Geschwindigkeit. Beschleunigen viele Antriebs-
maschinen M1 bis Mm gleichzeitig, tritt im als Wech-
selstromnetz ausgebildeten Energieversorgungsnetz
EV eine kurzfristige, sehr hohe Leistungsspitze auf.
Um alle Lastspitzen im Stromnetz abdecken zu kon-
nen, ist ein hoher Aufwand, insbesondere ein hoher
Kostenaufwand fir eine Infrastruktur erforderlich, bei-
spielsweise fir Transformatoren und Kabel.

[0041] In einer Produktionshalle hat eine derartige
Produktionsanordnung FTA mit einer Zwischenkreis-
kopplung den zuséatzlichen Vorteil, dass ein Teil des
hohen Leistungsbedarfs wegfallt, da der Energiebe-
darf vom lokalen Gleichspannungsnetz GV ausgegli-
chen wird. Der Wegfall der Energiespitzen hat einen
positiven Effekt auf das sinusférmige Wechselstrom-
netz, d. h. auf das Energieversorgungsnetz EV, so
dass die gesamte harmonische Verzerrung des En-
ergieversorgungsnetzes EV kleiner wird.

[0042] Viele Produktionsanordnungen nach dem
Stand der Technik bendtigen einen gewissen An-
teil ihrer Energie zur Kihlung eines eigenen Schalt-
schrankes, da die regenerative Energie mit Hilfe des
Bremswiderstandes BW im oder am Schaltschrank in
Warme umgewandelt wird. Da die auf den Bremswi-
derstand BW wirkende regenerative Energie bei der
erlauterten Produktionsanordnung FTA deutlich ge-
ringer ist oder sogar gegen Null geht, erwarmt sich
der Schaltschrank weniger, wodurch weniger Ener-
gie fur dessen Kiihlung erforderlich ist. Mit einer gro-
Ren Anzahl zusammengeschlossener Zwischenkrei-
se ZK1 bis ZKn kann die gesamte regenerative Ener-
gie der Anstriebssysteme FT1 bis FTn zwischen die-
sen ausgetauscht werden. In diesem Fall ist es még-
lich, einen besonders klein dimensionierten Bremswi-
derstand BW einzusetzen oder diesen véllig entfallen
zu lassen.
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Patentanspriiche

1. Produktionsanordnung (FTA) mit wenigstens
zwei Antriebssystemen (FT1, FT2), welche jeweils
zumindest eine elektrische Maschine umfassen, die
Uber jeweilige bidirektionale elektrische Leistungs-
wandler (GS1, GS2) mit einem gemeinsamen, ei-
ne Plusleitung und eine Minusleitung umfassen-
den Gleichspannungsnetz (GV) elektrisch gekoppelt
sind, wobei jeder der bidirektionalen Leistungswand-
ler (GS1, GS2) zumindest fir eine der Leitungen
ein Halbleiter-Schaltelement (Q1.1, Q2.1) und eine
Induktivitat (L1.1, L2.1) aufweist, dadurch gekenn-
zeichnet, dass wenigstens einer der bidirektiona-
len Leistungswandler (GS1, GS2) auch in der ande-
ren Leitung ein Halbleiter-Schaltelement (Q1.2, Q2.2)
und eine Induktivitat (L1.2, L2.2) aufweist.

2. Produktionsanordnung (FTA) nach Anspruch
1, dadurch gekennzeichnet, dass zumindest der
wenigstens eine bidirektionale elektrische Leistungs-
wandler (GS1, GS2), welcher auch in der ande-
ren Leitung ein Halbleiter-Schaltelement (Q1.2, Q2.2)
aufweist, zuséatzlich in dieser anderen Leitung eine
Induktivitat (L1.2, L2.2) umfasst.

3. Produktionsanordnung (FTA) nach Anspruch
1 oder 2, dadurch gekennzeichnet, dass zumin-
dest einer der elektrischen bidirektionalen Leistungs-
wandler (GS1, GS2) in wenigstens einer der Leitun-
gen eine elektrische Dampferschaltung umfasst, wel-
che parallel zu dem Halbleiter-Schaltelement (Q1.1,
Q1.2, Q2.1, Q2.2) und der Induktivitat (L1.1, L1.2,
L2.1, L2.2) angeordnet ist.

4. Produktionsanordnung (FTA) nach einem der
vorhergehenden Anspriiche, dadurch gekennzeich-
net, dass jeder der elektrischen bidirektionalen Leis-
tungswandler (GS1, GS2) zumindest in einer der Lei-
tungen eine Diode (D1.1, D1.2, D2.1, D2.2) umfasst.

5. Produktionsanordnung (FTA) nach einem der
vorhergehenden Anspriiche, dadurch gekennzeich-
net, dass zumindest einer der elektrischen bidirek-
tionalen Leistungswandler (GS1, GS2) einen elek-
tromechanischen Schalter (Q1.3, Q2.3) umfasst, mit-
tels welchem die entsprechende elektrische Maschi-
ne von dem Gleichspannungsnetz (GV) entkoppelbar
ist.

Es folgen 2 Seiten Zeichnungen

8/10



DE 10 2013 010 462 A1

2014.03.27

Anhidngende Zeichnungen

)

Il

o
GrR | X ,—&k—l
—, V)
HH  HE —H
WR1 | |WR2 - |WRm \
56 &
Fig.1
EV FIA
* S,
/Fm T2 , Fn
(=] [&] /
' w1 [ e | ....... ZKn -~
GRGV [ =7~ "7 "~ \‘w% \L ----- .7%
av G51 GS2 6sn
Fig.2

9/10

ey




10/10

DE 10 2013 010462 A1 2014.03.27
S e ___ ,
! D1.1 :
: [ Cit 11 !
+ Ay vy, Qi 41
T Wi ,
]
) [ :
UzZK1 : Q13 D1-3z§ ai2 !
1
: L12 ’.%‘ '
A ' YYY\ o
Bl c12[ Vgiz] |
| pr2 —1 !
. R S——— el
o T
Fig.3
B e \
! 011 :
| _{>|—_
! Ct1 1.1 !
I L1 Di4} |
| .
- Ay L vvn at1 Tc1 -
R T Yud !
: ! l_ :
U2 a13 D13 !
: 1
o 112 f_"J\ i
Y ‘I' B15} T-D,
M: C1»-2| E R12 )
| p1z — H
R S Jerereemssmsssm] |
T T
cev
A| ]
88 . 1 Ay
P D21 !
| %'_{>|—_C.2—,f R22 !
: gmx: '
2.1 < |
s A2i v @21 TCZ -
| ' _\a.f )
o r !
UZK21 ' Q23 02"3:S @2 !
o 2] !
¢ 2™ :
1
Y B2, pasl oz
: c22 R2.2 |
! D22 ——{I—g !
I _‘%_‘“www“— }




Armands Senfelds was born in 1986 in Riga. He received a Bachelor's
degree in 2009 and a Master's degree in 2010 in Electrical Engineering
from Riga Technical University (RTU), Latvia. In 2012, he received a
Master's degree in Electrical Power Engineering from RWTH Aachen
University, Germany. Since 2013, he has been a research assistant,
researcher and lecturer at the Institute of Industrial Electronics and
Electrical Engineering (IEEI) of Riga Technical University.

He has been a member of the IEEE association since 2008 and has
served in various positions in the IEEE Latvian Section. He has been a
Board member of the German Academic Exchange Service Alumni Club
Latvia since 2013.

His research interests are related to power electronics for electrical
drives, robotics, DC electrical systems, and efficient electrical energy
utilization applications.



	General Overview of the Thesis
	Topicality of the research
	Main hypotheses and objectives
	Research tools and methods
	Scientific novelty
	Practical novelties
	Practical significance of the research
	Structure and scope of the Thesis
	Approbation of the Thesis

	Introduction
	1. ANALYSIS OF TYPICAL ELECTRIC DRIVE SYSTEMS FOR AC INDUSTRIAL ROBOTS
	2. DEVELOPMENT OF DC-BASED CONVERTERS FOR ENERGY-EFFICIENT MODIFICATION OF AC INDUSTRIAL ROBOTS WITH TRADITIONAL FREQUENCY CONVERTERS
	3. ANALYSIS OF INDUSTRIAL ROBOT APPLICATION WITHIN LABORATORY SCALE DC MICROGRID
	4. EXPERIMENTAL TESTING OF AN ENERGY EFFICIENT DC MICROGRID IN A LABORATORY AND A ROBOTIC AUTOMOBILE MANUFACTURING INSTALLATION
	Implementation of robotic manufacturing DC microgrid for automotive production
	Installation of a laboratory scale robotic manufacturing DC

	Conclusions
	References
	Appendices / Publications
	20_DE102013010462A1_170x240.pdf
	Titelseite
	Beschreibung
	Ansprüche
	Anhängende Zeichnungen




